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FMN flavin mononucleotide
hal1l 7-bromohept-2-enal
hal2 6-bromohex-2-enal
hal3 5-bromopent-2-enal
hal4 4-bromobut-2-enal

IPTG isopropyl-3-D-1-thiogalactopyranoside

JA jasmonic acid

NADH nicotine adenine dinucleotide, reduced

NADPH nicotine adenine dinucleotide phosphate, reduced
OPDA  12-oxo-phytodienoic acid

OPR3 12-oxophytodienoate reductase 3

PMSF  phenylmethanesulfonylfluoride
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1 Introduction

1.1 Aims of this project

The aim of this project is to redesign the active site of a flavin-dependent oxidoreductase in
a way that instead of a reduction of the olefinic substrate an intramolecular carbon coupling
reaction is performed. Halogenated «, f-unsaturated aldehydes are thereby converted to
cyclic compounds.

The transition state structures for the desired reactions are calculated for four different
substrates and at least one enzyme variant for each substrate is designed. The enzyme
design process is performed using bioinformatics tools, mainly the Rosetta software suite.
The enzymes are expressed and crystallized. If x-ray crystal structures can be obtained they
are compared with the computationally designed structures. Furthermore, an additional
enzyme variant is crystallized, soaked with one of the substrates and the crystal structure

is determined to get some insight into how the substrate binds in the active site.

1.2 The enzyme: 12-oxophytodienoate reductase 3 from Solanum
lycopersicum

12-oxophytodienoate reductase 3 (OPR3, EC: 1.3.1.42) from Solanum lycopersicum
(Tomato) belongs to a protein family of flavin mononucleotide (FMN) containing ox-
idoreductases known as 'Old Yellow Enzymes’. These enzymes generally catalyze the
reduction of activated C=C bonds. Substrates of various members of the Old Yellow
Enzyme family include various «, S-unsaturated compounds. The catalytic mechanism of
Old Yellow Enzymes comprises the transfer of a hydride via the reduced cofactor (FMNHy)
to the Cz position of the substrate and the addition of a proton to C, (oxidative half

1

reaction)!!l. For a complete catalytic cycle the oxidized FMN cofactor is reduced by the

use of NAD(P)H (Fig. 1).

R? R
>=< OYEred N AD(P)+
R® R!
R? R
R3>—< o OYE, NAD(P)H

Figure 1 — General reaction scheme for Old Yellow Enzymes. A full catalytic cycle consists
of two independent half reactions (ping pong mechanism). R = aldehyde, ketone, imide,
nitro.



OPR3 consists of 396 amino acids on a single chain and contains
one molecule of FMN per monomer as a cofactor. The enzyme 7
is located in peroxisomes, and for the homolog from Arabidopsis
thaliana it was shown that its natural role is in the biosynthesis
pathway that leads to jasmonic acid (JA, Fig.2)[%%. JA is a oH

(3R,7S)-jasmonic acid

signal molecule involved in stress response in plants!. For the
biosynthesis of JA a polyunsaturated fatty acid (linolenic acid) is Figure 2 — Jasmonic
oxygenated to yield a fatty acid hydroperoxide, which is converted acid.

to a cyclic compound that contains a cyclopentenone ring (12-oxo-

phytodienoic acid, OPDA). OPR3 reduces the double bond in the ring, and in several cycles
of B-oxidation the final product JA is formed!®). The preferred substrate of tomato OPR3
is the naturally occurring (95,135)-12-OPDA (Fig. 3), although it also accepts the other
(9R,13R)-enantiomer®l. The fact that the enzyme also catalyzes the stereospecific reduction
of various non-natural compounds like «, S-unsaturated aldehydes, ketones, nitroalkenes

and N-substituted maleimides has shown a potential use of OPR3 in biocatalysis!®.

+NADPHH® ——> +NADP*

O o

(95,135)-12-oxophytodienoate 8-((18,25)-3-0x0-2-((Z)-pent-2-en-1-yl)cyclopentyl)octanoate

Figure 3 — A step in the biosynthetic pathway of jasmonic acid: OPR3 catalyzes the
reduction of the 10,11-double bond in 12-oxophytodienoate.

The overall structure of OPR3 comprises an (a/3)s-fold (TIM-barrel), which is typical for
Old Yellow Enzymes (Fig.4). Eight parallel beta strands form a barrel that is surrounded
by alpha helices. The N-terminal side of the barrel is closed by a small beta hairpin. The
FMN cofactor is located at the C-terminal side of the barrel and bound via hydrogen bonds
to main chain and side chain atoms. The active site above the cofactor is mainly shaped
by the loop regions between beta strands and alpha helices and is quite exposed to the
solvent. Substrate binding involves hydrogen bonds to two histidine side chains (His-185

and His-188). A tyrosine residue (Tyr-190) acts as a proton donor for the substrate (Fig. 5).



Figure 4 — Overall structure of OPR3. The central barrel is shaped by parallel beta
sheets which are separated by the outer alpha helices. The FMN cofactor (cyan) sits at the
C-terminal side of the barrel, the substrate binding pocket is made up by residues from the
loop regions connecting alpha helices with beta strands (pdb: 3HGS).
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Figure 5 — Active site of OPR3 with p-hydroxybenzaldehyde (cyan) bound above the FMN
cofactor (yellow). The side chains that shape the binding pocket are shown in green. The
substrate is hydrogen bonded via two histidines, and a tyrosine residue acts as a proton
donor in the oxidative half reaction (pdb: 3HGS).




1.3 Reductive C-C coupling

The reactions that are planned to be catalyzed by the designed enzymes are shown in Fig. 6.
Transfer of a hydride from the reduced flavin to the S-carbon of the substrate can facilitate
a nucleophilic attack of the a-carbon on the terminal carbon, with the bromine acting as
a leaving group. For convenience the substrates were referred to as hall (7-bromohept-
2-enal), hal2 (6-bromohex-2-enal), hal3 (5-bromopent-2-enal) and hal4 (4-bromobut-2-enal).

H

(E)-4-bromobut-2-enal

H
(2) )\/\/\ T . >—<> +Br
(6] Br J

(E)-5-bromopent-2-enal

H
H
(3) )\/\/\/Bf — >—<:| +Br
o}
o)

(E)-6-bromohex-2-enal

T H
(4) /J‘\/\/\/\ - >_<:> +Br
o} Br 4

(E)-7-bromohept-2-enal

Figure 6 — The designed enzymes should facilitate the reaction of brominated «, -
unsaturated aldehydes to the respective cyclic carbaldehydes. In the following part of
this work the substrates will be referred to as hal4 (1), hal3 (2), hal2 (3), and hall(4).

In mechanistic studies of Old Yellow Enzymes it was shown that the protonation of the
substrate is significantly decreased when the main proton donor is eliminated. Since the
C-C coupling reaction is in competition with a simple reduction, the suppression of proton
transfer to the substrate was a basic requirement for new enzymes. Proof-of-concept that
reductive C-C coupling using a modified OPR3 variant is possible could be shown in the
group of Prof. Rolf Breinbauer at the Graz University of Technology. An enzyme, in which
the main proton donor tyrosine (Tyr-190) was mutated to phenylalanine (OPR3_-Y190F)
converted 4-bromobut-2-enal to some extent to the desired cyclopropanecarbaldehyde

(data not published).



1.4 Enzyme design

One of the ultimate goals in biocatalysis might be the ability to create any desired cataly-
tic activity by altering existing enzymes or by de-novo-design of naturally non-existent
enzymes. The function of a protein in general is based on its structure, which is dependent
on the amino acid sequence. Due to the complexity of protein structures, it is still difficult
to computationally model structures that are derived from artificial sequences. The more
amino acids are altered, the more difficult is the prediction of how a designed protein
structure might look like in reality. If the protein is an enzyme, its ability to catalyze a
certain reaction is not only dependent on the overall structure, that provides a site where
the reaction can occur, but also on the local geometry in the active site. In enzyme design,
one has to find enzyme-substrate interactions that are crucial for catalysis, model an
artificial active site that facilitates these interactions, and eventually provide a structure
that stabilizes the active site and enables the binding of the substrate and the release of
the product.

The practical approach for optimizing a catalytic activity for a certain reaction is, following
the basic principle of catalysis, by determining the corresponding transition state models
that are then stabilized via favorable interactions between substrate and protein. Artificial
protein structures that provide these interactions are then calculated with computational

tools.

2 Experimental procedures

2.1 Design process

The geometries of transition state structures were calculated using the ab-initio software
Gaussian09!”. Together with a crystal structure of native OPR3 these structures were
the input for the Rosetta design application. For the redesign of the catalytic activity the

following requirements were taken into account:

e The need for a favorable binding mode of the substrate in order to allow transfer of

a hydride from N5 of the flavin to the Cs position

e Stabilization of the negatively charged Br~ leaving group via hydrogen bonds and/or

positively charged side chains in its vicinity

e Building an apolar and tightly packed environment around the C, position in order

to prevent protonation and therefore a simple reduction of the substrate.

To meet these requirements, certain amino acid residues were chosen to be exchanged for
other residues that can provide the desired interactions. Given this input, the Rosetta

design application can calculate a certain number of potential structures with favorable



mutations (no sterical clashes, tight packing, a maximum amount of stabilizing interactions,

etc.). For technical reasons two different approaches were followed:
e Enzyme design using the Rosetta match application
e Enzyme design without using the Rosetta match application

The calculated design structures were visually investigated and ranked by chemical intuition.
If not satisfactory, the designed structures were discarded and the gained experience was

included in the setup for further design attempts until promising results could be obtained.

2.1.1 Calculation of transition state models

The geometries of transition state models were calculated using the software Gaussian09

via the graphical user interface GaussView [®.

It was assumed that the crucial step in the
reaction is rather the formation of a C-C bond and the leaving of the bromide than the
transfer of a hydride. The initial model for the calculation was therefore a structure of
the substrate with an additional hydrogen being bound to Cgz (the hydride) and with the
bromine still bound to the terminal carbon atom. The model was attributed an overall
charge of -1. Using the ’scan’ option in Gaussian09, the bond length between the two
carbon atoms forming the new bond was increased in several increments of 0.15 - 0.20
angstroms in case of the hall substrate (Fig.7), or decreased for hal2 and hal3 (Fig.8 and
Fig.9). At each step the bond length was fixed and a geometry optimization was carried
out. In case of the hal4 substrate a 2D scan, scanning both the newly formed C-C bond
and the C-Br bond in increments, was set up (Fig. 10). The method used was B3LYP with
the 6-311+G(d,p) basis set. A local maximum in the obtained energy profiles indicated
the existence of a transition state structure. A structure very close to the local energy
maximum was then used as input for an energy optimization towards a transition state
(Gaussian09 job: opt=calcall,ts). The presence of a transition state was confirmed by the

occurrence of a single negative (i.e. imaginary) vibrational frequency.



Figure 7 — The input structure for the calculation of a transition state between 7-bromohept-
2-enal (hall) and cyclohexanecarbaldehyde. The model is the substrate with an additional
hydrogen atom bound to C3. The system was given an overall charge of -1. The C2-C7 bond
length (dashed) was increased in seven steps of 0.15 angstroms and a geometry optimization
was done after each step. (Red=oxygen, purple=bromine).

Figure 8 — The input structure for the calculation of a transition state between 6-bromohex-
2-enal (hal2) and cyclopentanecarbaldehyde. The molecule was given an overall charge
of -1. The C2-C6 bond length (dashed) was decreased in twelve steps of 0.2 angstroms.
(Red=oxygen, purple=bromine).




Figure 9 — The input structure for the calculation of a transition state for the reaction of
5-bromopent-2-enal (hal2) to cyclobutanecarbaldehyde. The molecule was given an overall
charge of -1. The C2-C6 bond length (dashed) was decreased in twelve steps of 0.2 angstroms.
(Red=oxygen, purple=bromine).

\\
N
N

Figure 10 — The input structure for the calculation of a transition state between 4-bromobut-
2-enal (hal4) to cyclopropanecarbaldehyde. For this compound the bond lengths between
C2-C4 and C4-Br were increased in seven and four steps of 0.2 angstroms, respectively. The
molecule was given an overall charge of -1. (Red=oxygen, purple=bromine).




2.1.2 Preparation of Rosetta input files

The starting model was a pdb file of a crystal structure of native OPR3 containing one
chain with 376 residues (Asn-10 - Leu-385) and one molecule of FMN. In order to provide
a proper input for the Rosetta programs the residue numbers were altered to make the
first residue in the file (Asn-10) residue number 1 on chain ’A’. The FMN cofactor was
transferred to a separate chain 'B’. Modifications were performed in PyMOL!. In the
pdb text file special amino acid three-letter-codes (e.g. HIP, HIE, CYD) were replaced
with the standard three-letter-code (HIS, CYS) as Rosetta cannot handle this additional
information.

In order to recognize non-protein compounds like FMN and the transition state molecules,
Rosetta requires information on these compounds provided in parameter files (.params).
To set up the file ’'FMN _opr3.params’ the FMN molecule was extracted from the initial
OPR3 crystal structure pdb and saved in mol2 format. For this purpose the Schrodinger

0]

Maestro program was used The mol2 file was then converted to a Rosetta params file

using the script molfile_to_params.py provided in the Rosetta suite:

~/rosetta/rosetta_source/src/python/apps/public/molfile_to_params.py FMN.

mol2 -name FMN --keep-names

The input file was 'FMN.mol2’, the options used were:

-name FMN name ligand "FMN’
--keep-names important to keep atom names in the params file consistent with the

names in the scaffold pdb file.

The output written was a pdb file ’FMN.pdb’ and the params file ’'FMN.params’. The file
"FMN.params’ was renamed to "FMN _opr3.params’.

The same procedure was performed with the mol2 files of the transition state molecules.
To assure that the script molfile_to_params.py was running properly, some minor changes
had to be made in the Gaussian09 output mol2 files of the transition state molecules. The
example below shows the modified mol2 file of the substrate hal2. The files for the other

substrates were treated in analogy to this.

line

1 # hal2_scanl 9tsopt

O<TRIPOS>MOLECULE
Molecule Name

10 | 18 17

11 | SMALL



12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

NO_CHARGES
O@<TRIPOS>ATOM

1C1 -1.2314
2 C2 -0.0065
3 C3 -2.4454
4 C4 -2.5281
5 H5 -1.2953
6 H6 -1.0742
7 H7 -0.1106
8 H8 0.8765
9 H9 -2.3910
10 H10 -3.3619
11 H11 -2.7286
12 C12 -2.7436
13 H13 -2.8936
14 014 -2.8289
15 H15 0.1561
16 H16 -0.0416
17 C17 0.2211
18 Bri8 2.5114
@<TRIPOS>BOND
1121

2141

3151

4161

5271

6281

7217 1

8341

9391

10 3 12 ar

11 4 10 1

12 4 11 1

13 12 13 1

14 12 14 2

15 15 17 1

16 16 17 1

17 17 18 nc

.1033
.3866
.0870
.3155
L1211
.2180
.3195
.0011
.2304
.8872
.2823
.2071
. 95687
.4101
.1221
.8655
.0070
.3280

.1807
.4205
.4664
.0571
.2342
.2617
.5087
.2265

1.5447

. 3886
.1376
.3193
.4044
.0200

1.2136

.4267

0.1443
0.0115

Q @&n H O @D Q@m @-oD @D m m @D o mm Q@

oo
H

10



Changes were made in line 10, where formerly '18 16" was substituted by 18 17°. 18 is the
number of atoms in the file, 16 or 17 the number of bonds. The number of bonds had to
be raised by 1, as the C-Br bond had not been present in the Gaussian mol2 output file.
The additional bond was added in line 51: 17 17 18 nc’ - bond number 17 between atom
17 (C17) and atom 18 (Brl8) was assigned as 'nc’ (non-covalent). Furthermore, in line 44
the original '10 3 12 Ar’ was edited to 10 3 12 ar’ as the molfile_to_params.py script only
recognizes the lower case ’ar’ (for aromatic bond order). All these changes did not affect

atom coordinates and were therefore acceptable.

2.1.3 Initial design trials using the Rosetta match application

The first attempts to design a new active site were started using the Rosetta match

n™12 The match application tries to find positions for catalytic side chains

applicatio
on a given protein backbone. The user has to specify the transition state molecule and
the geometry of the interacting side chains with respect to that transition state (the
theozyme). The theozyme geometry is described in constraint files (cstfiles), which are set
up by the user. The match application then tries to find positions on a protein backbone
(scaffold) that are suitable to introduce the desired theozyme geometry with respect to
the given constraints. The output (called a 'match’) is a pdb file of the scaffold containing
the transition state molecule and the catalytic side chains. If the matcher cannot find a
suitable position, there is no output. The match application cannot handle interactions
between the transition state molecule and a ligand (or any other non-protein compound,
like FMN in this case) that is already present in the scaffold pdb. This means that no
direct interactions between the transition state molecule and FMN could be defined. To
circumvent this problem, the interactions between the transition state molecule and the
two histidine residues that are already present in native OPR3 (His-176 and His-179) were
very tightly specified by setting the number of sampling steps to zero (last column in
the CONSTRAINT section of the cstfile). This forces the match application to place the
transition state molecule in a well defined orientation with respect to the two histidines as
well as in the desired position relative to the isoalloxazine moiety of FMN.

The following part of this section shows an example of how the design process was performed
in the case of the hal2-substrate. Analogous procedures were carried out for the substrates
hal3 and hal4.

In order to set up a cstfile, the transition state molecule was manually positioned in the
active site of the scaffold pdb (opr3_s.pdb) in the same position as a known inhibitor in a
crystal structure (Fig. 11). In that way the first two blocks for the cstfile, specifying the
interactions between the transition state molecule and His-176 and His-179, respectively,
could be set up. For this purpose an in-house python script that automatically writes
Rosetta constraint file blocks via manual selection of atoms in a PyMOL plugin was used.

Also the block defining the interactions between FMN and the transition state molecule

11



was set up using this script. The other block, specifying an interaction between the
bromine atom and an undefined hydrogen bond donor was set up manually. As the match
application cannot handle non-protein compounds, the block that specifies the interactions
between the transition state molecule and FMN was commented out during the matching

process. For the later use of the design application this section was again uncommented.

8---$1 Dy

0
. 3.60

Figure 11 — Left: p-hydroxybenzaldehyde bound in the active site of native OPR3 (pdb
code: 3HGS), right: manually positioned transition state model for hal2 in the scaffold pdb.
The relevant parameters for the positioning of the transition state model in the active site
were the distance to the two histidines that coordinate the carbonyl group, and the distance
between the substrate’s Cg and N5 of FMN.

A

Below the cstfile (opr3_hal2.cst) is shown:

#block 1 interaction H179 and TST

CST: :BEGIN
TEMPLATE: : ATOM MAP: 1 atomname: 014 C12 C3
TEMPLATE: : ATOM_MAP: 1 residued: TST
NATIVE
TEMPLATE: : ATOM_MAP: 2 atom_type: Ntrp
TEMPLATE: : ATOM_MAP: 2 residuel: H
CONSTRAINT:: distanceAB: 2.61 0.2 100. 0. O
CONSTRAINT: : angle_A: 124.5 10.0 80.0 360. O
CONSTRAINT: : angle B: 119.2 10.0 80.0 360. O
CONSTRAINT: : torsion A: 179.5 10.0 80.0 360. O
CONSTRAINT:: torsion_AB: 92.5 10.0 0.0 360. O

12



CONSTRAINT: :

CST: :END

#block 2 interaction H176 and TST

CST: :BEGIN

TEMPLATE: :
TEMPLATE: :

NATIVE
TEMPLATE: :
TEMPLATE: :

CONSTRAINT::
CONSTRAINT: :
CONSTRAINT: :
CONSTRAINT: :
CONSTRAINT: :
CONSTRAINT: :

CST: :END

torsion_B

ATOM_MAP:

ATOM_MAP:

ATOM_MAP:
ATOM_MAP:

1
1

2
2

distanceAB:

angle_A:

angle_ B:

torsion_A:

torsion_AB:

torsion_B:

-178.1

atom_name:

residues3:

atom_type:

residuel:

2.61
138.8
107.6

6.4

92.5

-178.1

#block 3 additional interaction with Br
CST: :BEGIN

TEMPLATE: :
TEMPLATE: :

TEMPLATE: :
TEMPLATE: :

CONSTRAINT: :
CONSTRAINT: :
CONSTRAINT: :
CONSTRAINT: :
CONSTRAINT::
CONSTRAINT: :

CST: :END

#block 4 interaction FMN and TST

#CST: : BEGIN
# TEMPLATE: :
# TEMPLATE: :

ATOM_MAP:
ATOM_MAP:

ATOM_MAP:
ATOM_MAP:

1
1

2
2

distanceAB:

angle_A:

angle_ B:

torsion_A:

torsion_AB:

torsion_B:

ATOM_MAP:
ATOM_MAP:

1
1

atom_name:

residued:
atom_type:

residuel:

180.
180.

O O O O O N

180.

atom_name:

residues3:

10.0

014 C12 C3
TST

Ntrp

0.2

10.0
10.0
10.0
10.0
10.0

Br18 C17 C2
TST

Hpol
STKRHNQYW

0.2
10.0
10.0
180.0
180.0
3.0

014 C12 C3
TST

0.0 360.

100. 0.
360.
360.
360.
360.
360.

80.0
80.0
80.0
0.0
0.0

100. 0.
80.0 360.
80.0 360.
80.0 10.
80.0 10.
180.

80.0

0

O O O O O o

W -~ = o0 00 O,
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#

# NATIVE

# TEMPLATE: : ATOM MAP: 2 atomname: N5 C4A C4

# TEMPLATE: : ATOM_MAP: 2 residue3: FMN

#

# CONSTRAINT:: distanceAB: 4.84 0.2 100. 0. O
# CONSTRAINT:: angle_A: 50.3 10.0 80.0 360. O
# CONSTRAINT: : angle B: 43.1 10.0 80.0 360. O
# CONSTRAINT: : torsion A: 82.5 10.0 80.0 360. O
# CONSTRAINT:: torsion_AB: 179.7 10.0 0.0 360. O
# CONSTRAINT: : torsion B: 98.0 10.0 0.0 360. O
#CST: :END

The constraints for the hydrogen bond donor (block 3) were derived from an idealized
geometry between the donor and the bromine! atom. A distance of 2.7 & 0.2 angstroms
between H and Br was chosen, because a geometry analysis of the Cambridge Structural
Database showed typical Br~ - donor distances in the range of 3.5 - 3.9 angstroms.

In order to define which sequence positions in the scaffold should be considered by the

match application for introducing new residues, a posfile (opr3_hal2.pos) was set up:

N_CST 3
1: 179
2: 176
3: 64 99 101 104 140 181 235 236

The residue numbers for constraint block 3 were chosen by investigating the scaffold pdb
and selecting favorable sequence positions that could function as a starting point for a
newly introduced residue.

The match application was run using the following command line:

~/rosetta/rosetta_source/bin/match.linuxgccrelease -database ~/rosetta/r
osetta_database -extra_res_fa TST_hal2.params -extra_res_fa FMN_opr3.para
ms -match:1ig_name TST -match:geometric_constraint_file opr3_hal2.cst -ma
tch:scaffold_active_site_residues_for_geomcsts opr3_hal2.pos -s opr3_s.pd

b -in:ignore_zero_occupancy false -exl -ex2 -exlaro -ex2aro -use_input_sc

The run produced two match output files (UM_1_H179H176H104 opr3_s_opr3_hal2_1.pdb
and UM_2_H179H176R104_opr3_s_opr3_hal2_1.pdb). These files were then passed on to

Tn design related contexts in this work, with ’bromine’ the bromine/bromide moiety of the transition
state model is meant
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2] Tt processes the output of the matcher in such

the Rosetta enzyme design application
a way that the introduced theozyme geometry is supported by the surrounding residues.
The protein is redesigned (residues are mutated) and/or repacked in order to optimize the
catalytic interactions defined in the cstfile and to minimize the structure. For this purpose
the constraints block that specifies the interactions between FMN and the transition
state molecule (block 4) was uncommented (other than the matcher the enzyme design
application can deal with constraints between non-protein compounds). To make the FMN
interaction recognizable for the enzyme design application the REMARKS section of the

matching output pdb files had to be supplemented with an additional line:
REMARK 666 MATCH TEMPLATE X TST O MATCH MOTIV B FMN 1 4 1

A line like this is usually added automatically by the match application for every matched
catalytic residue. Since the interaction between FMN and the transition state molecule
was not part of the matching process this line had to be added manually. It tells the
enzyme design application that in constraint block '4’ in the cstfile, there is a specified
interaction between catalytic residue "FMN’ on chain 'B’ position 1" and the matched
substrate "T'ST’ on chain "X’.

Another required input and a very important aspect for controlling the behavior of the
enzyme design application was the setup of a resfile. A resfile contains specific instructions
on how to treat certain residues during the design process. Below the resfile 'opr3_hal2.res’

is shown.

AUTO
USE_INPUT_SC

start
99 A APOLAR

# FMN coordinating

24 A NATRO
54 A NATRO
55 A NATRO
97 A NATRO
228 A NATRO
310 A NATRO
312 A NATRO
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333 A NATRO
334 A NATRO

In this resfile residue number 99 was requested to be apolar to account for the need of a
hydrophobic environment around the C, of the substrate. In order to avoid unnatural
displacement of the cofactor, the residues that are directly involved in hydrogen bonding
with FMN and some neighboring residues had to be prevented from being mutated or
repacked by using the keyword 'NATRO’.

The enzyme design application was run with the following command line:

~/rosetta/rosetta_source/bin/enzdes.linuxgccrelease -database ~/rosetta/
rosetta_database -extra_res_fa FMN_opr3.params -extra_res_fa TST_hal2.par
ams —enzdes:cstfile opr3_hal2.cst -resfile opr3_hal2.res -in:file:1list ma

tchlist.txt -nstruct 25 -out:file:o scores.txt Qdesign.flags

The file 'matchlist.txt’ was a simple textfile containing the names of the two match output
files in separate lines. By using this input flag, the enzyme design application calculates
25 structures for the first match output file (-nstruct 25), and then automatically moves
on to the next file for the next 25 structures. The flag -out:file:o scores.txt induces the
output of a text file containing scores for every catalytic constraint of each output design

structure. The flag file design.flags’ contained more general flags:

-linmem_ig 10
-use_input_sc
-ex1
-ex2
—enzdes: :detect_design_interface
-enzdes::fix_catalytic_aa
-enzdes::cutl 6.0
-enzdes::cut2 8.0
-enzdes::cut3 10.0
-enzdes::cut4 12.0
—-enzdes

-cst_min

-cst_opt

-chi_min

—-cst_design

-bb_min

—design_min_cycles 3
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-favor_native_res 0.8

-start_from_random_rb_conf
—enzdes::1lig_packer_weight 1.5
-packing::soft_rep_design
-packing

-ex1

-ex2

-exlaro

-ex2aro

From each of the two match output files 25 design structures were calculated, respectively.
Based on the same principle, structures were also produced for the enzymes converting
the substrates hal3 and hal4 (files not shown).

2.1.4 Protein design simply using the Rosetta enzyme design application

In this approach the matching process was skipped due to a lack of successful outputs
(see 'Results and discussion’ for details) and only the enzyme design application was used
to produce designed structures. Instead of matching output files, pdb files of the native
enzyme with manually positioned transition state molecules were used as input files. It was
determined which sequence positions could be subjected to mutations and for which amino
acids these positions might be exchanged. The necessary instructions were included in
the resfiles. For each set of resfile instructions ten output structures were calculated. The
designed structures were visually investigated (PyMOL) and promising modifications were
kept, whereas for unsatisfactory mutations the resfile instructions regarding the sequence
positions and types of possible amino acids were altered in subsequent design runs. Every
run used the same starting pdb file. By a procedure like that, the design comprised a
semi-manual, iterative process to find favorable changes that all together constitute a
desired theozyme geometry.

The constraint files for this method only included interactions between His-176, His-179

and FMN with the transition state molecule, respectively.

Design of OPR3 _6ring (hall) The following part shows an example of how the design
process was performed in the case of the hall substrate. The geometric constraint file

(opr3_hall.cst) used was:

#block 1 interaction H176

CST: :BEGIN
TEMPLATE: : ATOM_MAP: 1 atommname: 018 C17 C5
TEMPLATE: : ATOM_MAP: 1 residue3: TST
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NATIVE
TEMPLATE: :
TEMPLATE: :

CONSTRAINT: :

CONSTRAINT: :

CONSTRAINT: :

CONSTRAINT: :

CONSTRAINT: :

CONSTRAINT: :
CST: :END

ATOM_MAP: 2
ATOM_MAP: 2

distanceAB:
angle_ A:
angle_B:
torsion_A:
torsion_AB:

torsion_B:

#block 2 interaction H179

CST: :BEGIN

TEMPLATE: :
TEMPLATE: :

NATIVE
TEMPLATE: :
TEMPLATE: :

CONSTRAINT: :

CONSTRAINT: :

CONSTRAINT: :

CONSTRAINT: :

CONSTRAINT: :

CONSTRAINT: :
CST: :END

ATOM_MAP:
ATOM_MAP:

ATOM_MAP: 2
ATOM_MAP: 2

distanceAB:
angle_A:
angle_ B:
torsion A:
torsion_AB:

torsion_B:

#block 3 interaction FMN

CST: :BEGIN
TEMPLATE: :
TEMPLATE: :

NATIVE

TEMPLATE: :

TEMPLATE: :

CONSTRAINT: :

ATOM_MAP:
ATOM_MAP:

ATOM_MAP: 2
ATOM_MAP: 2

distanceAB:

atom_type: Ntrp ,
residuel: H
2.71 0.2 100.
141.5 3.0 80.0
107.1 3.0 80.0
-1.0 3.0 80.0
-160.3 3.0 80.0
-171.9 3.0 80.0
atom_name: 018 C17 C5
residue3: TST
atom_type: Ntrp ,
residuel: H
2.61 0.2 100.
123.9 3.0 80.0
117.7 3.0 80.0
171.3 3.0 80.0
90.1 3.0 80.0
-175.8 3.0 80.0
atom_name: C4 C3 C2
residue3d: TST
atom_name: N5 C4A C4
residue3: FMN
3.60 0.2 100.

360.
360.
360.
360.
360.

360.
360.
360.
360.
360.

SO O O O O O

O O O O O O
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CONSTRAINT: : angle A: 126.4 3.0 80.0 360. O

CONSTRAINT: : angle B: 93.2 3.0 80.0 360. O

CONSTRAINT: : torsion A: 164.2 3.0 80.0 360. O

CONSTRAINT:: torsion_AB: -128.1 3.0 80.0 360. O

CONSTRAINT: : torsion B: 87.7 3.0 80.0 360. O
CST: :END

In the input pdb file (opr3_hall.pdb) the catalytic residues mentioned in the constraint
files were again included in the REMARK section:

REMARK 666 MATCH TEMPLATE X TST O MATCH MOTIV A HIS 176 1 1
REMARK 666 MATCH TEMPLATE X TST O MATCH MOTIV A HIS 179 2 1
REMARK 666 MATCH TEMPLATE X TST O MATCH MOTIV B FMN 1 3 1

The desired mutations were implemented by altering the resfile instructions. With every
subsequent design run, the previous instructions were commented out (except for the
"#FMN coordinating’ part, which was included in every run for obvious reasons). The
resfile part for one run begins at '#opr3_hall n_DE’ and ends at '#opr3_hall_(n+1)_DE’.
The following part shows the complete resfile 'opr3_hall.res’ to make the process more

comprehensible.

AUTO
USE_INPUT_SC

start

#opr3_hall_ 1 DE
#99 A APOLAR

#235 A PIKAA VLI

#236 A PIKAA NH #interaction with Br

#124 A PIKAA A #I124A required for Y140R

#140 A PIKAA R #interaction with Br

#104 A PIKAA AS  #A104S for interaction with R140777

#opr3_hall_2 DE
#99 A APOLAR

#235 A PIKAA VLI
#236 A PIKAA NH
#124 A PIKAA A
#140 A PIKAA R
#104 A PIKAA AS
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#181 A PIKAA A #Y181 needs to be A for good ligand positioning

#opr3_hall 3 DE
#99 A APOLAR

#235 A PIKAA VLI

#236 A PIKAA NH

#124 A PIKAA A

#140 A PIKAA R

#104 A PIKAA N #interaction with Br?
#181 A PIKAA A

#65 A PIKAA AVF #F too big? Maybe A,V?

#opr3_hall 4 DE =same as op3_hall 3 DE but without "irrelevant (7)" mutations
#99 A APOLAR

#235 A PIKAA VLI
#236 A PIKAA NH
#124 A PIKAA A
#140 A PIKAA R
#104 A PIKAA N
#181 A PIKAA A
#65 A PIKAA AVF

#these residues are not in the active site, but often mutated; this is to keep
#them native, but not force them into their native conformation
# (maybe also Y361F 7)

#21 A PIKAA A #always mutated to D
#22 A PIKAA P #often mutated to S (7!)
#23 A PIKAA M #3,T

#274 A PIKAA R #Y

#313 A PIKAA Y #M,T

#336 A PIKAA F #A

#360 A PIKAA F #M,L,V

#-> residues are mostly in their native conformation, scores get slightly

#worse compared to opr3_hall _3_DE

#opr3_hall 5 DE
#99 A APOLAR
#235 A PIKAA VLI
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#236
#124
#104
#181
#65

#21
#22
#23
#271
#274
#313
#336
#360

#opr3_hall 6 _DE

#99
#235
#236
#104
#181
#65

#21
#22
#23
#271
#274
#313
#336
#360

#opr3_hall 7 DE

99

235
236
124
104
181
65

-

L A

A

= = = >

=

A

= = o= = >

PIKAA
PIKAA

NH

PIKAA N

PIKAA
PIKAA

PIKAA
PIKAA
PIKAA
PIKAA
PIKAA
PIKAA
PIKAA
PIKAA

AVF

be IS B S S B v B

APOLAR

PIKAA
PIKAA
PIKAA
PIKAA
PIKAA

PIKAA
PIKAA
PIKAA
PIKAA
PIKAA
PIKAA
PIKAA
NATRO

VLI
ST
ST

AVF

M < ™1 = " o=

APOLAR

PIKAA
PIKAA
PIKAA
PIKAA
PIKAA
PIKAA

VLI
ST
S

N

A
AVF
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21 A PIKAA A
22 A PIKAA P
23 A PIKAA M
271 A PIKAA T
274 A PIKAA R
313 A PIKAA Y
336 A PIKAAF
360 A NATRO

#FMN coordinating

24 A NATRO
54 A NATRO
55 A NATRO
97 A NATRO
228 A NATRO
310 A NATRO
312 A NATRO
333 A NATRO
334 A NATRO
1 B NATRO

The design process was run via the following command line:

~/rosetta/rosetta_source/bin/enzdes.linuxgccrelease -database ~/rosetta/
rosetta_database -extra_res_fa FMN_opr3.params -extra_res_fa TST_hall.par
ams —enzdes:cstfile opr3_hall.cst -resfile opr3_hall.res -s opr3_hall.pdb
-in:ignore_zero_occupancy false -nstruct 10 -out:file:o scores.txt Q@desig

n.flags -out:suffix _n_DE

The file ’design.flags’ was identical to the one used previously (see page 16). The flag
~out:suffix n_DE’ (with n being an integer) was used to add an identifier to the output
file names of each run in order to keep track of which files were derived from which resfile
instructions. As the transition state molecule appeared to be slightly misplaced in the
output files, a new input scaffold pdb was generated (opr3_hall_alt lig_pos.pdb). The
constraint file records were updated to fit with the new input structure and further design

runs were performed using the resfile opr3_hall_alt_lig_pos.res’:

AUTO
USE_INPUT_SC
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start

#opr3_hall_alt_lig_pos_1_DE
#99 A APOLAR

#235 A PIKAA VLI
#236 A PIKAA ST
#124 A PIKAA S
#104 A PIKAA N
#181 A PIKAA A
#65 A PIKAA AVF

#opr3_hall_ alt_lig pos_2 DE
#99 A APOLAR

#235 A PIKAA VLI
#236 A PIKAA N
#104 A PIKAA ST
#181 A PIKAA VLA
#65 A PIKAA AVFM

#opr3_hall_alt_lig pos_3_.DE
99 A PIKAA M

235 A PIKAA L
236 A PIKAA N
104 A PIKAA S
181 A PIKAA A
65 A PIKAA M

#FMN coordinating

24 A NATRO
54 A NATRO
55 A NATRO
o7 A NATRO
228 A NATRO
310 A NATRO
312 A NATRO
333 A NATRO
334 A NATRO
1 B NATRO



#other

21 A PIKAA A
22 A PIKAA P
23 A PIKAA M
178 A PIKAA A
271 A PIKAAT
274 A PIKAA R
313 A PIKAA Y
332 A PIKAA Y
336 A PIKAAF
360 A NATRO

The final sequence for the designed enzyme was derived from the output structures of
‘opr3_hall _alt_lig_pos_3_DE’.
For the design of enzymes converting the other substrates hal2, hal3 and hal4 procedures

following the same principles were carried out (files not shown).

2.2 Protein expression and purification

The genes for eight designed OPR3 variants were obtained by site-directed mutagenesis of
the wild type gene in a pET21a vector. For protein expression the plasmid was transformed
into Fscherichia coli BL21 and the enzymes were expressed and purified to be subjected to
activity assays. All these procedures were done at the Graz University of Technology 3.
In order to do crystallization experiments, some more protein was expressed as a part
of this work. All designed enzymes except for the two variants of OPR3_4ring, which
were reported to be heavily precipitating during purification, were expressed. Cells were
grown at 37 °C in LB medium to ODgyy = 0.6. After induction with 0.2 mM IPTG
(isopropyl-3-D-1-thiogalactopyranoside) cells were cultivated another 4 hours at 30 °C.
Cells were harvested (3000 min~!, 4 °C, 30 min) and the pellet was stored at -20 °C or
directly used to extract protein. For protein purification the cells were suspended in 3
ml/mg lysis buffer (50 mM Na-phosphate, 150 mM NaCl, 20 mM imidazole, pH 7.5) and
disrupted by sonication (10 min, pulsed). The cell extract was supplemented with 1 mM
PMSF (phenylmethanesulfonylfluoride) as a protease inhibitor and debris was removed
by centrifugation (16 000 min~!, 30 min, 4 °C). The supernatant was supplemented with
1 pM FMN and incubated o/n at 4 °C. The His-tagged protein was purified using a
Ni-chromatography column (HisTrap HP 5 ml, GE Healthcare) equilibrated with 50 mM
Na-phosphate, 150 mM NaCl, pH 7.5 on an AKTA-system. Elution was performed by

a continuous gradient of imidazole from 0 - 300 mM. The protein was monitored via
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absorption of the bound flavin at 465 nm. The fractions containing the protein were pooled
and subjected to a size exclusion chromatography column (HiLoad 16/60 Superdex 200
pg, GE Healthcare) equilibrated with 50 mM Na-phosphate, 150 mM NaCl, pH 7.5. The

protein was concentrated using centrifugal filters (Amicon Ultra, Merck Millipore).

2.3 Crystallization and structure determination

Crystallization experiments were set up with the OPR3_Y190F variant and all designed
enzymes except for the two variants of OPR3_4ring. Commercial crystallization screens
(Index HR2-144, Hampton Research; Morpheus MD1-46, Molecular Dimensions) were set
up, and obtained crystals were further optimized. During the time of this study diffraction

quality crystals could be obtained for three variants.

2.3.1 Crystallization of OPR3_5ring and OPR3_6ring

Initial crystals grew after three days at 20 °C in droplets consisting of equal parts of protein
(4 mg/ml in 50 mM Na-phosphate pH 7.5, 150 mM NaCl) and reservoir solution (0.2 M
NaCl, 0.1 M BIS-TRIS pH 6.5, 25% w/v polyethylene glycol 3,350). The method used
was sitting drop vapor diffusion. The first crystals were used for microseeding (MicroSeed
Beads MD2-14, Molecular Dimensions). Crystals were transferred into 50 pl of reservoir
solution and vortexed for 20 seconds to prepare a seeding stock. Optimization was done by
varying dilutions of the seeding stock and testing different concentrations of NaCl solutions
in the reservoirs in sitting drop vapor diffusion experiments. Good quality crystals were
grown in droplets consisting of 2 pl protein (4 mg/ml), 1.5 pl seeding solution (diluted
50! from the stock) and 0.5 pul crystallization solution (0.2 M NaCl, 0.1 M BIS-TRIS pH
6.5, 25% w /v polyethylene glycol 3,350), with 0.6 M NaCl in the reservoir. Data were
collected at the ESRF Grenoble, beamline 1D29.

2.3.2 Crystallization of OPR3_Y190F

Small crystals were grown using the sitting drop vapor diffusion method in droplets
containing 50 % protein (4 mg/ml in 50 mM Na-phosphate pH 7.5, 150 mM NaCl) and
50 % reservoir solution (0.2 M ammonium citrate tribasic pH 7.0, 20% w/v polyethylene
glycol 3,350). From these crystals a microseeding stock was prepared (seed beads, 50 pl)
and diluted by 507!, Diffracting crystals were grown in 2 pl droplets composed of 1 il
protein (4 mg/ml), 0.5 ul seeding solution and 0.5 ul reservoir solution (sitting drop vapor
diffusion). Data were collected at the ESRF Grenoble, beamline BM14.

2.3.3 Soaking of OPR3_Y190F crystals with 4-bromobut-2-enal

Since the flavin is in its oxidized state in aerobic conditions, without NAD(P)H no substrate

conversion would take place and therefore the substrate compound (( £)-4-bromobut-2-enal)
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was used in this experiment. For the soaking experiments 1 jl of pure liquid substrate was
pipetted to 10 pul reservoir solution supplemented with 15 % glycerol v/v as a cryoprotectant.
The substrate and reservoir solution turned out to be not miscible, however crystals were
soaked in the reservoir phase for various timespans (1 min, 2 min, 5 min, 10 min, 20 min)

before storing them in liquid nitrogen.

2.3.4 Data processing and refinement

Data were processed and scaled with XDS!™ or iMosflm['® | Pointless!'%'7 and Scalal'".
The structures were solved by molecular replacement using Molrep*®). Refinement was
done in alternating cycles of model building with Coot!"” and Refmac%?!. Further
refinement was done using the PDB_REDO web server??. For the generation of a library
file for the restraints on the fitted substrate molecule Schrédinger Maestro and eLBOW (23]

from the Phenix suite were used.
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3 Results and discussion

3.1 Design process
3.1.1 Transition state structures

Potential energy profiles were obtained by scanning the reaction coordinate of the various
substrates. The presence of a local maximum is an indication for a transition state. In the
graphs of hall and hal3 a maximum is visible (Fig. 12 and Fig. 14, respectively). In the
case of hal2 there is small peak in the range of a supposed local maximum (Fig. 13). This
is due to a change in the conformation of the molecule. For hal4 a more sophisticated 2D
scan was performed, resulting in a potential energy surface (Fig. 15). Also in that case
a small local maximum can be recognized. For calculation of the final transition state
models, for each substrate an intermediate structure near the local maximum was chosen

as an input model for a direct optimization towards a transition state (Fig. 16).

Scan of Total Energy
-2923.460

______________

________
_____

-2923.470

-2923.480

2923.490

Total Energy (Hartree)
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[ T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
1.8 2.0 22 2.4 26 2.8 3.0 3.2
Scan Coordinate

Figure 12 — Potential energy profile for the calculation of a transition state for hall. The
horizontal axis shows the C2-C7 bond length in A. A local maximum is between 2.60 and
2.75 A. The minimum at the left side is the energy of the initial model.
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Figure 13 — Potential energy profile for the calculation of a transition state for hal2. The
horizontal axis shows the C2-C6 bond length in A. The minimum at the left side would be
a state that is near the product - a cyclic compound and free bromide. The point at the
very right side is the initial model, the path during the calculation went from right to left.
The rise and sudden decrease of the energy at 3 A is due to a conformational change. The
input structure in that case was poorly modeled, a starting conformation analogous to hall
or hal3 would have been the better choice.

28




Scan of Total Energy
-2844.810

-2844.820] e
-2844.830

2844.840—

Total Energy (Hartree)

-2844.850-

-2844.860—

-2844.870-

I T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
1.6 1.8 2.0 22 24 26 28 3.0
Scan Coordinate

3.2

Figure 14 — Potential energy profile for the calculation of a transition state for hal3. The
horizontal axis shows the C2-C5 bond length in A. The minimum at the left side is a state
that is near the product (C2-C5 bond length 1.6 A). The path during the calculation went
from right to left. A local maximum can be seen at 2.4 A.
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Figure 15 — Transition state search for hal4. With this more complex procedure a potential
energy surface was obtained. The horizontal axes show distances in A, the vertical axis
the total energy in Hartree. The front corner (C2-C4 1.5 A; C4-Br 1.9 A) shows the high
energy of the energetically unfavorable starting model where C4 has a valence of 5. In the
left corner (C2-C4 1.5 A; C4-Br 2.7 A) there is a minimum that depicts the product and
at C2-C4 2.5 A; C4-Br 1.9 A there is a local minimum which would be a state where the
hydride is transferred to the substrate, but the bromine still bound. The small peak in the
projection on the bottom plane between these two points indicates a local maximum, which
refers to the desired transition state (C2-C4 2.5 A; C4-Br 2.1 A).
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Figure 16 — The calculated transition state models. A: hall (distances C2-C7: 2.71 A;
C7-Br: 2.29 A). B: hal2 (distances C2-C6: 2.69 A; C6-Br: 2.32 A). C: hal3 (distances C2-C5:
2.36 A; C5-Br: 2.43 A). D: hal4 (distances C2-C4: 2.21 A; C4-Br: 2.37 A). (Red=oxygen,
purple=bromine).

3.1.2 Initial design trials using the Rosetta match application

In some of the first design attempts it was tried to find possible amino acid exchanges
at various sequence positions with the match application. Besides the interactions of
the two hydrogen bonding histidine side chains with the substrate’s carbonyl oxygen,
two additional hydrogen bond donors to interact with the bromine atom were requested.
For a broad range of possible donors (Ser, Thr, Lys, Arg, His, Gln, Asn, Tyr, Trp) an
optimized hydrogen bonding geometry was specified in the constraint files along with
posfiles including many sequence positions all over the active site from where these residues
could be built. The computational efforts were quite high, and even with loosening the
geometric constraints for the interactions to very low levels (far from optimum geometry)
no matching outputs could be obtained. The consequence was that in the next attempts
only one interaction with the bromine atom was requested. This was tried for three
substrates (hal2, hal3 and hal4), and by stepping back to a single interaction at least a
few matches were found.

A problem with these designed structures turned up when it was not possible to use an im-
portant option for the enzyme design application: -enzdes:final repack without_ligand.

This option causes the program to repack the structure after design without the catalytic
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constraints in order to test if the mutated residues are not just in their current conformation
because the constraints keep them there. For this option it seems that any non-protein
compound is considered as a ’'ligand’, and thus the program could not distinguish between
the transition state model and the FMN cofactor, which caused an error and the design
run to fail. Without this option the predicted positions of catalytic residues, especially
the long side chains of arginine and lysine, were not considered as very reliable, which was
another reason why it was then tried to produce designed structures without the match

application.

3.1.3 Protein design simply using the Rosetta enzyme design application

A different approach in comparison to using the match application to find suitable positions
for amino acid exchanges was simply to skip the matching step and start right at the
actual design process. The idea behind this method was that the active site geometry
and the binding mode of the substrate was already very well defined. With the substrate
binding to the two histidine side chains and right on top of the isoalloxazine moiety
of FMN, there was only a limited number of possible sequence positions that could be
subjected to mutations in order to further stabilize the binding of the transition state
molecule. Including the experience gained from the design trials with the use of the match
application, suitable sequence positions and promising mutations were tried out for amino
acid exchanges, with the Rosetta enzyme design application as a tool to predict possible
structures. The advantage was that there were no constraints on the catalytic residues that
could force them into unnatural conformations (as the option final repack without_ligand
was not available).

A total of eight different sequences were derived from the design outputs: Four variants
for the conversion to the three-ring product (hal4), two variants for the four-ring product
(hal3) and one variant for the five-ring (hal2) and six-ring product (hall), respectively. All
of the final design structures have two mutations in common: W99M (native position:
W108M) appeared in nearly all output structures as a result of requesting Rosetta to
make the residue at this position apolar to ensure a more hydrophobic surrounding of the
substrate’s C,. For basically the same reason H235L (native: H244L) was introduced in

all designed structures. Other mutations are specific for the various substrates.

OPR3_6ring (hall) For this substrate one sequence was derived from the final design
outputs. Besides Met-99 and Leu-235, four other mutations were introduced (Fig. 17).
Phe-65 (native position: Phe-74) was eliminated to provide space for the substrate and
changed to Met-65, which could build hydrophobic interactions and might help that the
substrate molecule can only enter the active site in a bent conformation that brings C7
closer to C2. Tyr-181 (native Tyr-190) was changed in various design runs for either alanine,

valine or leucine, from which most often alanine was selected by Rosetta. For interactions
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with the bromine atom Leu-236 (native Leu-245) was mutated to a possible hydrogen
bonding asparagine and Ala-104 (native Ala-113) was changed to serine. The predicted
serine side chain conformations were not optimal for interaction with the substrate, but
there was the idea that this serine residue might also help stabilizing the Asn-236 side

chain via hydrogen bonding.

" SER-104

ASN-236

ALA-181\

LEU-235

Figure 17 — Active site of the design outputs for OPR3_6ring (superposition). The transition
state molecule for the conversion of 7-bromohept-2-enal is bound at the carbonyl group via
His-176 and His-179. Leu-235 and Met-99 were introduced to make the active site pocket
more hydrophobic. Asn-236 and Ser-104 interact with the bromine atom (red sphere, C-Br
bond not shown). To provide space for the artificial substrate, Phe-65 was changed to
methionine and Tyr-181 was mutated to alanine.

OPR3_5ring (hal2) The final version for this enzyme included six exchanged amino
acids (Fig.18). It only differs in one mutation from the variant OPR3_6ring. Due to
the smaller substrate compared to OPR_6ring, Tyr-181 (native: Tyr-190) was changed
to leucine (OPR3_6ring: alanine). At sequence position 99 (native: 108) the request for
an apolar side chain led to introduction of either alanine or methionine. In order to get

tighter packing in the relating area around the substrate, methionine was chosen.
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Figure 18 — Active site of the design outputs for OPR3_5ring (superposition). The transition
state model is bound by the two native histidines. Asn-236 builds an interaction with the
bromine atom (C-Br bond not shown). Despite Ser-104 did not appear to be in a good
position to interact with the bromine atom, it was included in the final sequence, as a
different side chain rotamer would be indeed in a promising position. At sequence position
99 in some structures the Rosetta program introduced alanine, in others methionine. For
the final sequence of OPR3_5ring methionine was chosen.

OPR3_4ring (hal3) Two variants were selected for the hal3 substrate (OPR3_4ring_1-
2). Each variant contained eight mutations, of which seven are the same in both enzymes
(Fig. 19 and Fig 20). Tyr-181 (native Tyr-190) was changed to leucine, as phenylalanine
would have been clashing with the transition state model, and smaller hydrophobic amino
acids, like alanine or valine, would have left a too big gap. To interact with the bromine,
Tyr-140 (native Tyr-149) was mutated to arginine. To help stabilizing the arginine side
chain, Leu-236 (native Leu-245) was changed to asparagine and Ala-104 (native Ala-113)
to serine. To provide enough space for the arginine residue, Ile-124 (native Ile-133) was
mutated to a smaller valine. Phe-65 (native Phe-74) would have clashed with the transition
state model and was therefore changed to alanine (variant 1) or, to provide an additional
interaction with the substrate’s bromine, to asparagine (variant 2). The other included

mutations are the aforementioned Met-99 and Leu-235.
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Figure 19 — Active site of the design outputs for OPR3 _4ring varl (superposition). Leu-181
was chosen instead of the former proton donor tyrosine, Arg-140 was introduced to interact
with the substrate’s bromine and Asn-236 and Ser-104 were planned to either stabilize the
arginine side chain or to directly provide hydrogen bonds to the bromine (C-Br bond not
To provide enough space for Arg-104 the former Ile-124 was mutated to valine.
Ala-104 was introduced instead of the native phenylalanine that would have occupied too

shown).

much space in the active site.
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Figure 20 — Active site of the design outputs for OPR3_4ring_var2 (superposition). The
only difference to OPR3_4ring variant 1 is Asn-65, which was chosen as a possible binding
partner for the bromine/bromide leaving group (C-Br bond not shown).

OPR3_3ring (hal4) For the conversion of 4-bromobut-2-enal to cyclopropanecarbalde-
hyde a total of four slightly different variants were designed (OPR3_3ring_var1-4). All of
them included six mutations (Fig. 21 - 24). To avoid direct protonation of the substrate
upon hydride transfer, the Tyr-181 proton donor (native: Tyr-190) was exchanged for
phenylalanine in all four designed enzymes. The native Phe-65 (native: Phe-74) would
have clashed with the substrate. One possibility to introduce an interacting residue seemed
to be an exchange for asparagine (variants 2 and 4). Another possibility was to introduce
either alanine or valine to partially fill up the space that would have been occupied by
tyrosine. In the vast majority of design output structures the Rosetta program chose
alanine (present in variants 1 and 3). Leu-131 (native: Leu-140) was exchanged for either
arginine (variants 1 and 2) or lysine (variants 3 and 4). The idea was to introduce a
positively charged side chain in the vicinity of the substrate’s bromine. In the calculated
output structures this never worked well as Rosetta predicted the side chain always to be
on the surface and not pointing towards the active site. However, the positively charged
residues at this position were kept, as they might stabilize another mutated residue via
hydrogen bonding: Tyr-361 (native: Tyr-370) was mutated to glutamine (variants 1-4). A
glutamine side chain could build a hydrogen bond to the bromine. Especially for variants
3 and 4 an interaction between lysine and glutamine was not predicted by Rosetta, but

nevertheless these mutations were tried to see how accurate Rosetta works for long side
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chains and whether this lack of interaction was also true for the actual structures.

PHE-181

\ ALA-65
\ MET-99
HIS-176

ARG-131

HIS-179

GLN-361

Figure 21 — Active site of the design outputs for OPR3_3ring_varl. A glutamine residue
that is stabilized by an arginine side chain can interact with the bromine (C-Br bond not
shown). The alanine side chain partially fills up a space that would be occupied by a tyrosine
residue in the native structure. The image shows a superposition of ten output structures.

'S5
E—181

&

HIS-179

GLN-361

Figure 22 — Active site of the design outputs for OPR3_3ring_var2. Much like variant 1, an
additional interaction between bromine and an asparagine side chain is introduced (C-Br
bond not shown). The image shows a superposition of ten output structures.
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Figure 23 — Active site of the design outputs for OPR3_3ring_var3. Although the lysine side
chain is predicted to be outside of the active site pocket, this variant was tried. If Rosetta’s
prediction failed, there might be a chance that the lysine interacts with the substrate directly
by stabilizing the negatively charged bromide leaving group (C-Br bond not shown). The
image shows a superposition of ten output structures.
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Figure 24 — Active site of the design outputs for OPR3_3ring_var4. This variant is like
variant 3, but with an additional interaction between bromine and an asparagine side chain
(C-Br bond not shown). The image shows a superposition of ten output structures.
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3.1.4 Summary

The complete redesign of active sites for reactions that require a bound cofactor is in
general a very delicate task, as any disruption of the binding sites might have a big
influence on the desired reaction. On the one hand, the binding of the cofactor should not
be affected by the design, on the other hand for a complete redesign a part of the protein
near this cofactor is mutated at several sites. This issue makes the procedure quite a
balancing act, and as every design process is different, there is no general solution provided
in Rosetta and therefore the user has to think about how far the program is allowed to
change the structure. However, one has to keep in mind that too rigid instructions could
suppress the occurrence of optimal solutions or even force the program to create biased
output.

A possible source for a systematic error in this design process was in the modeling of the
design input structures regarding the distance between the substrate’s C, and N5 of the
flavin cofactor. It was assumed that positioning the transition state molecules like an
inhibitor in a known crystal structure is sufficiently accurate to obtain design structures
in which actual hydride transfer can occur. However, since during the design process also
repacking of the altered structures is done by Rosetta and therefore slight movements need
to be allowed, modeling a distance between two atoms by less than tenths of angstroms
seems to be beyond the program’s capabilities, and therefore would not make sense.

The eight enzyme variants that were finally selected for expression and in-vitro testing for
their desired catalytic activity were the result of a long process with many output structures,
that all were slightly different. The sequences were derived after careful investigation from
structures that looked the most promising regarding the interactions with the transition
state models and their chemical plausibility. Some of the interactions between side chains
and the transition state models did not appear to be in an optimal geometry. Taken into
account that the whole design process was based on the static model of a single crystal
structure, and being dependent on the accuracy of the underlying force fields that are used
by the Rosetta applications, the reliability of the output had its limitations, and at some
point the designed enzymes were given a try. Table 1 shows a summary of the mutations

in the different variants.
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Table 1 — Overview of the differences in the designed OPR3 variants.

Enzyme

Mutated amino acids:

F74 WI108 A113 1133 L140 Y149 Y190 H244 L245 Y370

OPR3_6ring

OPR3_5ring

OPR3_4ring_varl
OPR3_4ring_var2
OPR3_3ring_varl
OPR3_3ring_var2
OPR3_3ring_var3
OPR3_3ring_var4
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The complete sequences of the designed enzymes are shown in the following alignment:

OPR3 native
opr3_6ring
opr3._5ring
opr3_4ring varl
opr3_4ring var?2
opr3_3ring_varl
opr3_3ring_var?2
opr3_3ring_var3

opr3_3ring_var4

OPR3 native
opr3_6ring
opr3.5ring
opr3_4ring varl
opr3_4ring_var2
opr3_3ring_varl
opr3_3ring_var2
opr3_3ring var3

opr3_3ring var4

MASSAQDGNNPLFSPYKMGKFNLSHRVVLAPMTRCRALNNIPQAALGEYYEQRATAGGFL
MASSAQDGNNPLFSPYKMGKFNLSHRVVLAPMTRCRALNNIPQAALGEYYEQRATAGGFL
MASSAQDGNNPLFSPYKMGKFNLSHRVVLAPMTRCRALNNIPQAALGEYYEQRATAGGFL
MASSAQDGNNPLFSPYKMGKFNLSHRVVLAPMTRCRALNNIPQAALGEYYEQRATAGGFL
MASSAQDGNNPLEFSPYKMGKFNLSHRVVLAPMTRCRALNNIPQAALGEYYEQRATAGGFL
MASSAQDGNNPLEFSPYKMGKFNLSHRVVLAPMTRCRALNNIPQAALGEYYEQRATAGGFL
MASSAQDGNNPLEFSPYKMGKFNLSHRVVLAPMTRCRALNNIPQAALGEYYEQRATAGGFL
MASSAQDGNNPLEFSPYKMGKFNLSHRVVLAPMTRCRALNNIPQAALGEYYEQRATAGGFL
MASSAQDGNNPLEFSPYKMGKFNLSHRVVLAPMTRCRALNNIPQAALGEYYEQRATAGGFL

>k 5k >k 3k 5k 3k 5k >k 5k >k 3k 3k 3k 5k >k 3k >k 3k 3k 5k 5k >k 3k >k 5k 3k >k 3k >k >k 5k >k 5k >k 3k >k >k 5k >k 5k >k 3k >k >k 5k >k >k >k %k 5k %k >k %k >k %k %k 5% % >k k

ITEGTMISPTSAGFPHVPGIFTKEQVREWKKIVDVVHAKGAVIFCQLWHVGRASHEVYQP
ITEGTMISPTSAGMPHVPGIFTKEQVREWKKIVDVVHAKGAVIFCQLMHVGRSSHEVYQP
ITEGTMISPTSAGMPHVPGIFTKEQVREWKKIVDVVHAKGAVIFCQLMHVGRSSHEVYQP
ITEGTMISPTSAGAPHVPGIFTKEQVREWKKIVDVVHAKGAVIFCQLMHVGRSSHEVYQP
ITEGTMISPTSAGNPHVPGIFTKEQVREWKKIVDVVHAKGAVIFCQLMHVGRSSHEVYQP
ITEGTMISPTSAGAPHVPGIFTKEQVREWKKIVDVVHAKGAVIFCQLMHVGRASHEVYQP
ITEGTMISPTSAGNPHVPGIFTKEQVREWKKIVDVVHAKGAVIFCQLMHVGRASHEVYQP
ITEGTMISPTSAGAPHVPGIFTKEQVREWKKIVDVVHAKGAVIFCQLMHVGRASHEVYQP
ITEGTMISPTSAGNPHVPGIFTKEQVREWKKIVDVVHAKGAVIFCQLMHVGRASHEVYQP
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OPR3 native
opr3_6ring
opr3.5ring
opr3_4ring_varl
opr3_4ring _var?2
opr3_3ring_varl
opr3_3ring_var?2
opr3_3ring_var3

opr3_3ring_var4

OPR3 native
opr3_6ring
opr3._5ring
opr3_4ring varl
opr3_4ring_var?2
opr3_3ring_varl
opr3_3ring_var?2
opr3_3ring_var3

opr3_3ring_var4

OPR3 native
opr3_6ring
opr3._5ring
opr3_4ring varl
opr3_4ring_var?2
opr3_3ring_varl
opr3_3ring_var2
opr3_3ring_var3

opr3_3ring_var4

AGAAPISSTEKPISNRWRILMPDGTHGIYPKPRAIGTYEISQVVEDYRRSALNATIEAGFD
AGAAPISSTEKPISNRWRILMPDGTHGIYPKPRAIGTYEISQVVEDYRRSALNAIEAGFD
AGAAPISSTEKPISNRWRILMPDGTHGIYPKPRAIGTYEISQVVEDYRRSALNAIEAGFD
AGAAPISSTEKPVSNRWRILMPDGTHGIRPKPRAIGTYEISQVVEDYRRSALNAIEAGFD
AGAAPISSTEKPVSNRWRILMPDGTHGIRPKPRAIGTYEISQVVEDYRRSALNAIEAGFD
AGAAPISSTEKPISNRWRIRMPDGTHGIYPKPRAIGTYEISQVVEDYRRSALNAIEAGFD
AGAAPISSTEKPISNRWRIRMPDGTHGIYPKPRAIGTYEISQVVEDYRRSALNAIEAGFD
AGAAPISSTEKPISNRWRIKMPDGTHGIYPKPRAIGTYEISQVVEDYRRSALNAIEAGFD
AGAAPISSTEKPISNRWRIKMPDGTHGIYPKPRAIGTYEISQVVEDYRRSALNAIEAGFD

kookkookook ko k sk okkkk ¢ skokokkokdk dkokokokokokokok kKK ok ok %k 3k ok >k %k %k %k 5k 5k >k %k %k 5k 5k 5k >k %k %k 5k 5k >k %k %k %k >k Xk

GIEIHGAHGYLIDQFLKDGINDRTDEYGGSLANRCKFITQVVQAVVSAIGADRVGVRVSP
GIETHGAHGALIDQFLKDGINDRTDEYGGSLANRCKFITQVVQAVVSAIGADRVGVRVSP
GIEIHGAHGLLIDQFLKDGINDRTDEYGGSLANRCKFITQVVQAVVSAIGADRVGVRVSP
GIEIHGAHGLLIDQFLKDGINDRTDEYGGSLANRCKFITQVVQAVVSAIGADRVGVRVSP
GIEIHGAHGLLIDQFLKDGINDRTDEYGGSLANRCKFITQVVQAVVSAIGADRVGVRVSP
GIEIHGAHGFLIDQFLKDGINDRTDEYGGSLANRCKFITQVVQAVVSAIGADRVGVRVSP
GIEIHGAHGFLIDQFLKDGINDRTDEYGGSLANRCKFITQVVQAVVSAIGADRVGVRVSP
GIEIHGAHGFLIDQFLKDGINDRTDEYGGSLANRCKFITQVVQAVVSAIGADRVGVRVSP
GIEIHGAHGFLIDQFLKDGINDRTDEYGGSLANRCKFITQVVQAVVSAIGADRVGVRVSP

kokokskkskokskok 3k 5k 5k 5k %k 3k 5k 5k 3k 5k 5k >k 3k 3k 5k 5k >k 3k >k 5k 3k >k 5k >k 3k 5k 5k 5k >k 5k >k 3k 5k 5k 5k >k 5k >k %k 5k %k 5k >k >k >k %k 5k %k >k %

ATDHLDAMDSNPLSLGLAVVERLNKIQLHSGSKLAYLHVTQPRYVAYGQTEAGRLGSEEE
AIDLNDAMDSNPLSLGLAVVERLNKIQLHSGSKLAYLHVTQPRYVAYGQTEAGRLGSEEE
AIDLNDAMDSNPLSLGLAVVERLNKIQLHSGSKLAYLHVTQPRYVAYGQTEAGRLGSEEE
AIDLNDAMDSNPLSLGLAVVERLNKIQLHSGSKLAYLHVTQPRYVAYGQTEAGRLGSEEE
AIDLNDAMDSNPLSLGLAVVERLNKIQLHSGSKLAYLHVTQPRYVAYGQTEAGRLGSEEE
AIDLLDAMDSNPLSLGLAVVERLNKIQLHSGSKLAYLHVTQPRYVAYGQTEAGRLGSEEE
AIDLLDAMDSNPLSLGLAVVERLNKIQLHSGSKLAYLHVTQPRYVAYGQTEAGRLGSEEE
AIDLLDAMDSNPLSLGLAVVERLNKIQLHSGSKLAYLHVTQPRYVAYGQTEAGRLGSEEE
AIDLLDAMDSNPLSLGLAVVERLNKIQLHSGSKLAYLHVTQPRYVAYGQTEAGRLGSEEE
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OPR3 native EARLMRTLRNAYQGTFICSGGYTRELGIEAVAQGDADLVSYGRLFISNPDLVMRIKLNAP
opr3_6ring EARLMRTLRNAYQGTFICSGGYTRELGIEAVAQGDADLVSYGRLFISNPDLVMRIKLNAP
opr3._5ring EARLMRTLRNAYQGTFICSGGYTRELGIEAVAQGDADLVSYGRLFISNPDLVMRIKLNAP

opr3_4ring varl EARLMRTLRNAYQGTFICSGGYTRELGIEAVAQGDADLVSYGRLFISNPDLVMRIKLNAP
opr3_4ring var2 EARLMRTLRNAYQGTFICSGGYTRELGIEAVAQGDADLVSYGRLFISNPDLVMRIKLNAP
opr3_3ring _varl EARLMRTLRNAYQGTFICSGGYTRELGIEAVAQGDADLVSYGRLFISNPDLVMRIKLNAP
opr3_3ring_var2 EARLMRTLRNAYQGTFICSGGYTRELGIEAVAQGDADLVSYGRLFISNPDLVMRIKLNAP
opr3_3ring_var3 EARLMRTLRNAYQGTFICSGGYTRELGIEAVAQGDADLVSYGRLFISNPDLVMRIKLNAP
opr3_3ring _var4 EARLMRTLRNAYQGTFICSGGYTRELGIEAVAQGDADLVSYGRLFISNPDLVMRIKLNAP

st ok sk ke ok sk s ok st ok sk st ok sk o ok sk s ok sk sk sk st ke sk s ok sk s ok sk sk sk sk sk sk sk ok sk s ok sk sk ok stk sk ok sk ok ok sk ook ok ok ok

OPR3 native LNKYNRKTFYTQDPVVGYTDYPFLQGNGSNGPLSRL 396
opr3_6ring LNKYNRKTFYTQDPVVGYTDYPFLQGNGSNGPLSRL 396
opr3._5ring LNKYNRKTFYTQDPVVGYTDYPFLQGNGSNGPLSRL 396

opr3_4ring varl LNKYNRKTFYTQDPVVGYTDYPFLQGNGSNGPLSRL 396
opr3_4ring var2 LNKYNRKTFYTQDPVVGYTDYPFLQGNGSNGPLSRL 396
opr3_3ring_varl LNKYNRKTFQTQDPVVGYTDYPFLQGNGSNGPLSRL 396
opr3_3ring _var2 LNKYNRKTFQTQDPVVGYTDYPFLQGNGSNGPLSRL 396
opr3_3ring _var3 LNKYNRKTFQTQDPVVGYTDYPFLQGNGSNGPLSRL 396
opr3_3ring_var4d LNKYNRKTFQTQDPVVGYTDYPFLQGNGSNGPLSRL 396

kokokkkkokskok 3k 5k 3k 5k %k 5k >k 3k 5k 3k 5k %k 5k >k 3k 5k %k 5k %k 5k %k %k 5k %k >k %k

3.2 Protein expression and tests for catalytic activity

All eight designed enzymes were first expressed and purified at the Graz University of
Technology. It was reported that the two variants of OPR3_4ring heavily precipitated
during purification. As no further analyses were made the reason for this instability
remains unknown, but it might be possible that the introduction of an arginine residue
(Arg-149) which is positioned in a loop on the surface and pointing towards the center of
the protein disturbs the proper folding process.

The remaining six variants were also expressed and purified in the course of this project.
The proteins were stable in solution at the concentrations used, though multiple freeze-
and-thaw cycles caused slight precipitation.

By the time this thesis was written, four variants of OPR3_3ring were tested at the Graz
University of Technology for activity in converting 4-bromobut-2-enal to cyclopropanecar-
baldehyde, but all of them failed in these first attempts. Further testing and optimization,
as well as testing of the variants OPR3_5ring and OPR3_6ring for conversion of their
intended substrates is subjected to future studies.

A very important consideration that could be crucial for successful conversion of the desired
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substrates was intentionally left out in all these design attempts: It could not be assured
that the binding of NAD(P)H and hence the regeneration of the oxidized flavin was still
possible in the altered active sites. The fact that the overall catalytic cycle consists of
two independent reactions was a problem that could not be dealt with in the Rosetta
design process. Before expressing the designed enzymes, a possibility to obtain qualitative
evidence that NAD(P)H can still bind could be by extensive docking studies. Due to lack

of time, no such investigations were performed.

3.3 Crystallization

Crystallization experiments were set up with six variants, with two of them leading to
well diffracting crystals that could be used for successful data collection and structure

determination. Also a structure of OPR3_Y190F containing a ligand could be solved.

3.3.1 Crystal structure of OPR3_5ring

A crystal structure of OPR3_5ring was determined at 2.1 A. The structure contains two
molecules of OPR3_5ring: Chain A with residues number 10 - 283, 299 - 384 and chain
B with residues number 10 - 283, 300 - 385. For nine residues at the N-termini, twelve
residues at the C-termini and gaps of 15 (chain A) and 16 (chain B) residues no electron
density could be interpreted. The structure showed the expected TIM-barrel fold and the
sites of the FMN molecules could be easily determined in the difference electron density
map. The final R-factor and Ry,.. were 0.2017 and 0.2567 respectively. Table 2 shows an
overview of the data and refinement parameters.

Both chains were superimposed with the predicted design outputs (Fig. 25). The protein
backbone of the loops that set up the active site are only slightly different in comparison
to the designed structures. The position of the FMN cofactor and the histidine side chains
(His-185 and His-188) are almost equal. The side chains of Leu-255 and Asn-245 show the
same conformation as in the design structures, but are slightly offset towards the active
site pocket, since the whole loop region where these residues are located is slightly shifted
to the inner of the protein. The hydroxyl group of Ser-113 is, other than predicted in
the designs, oriented towards the substrate binding site. This might be positive, as the
hydrogen bonding geometry with the bromide from the substrate is better. The side chains
of Leu-190 and Met-74 are again almost at the same position as predicted by Rosetta.
For Met-108 two alternate conformations were observed in both chains. Although both
conformations are slightly different than expected, the space occupied by the side chains is
still very close to that of the designed structures, and there might be no lack in providing
a tight packing and exclusion of solvent. Overall, the active site architecture of the actual
crystal structure is quite similar to that expected from the design runs, and the intended

changes could be accomplished as planned.
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Table 2 — Experimental details for the crystal structure of OPR3_5ring.

Data collection!

X-ray source
Wavelength [A]
Temperature
Space group
Cell dimensions
a, b, ¢ [A]
o, B, []
Resolution [A]
Total number of reflections

Unique reflections

ESRF-ID29
0.91908

100 K

P2,

50.03, 89.84, 90.24
90, 98.85, 90

63.29 - 2.10 (2.21 - 2.10)
170295 (25513)

44703 (6482)

Multiplicity 3.8 (3.9)
Completeness [%] 97.1 (97.2)
Rp.im. 0.066 (0.207)
Rinerge 0.118 (0.373)
CC 0.993 (0.914)
CC* 0.998 (0.977)
Mean I/o(I) 7.4 (3.1)
Refinement
Resolution [A] 89.17 - 2.10
Ruork /R free 0.2017/0.2567
No. of atoms
Protein 5665
Cofactor 62
Water 325
Other 2
Mean B-factors [A?]
Protein 28.548
Cofactor 18.490
Water 29.509
Other 26.005
All atoms 28.496
rmsd bond lengths [A] 0.015
rmsd bond angles [°] 1.652
Ramachandran outliers [%] 0.00

1Values in parentheses are for the highest resolution shell
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Figure 25 — (Previous page) Superposition of six design output structures that featured
the final sequence in the active site (gray) with the two chains of the determined crystal
structure of OPR3_5ring (green). Top: chain A, bottom: chain B. The FMN molecule and
the two histidine side chains that coordinate the carbonyl group of the substrate are very
close to the expected positions. The loop that contains residue numbers 244 and 245 is
slightly offset compared to the designed structures, which brings the respective side chains a
little further towards the inside of the active site pocket. Ser-113 is oriented towards the
substrate binding site, which might help to interact with the substrate’s bromide leaving
group. The two alternate conformations of Met-108 are not at the exact position as in
the designed structures, but the requirement for occupation of the particular space with a
hydrophobic residue is still fulfilled.

3.3.2 Crystal structure of OPR3_6ring

For this variant a structure at 2.1 A could be solved. The structure contains two chains of
OPR3_6ring. In each chain nine residues at the N-terminus, a gap between Pro-282 and
Glu-299 and twelve residues at the C-terminus were not fitted due to a lack of electron
density. The FMN cofactors were clearly visible in the difference electron density. The
structure was refined to a final R-factor of 0.2459 and Ry, of 0.2877. Details for data
processing and refinement are shown in Table 3.

The two chains were superimposed with the predicted design structures (Fig.26). The
FMN cofactor is still at the same position, but other residues are more or less different
than in the designs. The backbone in the loop regions around the active site pocket is
slightly distorted in the experimentally determined structure. Leu-244 shows different
rotamers in the crystal structure and probably there are alternate conformations, as the
electron density in that area was not clearly defined. In contrast, it was obvious from the
electron density that the two histidine side chains (His-185 and His-188) are misplaced
(see also Fig.27). The imidazole ring of His-188 is twisted in way that the nitrogen, acting
as a hydrogen bond donor in the binding of substrates, points away from the supposed
(and native) binding site. Also His-185 is slightly misplaced. The resulting distortion of
the substrate binding site might lead to a much lowered affinity of substrate molecules to
the enzyme or even a complete loss of activity. Interestingly, the only difference between
OPR3_5ring, where the native geometry of the two histidines is still intact, and OPR3_6ring
is the exchange of Leu-190 (OPR3_5ring) to Ala-190 (native: Tyr-190). It seems that
the smaller alanine side chain causes enough flexibility in the region, that the adjacent
His-185 and His-188 are displaced. Other mutated residues are slightly different than in the
designed structures. Asn-245 is shifted a little towards the center of the active site pocket,
but still in a position that would allow for the substrate to bind. The hydroxyl group
of Ser-113 is not oriented towards the active site as desired, but the actual rotamer is in
consistency with the majority of the predictions in the designed structures. Met-108 shows
the same conformation, but is a bit further outside of the active site. Met-74 has another
conformation than expected, but is still in the same place as in the designed structures. In
summary, as the two histidine side chains that are positioning the substrate via hydrogen
bonding are displaced, and therefore a fundamental requirement for catalysis is not fulfilled,
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a successful conversion of the substrate to the desired product is unlikely. The other
mutated residues, although being slightly different than in the predicted design structures,
are still in positions where they would support the intended catalytic mechanism.

Table 3 — Experimental details for the crystal structure of OPR3_6ring.

Data collection!

X-ray source ESRF-1D29
Wavelength [A] 0.91908
Temperature 100 K
Space group P2y

Cell dimensions

a, b, ¢ [A]

o, B, [
Resolution [A]
Total number of reflections

Unique reflections

49.85, 91.09, 90.27
90, 98.33, 90

63.77 - 2.10 (2.21 - 2.10)
164843 (24858)

44793 (6571)

Multiplicity 3.7 (3.8)
Completeness [%] 96.2 (97.1)
Rp.im. 0.091 (0.239)
Rimerge 0.157 (0.413)
CCyyo 0.987 (0.656)
cc* 0.994 (0.890)
Mean I/o(I) 5.6 (3.1)
Refinement
Resolution [A] 89.32 - 2.10
Ruork/Rfree 0.2459/0.2877
No. of atoms
Protein 5607
Cofactor 62
Water 201
Mean B-factors [A?]
Protein 24.577
Cofactor 13.849
Water 22.182
All atoms 24.381
rmsd bond lengths [A] 0.013
rmsd bond angles [°] 1.457
Ramachandran outliers [%]  0.00

Values in parentheses are for the highest resolution shell
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Figure 26 — (Previous page) Superposition of the predicted structures (grey) with the actual
crystal structure (green) of OPR3_6ring. Top: chain A, bottom: chain B. The two residues
that are crucial for binding the substrate in a position that allows for hydride transfer are
displaced in comparison to the designed structures (see also Fig.27). Other residues are also
in slightly different positions, but their role in catalysis is not so fundamental and therefore

their displacements would be still acceptable.

Z A
HIS-185 HIS-185

HIS-188 HIS-188

o f a Y
Figure 27 — Superposition of designed structures (gray) with the experimentally determined
crystal structure (green). Left: chain A, right: chain B. The backbone in the region of the

two substrate binding histidines is slightly distorted in the actual crystal structure, resulting
in a displacement of the imidazole rings.

3.3.3 Crystal structure of OPR3_Y190F

A dataset to 2.00 angstroms could be collected from the crystal that was soaked with
(E)-4-bromobut-2-enal for 1 min. It appeared that the crystals that were soaked for
longer timespans were either of bad quality or destroyed by the soaking procedure. The
asymmetric unit contained two molecules of OPR3_Y190F. In both chains nine residues
at the N-termini, a gap between residues number 283 - 296, and twelve residues at the
C-termini could not be fitted, as the electron density was too poorly defined. The position
of the FMN cofactors and the mutated side chain (Tyr-190 to Phe) was clearly visible
in the difference electron density. The structure was refined to an R-value and Ry, of
0.1876 and 0.2253 respectively, until fitting of a potential ligand molecule was tried. Table
4 shows a summary of the data processing and refinement parameters.
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Table 4 — Experimental details for the crystal structure of OPR3_Y190F.

Data collection!

X-ray source
Wavelength [A]
Temperature
Space group
Cell dimensions
a, b, ¢ [A]
o, B, v []
Resolution [A]
Total number of reflections

Unique reflections

ESRF-BM14
0.95373

100 K
P2,2,24

89.27, 91.85, 97.44
90, 90, 90

48.72 - 2.00 (2.05 - 2.00)
401 434 (26 893)

54700 (3879)

Multiplicity 7.3 (6.9)
Completeness [%] 99.8 (97.7)
Rp.im. 0.099 (0.279)
Ronerge 0.250 (0.687)
CCy 0.989 (0.885)
CC* 0.997 (0.969)
Mean I/o (1) 7.5 (3.1)
Refinement
Resolution [A] 66.84 - 2.00
Ruork/R free 0.1876/0.2253
No. of atoms

Protein 5820

Cofactor 62

Water 413
Mean B-factors [A?]

Protein 7.037

Cofactor 2.005

Water 13.046

All atoms 7.381
rmsd bond lengths [A] 0.019
rmsd bond angles [°] 1.935
Ramachandran outliers [%] 0.00

Values in parentheses are for the highest resolution shell
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The dataset for this structure was autoprocessed at the ESRF Grenoble using XDS. When
the data were again processed manually using Mosflm with default settings, the best
solution in indexing that was found was in space group P 2, and there was no solution for
the cell in P 2;2;2; (see Table 5). The cell constants in P 2; were much like the same as
in other crystals even from the same crystallization condition and other known crystals
of OPR3. Merging and scaling this lower symmetry data led to higher R;,¢,4e values and
scaling factors than with the data in P 2; 2y 2;. In both datasets twinning was not detected
and for each of them it was possible to solve the structure by molecular replacement.
Both solutions looked plausible, but with better refinement results in the higher symmetry
dataset (P2;: R=0.2511, Ry =0.3078; P2;2;2;: R=0.1876, Ry =0.2253). The
question that arose was that how a solution in a supposedly wrong space group (P 21 2; 2;)
could provide a better refinement result than the ’correct’ one? An explanation for this
was found when the original dataset was again processed using Mosflm, but with a lowered
threshold for finding spots during indexing. The questionable cell in P 2; 2; 2, could be
found and processing the data and solving the structure led to the same results as with
the autoprocessed data. It seems that there were very weak reflections that were not
included previously with using the default settings. This would be in agreement with the
observation that two cell lengths were very similar and one was approximately double
the length in P 2, 2; 2, compared to P 2. If every second reflection along one axis was
weak and therefore excluded, this would lead to only a half of the cell length. For any
other datasets of OPR3 crystals that were collected in the course of this work, only the
P 2, symmetry with the usual cell constants was found. Although this is very infrequently
observed, it is possible that the crystal that was used in this experiment did actually grow
in a different symmetry than other crystals with the same crystallization condition or that
the soaking with substrate led to a rearrangement in the crystal packing. However, the
fact that is was possible to solve the structure in different space groups with plausible

results remains a mystery that will be further investigated.

Table 5 — Comparison of the cell constants for the two observed space groups (lengths in
angstroms; angles in degrees). Both of them gave solutions that looked plausible, but the
one in P 2121 21 led to better refinement results.

P2,2,2, P2,

a=28927T a=90|a=4939 a=90
b=9185 f=90|b=09193 S =9892

c=09744 ~y=090|c=289.37 ~ =90

o1



Fitting a putative substrate molecule In both chains there was positive electron
density in the difference map above the isoalloxazine ring of FMN (Fig. 28). As the density
could not be clearly interpreted at first, possible compounds that were known to be present
in reasonable amounts in the crystallization batches were tried to fit the density. When
none of them appeared to be suitable, the substrate compound used for soaking the crystals
((E)-4-bromobut-2-enal) was tried. The highest positive difference electron density was
observed at the binding site that is coordinated by two histidines, which could have been
evidence that the substrate binds in a 'reverse’ orientation in the active site, i.e. that
the bromine interacts with the two histidine side chains instead of the carbonyl group.
If this was true, the fundamental assumption for the design process - that the substrate
molecules bind with the carbonyl moiety at the site between the two histidines - would have
been proven wrong. The substrate molecule was fitted into the density with the bromine
at the aforementioned site to test this hypothesis. After refinement a highly negative
difference electron density was observed around the bromine atom, which means that this
binding mode is with high probability not present (Fig.29). Still with the occupancy of

the substrate molecule lowered to 0.5, negative electron density appeared (not shown).

Figure 28 — Active site of OPR3_Y190F. Left: chain A, right: chain B. Two positive
difference electron density peaks were located in the active site pocket of both chains.
Electron density maps: 2Fo-Fc at 1.5 sigma (blue), Fo-Fc at 3.0 sigma (green = positive,
red = negative).
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Figure 29 — Active site of OPR3_Y190F. Left: chain A, right: chain B. Refinement with
the substrate molecule (yellow) oriented with the bromine atom at the binding site between
the two histidine side chains resulted in a highly negative difference density. Electron density
maps: 2Fo-Fc at 1.5 sigma (blue), Fo-Fc at 3.0 sigma (green = positive, red = negative).

It was then tried to fit the substrate molecule in the expected orientation into the electron
density (i.e. the carbonyl group is coordinated by the two histidine side chains). After
refinement, there was still negative electron density around the bromine atom, but to a
lesser extent than in the 'reverse’ orientation (Fig. 30). In a next step the model was refined
with a lowered occupancy of the substrate molecules. In chain A a single molecule with an
occupancy of 0.5 was fitted, whereas in chain B two molecules in different conformations
that were supported by a slightly positive difference electron density were fitted with
an occupancy of 0.5 respectively (Fig.31). In chain A there was still a slightly positive
difference density around the carbonyl moiety. Also next to C, there was positive density,
which was the reason to try a second conformation in chain B, where this density was even
more distinct. In both chains there was only little negative electron density around the

bromine atoms.
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Figure 30 — Active site of OPR3_Y190F. Left: chain A, right: chain B. The soaked substrate
compound (yellow) was modeled into the electron density in the expected orientation that
would allow hydrogen bonding between the carbonyl group and the histidine side chains.
There is still negative difference density around the bromine atom. Electron density maps:
2Fo-Fc at 1.5 sigma (blue), Fo-Fc at 3.0 sigma (green = positive, red = negative).

), v
Sat A\

-~
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Figure 31 — Active site of OPR3_Y190F. Left: chain A, right: chain B. In chain A a single
substrate molecule was fitted with an occupancy of 0.5. At the carbonyl group there is
still slightly positive difference density. Also next to C, (in the front) there is a small blob
of positive density. This is why in chain B it was tried to model two molecules with an
occupancy of 0.5. Electron density maps: 2Fo-Fc at 1.5 sigma (blue), Fo-Fc at 3.0 sigma
(green = positive, red = negative).

In summary, there is not enough evidence to derive a particular binding mode of the
substrate from the crystal structure, except that the substrate probably does not bind in

the 'reverse’ orientation in which the bromine is coordinated by the two histidine residues.
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The electron density was too poorly defined to interpret it with enough certainty. This
could be due to a too low occupation of the binding sites with substrate molecules in the
crystal, the presence of a few slightly different binding modes or a partial decomposition
of the substrate.

4 Conclusions

In the process that led to the final designed variants, the Rosetta applications were used
as a tool to predict mutated protein structures. The possibilities with Rosetta would
be many more, as the real potential of the Rosetta enzyme design package is in the
de-novo-design of new catalytic sites. With the match application Rosetta provides a
tool for the screening of several different protein scaffolds for ones that might support a
strictly defined theozyme geometry. Once a fitting scaffold is found and the theozyme is
introduced into the structure, the enzyme design application is used to alter the sequence
in a way that the new catalytic site is supported by favorable interactions and therefore
kept in the exact theozyme geometry.

As in this project only one target enzyme (OPR3) was used as a scaffold structure, the
match application became almost unnecessary or was even a limitation, as the theozyme
geometry constraints had to be loosened in order to get output structures. A possibility
to still use the match application could have been by matching via the secondary match
algorithm, which would accept any theozyme geometry within certain boundaries. In that
case more outputs would have been generated, but still at the cost of accurate geometry.
In the end the structures that were predicted with Rosetta were close to the real structures,
but also little differences can have a big impact on the catalytic performance, as it can be
supposed for the design of OPR3_6ring. Screening of several slightly different designs for
the same activity might be a possibility to enhance the hit ratio for successful designs. The
two crystal structures that were determined and compared with the theoretical designs give
far too little evidence to provide a general statement on how the Rosetta design application
performs in enzyme design. A limitation in this project was the presence of a cofactor
that must not be displaced. Due to this, quite rigid instructions on the sequence positions
that could be subjected to mutations had to be set up. In this way it could be possible
that ’side’ mutations, that are required to support the structure and the positioning of
the catalytic side chains, were suppressed. Apart from that, it was also observed that
Rosetta sometimes tends to ’overoptimize’ a structure, i.e. when the design shells were
set big enough, that single residues far from the active site were mutated. Nevertheless,
considering the complexity of modeling such artificial protein structures, the Rosetta suite

provides very powerful tools for approaching such an intricate task as enzyme design.
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