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Abstract

The PsbQ protein (16.5 kDa) is an extrinsic protein found in the thylakoid membrane
of higher plants and green algae. As a member of the Psb protein family, it is situated in the
oxygen evolving center and takes part in the water splitting reaction. The stable oxygen
production in photosystem II depends on the cooperation of PsbQ with other photosynthetic
proteins, mainly PsbP. In order to identify the possible interaction sites, the tertiary structure
in solution has to be determined. Although the X-ray crystallographic structure of PsbQ was
determined previously, the conformation of residues 14-33 (so-called "missing link") was still
unknown at the onset of this work. The initial backbone assignment as well as a secondary
structure estimation were achieved recently. In this thesis the resonance assignment was
extended and "N as well as ?C NOESY-HSQC spectra were recorded to obtain structural
constraints. The solution structure was determined using the program CYANA. The results
obtained show that, while the four helix bundle domain is nearly identical compared to the
available X-Ray crystallographic structure significant deviations occur in the N-terminal
region. In particular, the residues 37-41, where a short f-strand had been proposed in the

crystal structure, exhibit high a-helical propensity.
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1. Introduction

1.1. Extrinsic proteins of Photosystem II

Photosystem II (PSII) is a multiprotein and pigment complex with a size of
approximately 1100 kDa. PSII is located in thylakoid membrane of higher plants, green algae
and cyanobacteria. Since the main function of PSII is the catalysis of the electron transfer
from water molecule to the plastoquinone, it is classified as water-plastoquinone
oxidoreductase. The whole PSII comprises 20 subunits which can be divided into two major

groups.

The first group comprises intrinsic transmembrane proteins, which are tightly
embedded within the phospholipid bilayer. These proteins are conserved across a wide range
of photosynthetic species. Representatives, as for example PsbB and PsbC (also known as
CP47 and CP43, respectively), are polypeptides capable of binding chlorophyll and beta-

carotene in order to pass the excitation energy to the reaction center (1).

The second group consists of so-called extrinsic proteins. These proteins are,
by contrast to the first group, loosely attached to the surface of phospholipid bilayer and can
be found in varying forms among many different species. PsbQ (17 kDa), PsbP (23 kDa) and
PsbR (10 kDa) belong to the group of extrinsic polypeptides exclusively found in green algae
and higher plants. In cyanobacteria, these proteins are altered to PsbU (12 kDa), PsbV
(15 kDa), CyanoQ and CyanoP (analogues of PsbP and PsbQ) (2). Their main function is the
regulation of oxygen evolution during photosynthesis. The only common extrinsic protein in
higher plants and cyanobacteria is PsbO (33 kDa), which is attached to the intrinsic PsbB (45
kDa). As of to date, high-resolution three-dimensional X-Ray crystallographic structures for
PsbQ and PsbP from Spinacia Oleracea have been determined (3, 4). However both structures
are incomplete and they were crystallized under non-native conditions. Additionally, to solve
the phasing problem, zinc ions were incorporated into the crystals which could have affected

the proper folding of the proteins.

An alternative method to obtain structural information at atomic resolution is nuclear
magnetic resonance (NMR). It is the only way to determine solutions structure at atomic
resolution and also yields information on global and local chain dynamics. The first NMR

solution structure of a photosynthetic protein from PSII was derived in 2009 (5).



To the present day, the solution structures for Psb27, Psb28 and CyanoP proteins from PSII
from Synechocystis species have been resolved (PDB entry 2KMF, 2 KVO and 2LNJ,
respectively) (5-7).

Figure 1: NMR solution structure of CyanoP (left) and Psb27 (right) from Synechocystis sp.
(5, 7).

1.2. High resolution NMR spectroscopy

1.2.1. Theoretical background

The nuclear magnetic resonance spectroscopy is a technique, which allows observation
of (bio)molecules at atomic resolution. It is based on the perturbation of nuclear magnetic spin
within a constant magnetic field by employing electro-magnetic radio frequency (RF) pulses.
The nuclear spin quantum number / is represented as a positive integer multiple of 1/,. Nuclei
with spin quantum number [ = 0have no spin and are called "NMR silent" (8).
Unfortunately, the most abundant '*C and '°O isotopes (98.9% and 99.8%, respectively) are
NMR silent and must be substituted by isotopes with I = 1/, (see Chapter 2.1.1) (9). Nuclei
with [ > 1/, (for example N, #Na, 2’Al, *°Cl, etc.) are known as "quadrupolar nuclei". The
NMR properties of such nuclei are relatively complex, though very informative - especially in
the context of solid-state NMR. But they are not generally used in 3D protein structure

determination (10).



When a static magnetic field of strength By is applied, the magnetic moment of a
nucleus aligns only in 2/+1 ways (for spin 1/, either parallel or antiparallel with respect to
By). Since the nucleus is permanently spinning, the rotational axis must precess about this
magnetic field (11). The rate of this precession is defined as Larmor velocity which is
proportional to the field strength and the gyromagnetic ratio of a spin (8). As mentioned, the
concept of nuclear magnetic resonance is based on the perturbation of the spin. In order to
change the spin state, electromagnetic radiation pulse is applied to deliver a quantum of
energy, which can be absorbed by the nucleus, changing its magnetic quantum numbers.
However, when nuclei of the same nuclide resonate, their resonance frequencies are not
necessarily the same. This phenomenon is called shielding effect and is caused by
surrounding electron shells, whose charge and rotation produce an opposite magnetic field
affecting the resonance frequency (9). Since the resonance frequency varies according to the
electron density distribution and the signals of individual nuclei can be assigned according to

the molecular structure (so called chemical shift).

Additionally, two types of magnetic interactions between two nuclear spins exist.
Dipole-dipole coupling (also called dipolar coupling) results from direct interaction between
two magnetic dipoles while J-coupling arises from hyperfine interactions between nuclei and
local electrons. J-coupling is extremely important, since it contains information about the
bond distance, angle and the molecular connectivity. Similarly, dipolar coupling contains also
structural information but via cross relaxation, which finally results in the nuclear Overhauser

effect, the ultimate source of inter-atom distance information (8).

1.2.2. The nuclear Overhauser effect

In 1953, Albert Overhauser proposed a theory, that perturbing electron magnetic
resonance by saturation or inversion may change the intensity of nearby nuclear magnetic
resonance transitions (12). This phenomenon was also found to exist between nuclei and later
named "nuclear Overhauser effect" (NOE) (13). It was firstly experimentally proved in 1962
(14). The origin of the nuclear Overhauser effect relies on the transfer of nuclear spin

polarization from one spin state to another spin state via cross relaxation.



Figure 2: The energy level diagram for a two spin
system. For spin I and S three transition types can

be distinguished. Wi 4zna Wis transitions cause the

flip of only one spin. The W, transition involves
simultaneous flips of both spins, whereas W

consists of opposite spin transitions, (o — ) and

F—a

Since the dipole-dipole coupling acts through space, it depends on the distance

between the nuclei. This kind of interaction is strongly distance dependent. The magnitude of

the dipolar coupling constant is proportional to the inverse third power of the internuclear

distance r. The NOE as a dissipative phenomenon depends on r°. For this reason, the

observable NOEs are usually restricted to a maximal distance of ~ 5 A. Nowadays, a variety

of different 2D and 3D experiments exploiting NOE have been developed in order to

determine the 3D solution structure of biomolecules (15).

Abbreviation Full name
NOESY Nuclear Overhauser Effect Spectroscopy
HOESY Heteronuclear Overhauser Effect Spectroscopy
TRNOE Transferred Nuclear Overhauser Effect
ROESY Rotational Frame Nuclear Overhauser Effect Spectroscopy
DPFGSE-NOE Double Pulsed Field Gradient Spin Echo NOE experiment

Table 1: Examples of two dimensional NMR spectra based on the NOE

1.2.3. NMR solution structure determination

As mentioned previously, solution structure determination by NMR spectroscopy is an

alternative to X-ray crystallography. The importance of this method is not only based on the

structure determination but also lies in its ability to study intermolecular interactions and

molecular dynamics pertaining to molecular function. Two major breakthroughs in NMR

spectroscopy haven enabled the structure determination in solution.



The first one is the nuclear Overhauser effect. More recently exploitation of residual
dipolar couplings (RDC) was introduced (16). This method is based on the partial alignment
of a molecule in an anisotropic medium aligned in the magnetic field. This leads to an
incomplete averaging of spatially anisotropic magnetic interactions (17). In contrast to
traditional NOEs, which provide short range distance restraints, RDCs provide long-range
orientational information. Since the analysis of NOEs is becoming complex with increasing
protein size, the RDCs are commonly used for proteins larger than 25 kDa, in particular to

resolve relative domain orientations.

The process of solution structure determination by NMR comprises many steps.
Firstly, a (standard) set of assignment spectra (18) must be recorded and followed by the
assignment of resonance frequencies (see chapters 2.4 and 2.5). The next step is the recording
and assignment of observed NOE cross-peaks and/or RDC alignment tensors to atom pairs
and subsequent conversion of these data into distance or orientation constraints. The key
principle implemented in the software used here (19, 20) is starting from a random structure.
Repetitive structure optimization in a field of constraints is performed with subsequent
manual error corrections, which may arise from incorrect constraints or assignment
ambiguities. The whole procedure is iterated until the number of deviated NOE constraints is
minimal (lower the number, the more consistent structure ensemble is obtained). Since the
constraints are defined as intervals (given as lower or upper limits) the calculations generate a
number of conformers, that are "compatible" with the constraints. In contrast to X-ray
crystallography, the result is always represented by a bundle of (usually 20) different
conformers with independent atomic coordinates. In case of solution structure, the precision
of the structure ensemble is determined by the root mean square deviation (RMSD) of the
superimposed single structures. For two structures 4 and B with selected number of atoms N,

the RMSD can be computed as follows:

N
1
RMSD = NZW —x0)2+ O —yP)? + (2 — 2P)?]
=1



2. Methods

2.1. Recombinant protein expression

In order to investigate a protein’s structure, function, modifications or it’s interactions,
relatively large amount of the pure protein must be obtained. The isolation of a single protein
from the a native organism is very time consuming and ineffective. Hypothetically, to obtain
3 mg of pure protein one would need to start with 10 kg of crude cellular extract. For this
reasons only low soluble membrane and cytotoxic proteins, which can not be obtained by any
other method, are isolated using this technique. In 1963 Robert B. Merrifield introduced a
suitable technique for chemical peptide synthesis. The "solid phase peptide synthesis"
involves the stepwise addition of protected amino acids to a growing peptide chain which is
bound to the solid support (21). However, given the size and the complexity of the proteins,

this method becomes realistically applicable only for polypeptides of up to 50 residues (22).

Nowadays, proteins are mostly prepared with help of genetically modified prokaryotic
or eukaryotic organisms - so called expression systems. The most studied and used expression
system are Gram negative bacteria, Escherichia coli. The protocol is based on the possibility
to clone a foreign DNA fragment (template) into an open bacterial plasmid (vector).
Commercially available vectors contain variety of auxiliary components as for example
antibiotic resistance, reporter genes, protein purification tags and promoters. Antibiotic
resistance is used to control the growth of unwanted bacterial strains during the cultivation
process. Since certain antibiotics are present in the media, only cells that have a plasmid
which codes for its resistance survive. Another necessary feature of bacterial vectors is an
operon, which controls expression, usually the /ac operon. When the IPTG (an allolactose
analog) is added to the medium, it binds to the /ac repressor and thus initiates the transcription
of the cloned gene under the lac operon control. However, when the protein expression rate is
too high, many proteins become insoluble as inclusion bodies that are tough to isolate and
refold. To prevent this complication, the expression must often be curbed e.g. by lowering the

incubation temperature.

Bacterial expression is simple and fast, because bacteria are easy to clone, culture and
they can produce a high yield of protein. However prokaryotic systems lack the ability of
post-translational modifications and the maximum protein size, which can conveniently be

produced via bacterial expression, is limited to approx. 150 kDa.
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2.1.1. Isotopic labeling of proteins

Since the two-dimensional NMR spectroscopy is only applicable for proteins up to ca.
100 residues, the development of three- and four-dimensional spectra was crucial for bigger
target proteins. The naturally abundant isotopes '>C and “*N (nuclear spin I = 0 and I = 1,
respectively) are not suitable for high resolution NMR, which occurs by spin-spin coupling.
Therefore, they must be substituted by "N and '*C isotopes (both spin I = 1/2), whose natural
abundance is very low (0.37% and 1.11%, respectively). The isotopes must be added
artificially to the cultivation media. For this purpose many different techniques has been

developed so far.

The isotopic labels are introduced by using isotopically enriched specific nutrients in
the growth medium. In most cases the basis will be a so-called "minimal medium" (most
commonly M9), which contains only the essential salts and trace elements. The carbon or
nitrogen sources must therefore be introduced using a variety of different compounds, like
glucose and ammonium salts. Many commercially available E. coli strains have been
consequently optimized to metabolize amino acid precursors which will serve as BCand PN
donors. The most used carbon and nitrogen sources are nowadays ~C D-glucose,

1C glycerol, "*C sodium acetate, '’N ammonium chloride and '°N ammonium sulfate.

The yield of the protein expression is highly dependent on the type of medium used. It
is predictable that the labeled minimal media (M9) are going to have smaller yield than the
classical rich non-labeled LB medium, which contains nutrient rich bacteriological peptone
and yeast extract as a source of nitrogen and carbon. To increase the yield, rich labeled media,
e.g. algal digest that grew on CO, and "N salts or mixture of synthetically labeled amino
acids, can be prepared. This leads to an improvement of the expression, but on the other hand

is much more expensive.

2.2. Recombinant protein extraction and isolation

When the protein is being expressed, it is stored either in the cytosol or in inclusion
bodies (23). To get the protein into the solution, the cells or the tissue of interest must be
broken. For this purpose several methods are available - either chemical or mechanical. The
use of lysozyme (24) is widely used chemical method for the enzymatic bacterial cell wall

disruption, but its labile stability and impossibility to use it at large scale makes this method



less convenient. Removing an excess of lysozyme can be another problem. Sonication, as a
one of mechanical methods, is robust and cheap. It applies high frequency sound (20 - 50
kHz) to the sample and causes the disruption of cell walls and various organelles (25). The
disadvantage of this method is the need to cool the sample, because the ultrasound generates a

lot of heat.

2.2.1. Ammonium sulfate precipitation

Ammonium sulfate precipitation is an old, but very effective method for a crude
separation (26). It is based on the ability of the protein to aggregate at high salt
concentrations. Since each protein will aggregate at different salt concentration, the
precipitate can be easily centrifuged and dissolved. However the re-dissolved sample has still

high salt content, which needs to be removed before further purification.

Desired 4°C 25°C
saturation
[Yo] Amount [g] Final volume [ml] Amount [g] | Final volume [ml]
5 0.26 10.14 0.27 10.15
10 0.53 10.28 0.56 10.30
20 1.10 10.58 1.15 10.63
30 1.70 10.90 1.78 10.97
40 2.33 11.24 2.46 11.34
50 3.01 11.60 3.18 11.73
60 3.73 11.98 3.95 12.15
70 4.50 12.39 4.78 12.60
80 5.33 12.83 5.67 13.08
90 6.21 13.30 6.63 13.60
100 7.17 13.81 7.68 14.17

Table 2: Overview of the ammonium sulfate amount needed to reach desired saturation for

sample volume of 10 ml at different temperatures

2.2.2. Dialysis

Dialysis is a suitable technique for removal of small undesired molecules from the
protein concentrate through a semipermeable membrane (27). It is based on the diffusion

principle, which results from the random movement of molecules in a solution. Small



molecules are able to freely pass through the membrane, whereas big molecules (in our case
proteins) stay kept inside the dialysis tubing. This results in the concentration equilibrium
among the solute volume. This technique is often used to refold and desalt proteins, because
the proper salt concentration is a crucial parameter for further purification steps, as for

example ion exchange chromatography (see chapter 2.3.1).

The ratio of buffer volume to the sample volume influences the repetitions needed to
carry out the dialysis. When 10 mL of sample is dialyzed against 2 L of a buffer, the salt
concentration decreases 200 folds. To effectively removed salt from 10 mL of a saturated

solution, at least three repetitions are needed.

Another factor influencing the diffusion is the temperature. Since, for stability reasons,
the recommended temperature for biological sample is about 4°C, the time required before

switching to a fresh buffer varies in total between 12 - 24 hours.

- l. \\-h____ir—-"
A B

Figure 3: Representation of dialysis for biological samples (27)

2.3. Recombinant protein purification

A crucial prerequisite for protein NMR is to reach sufficient sample purity and
quantity. The crude protein mixtures undergo many series of separations based on their

properties as size, solubility, charge and specific binding capacity. For NMR purposes, two



optimized chromatographic steps are mostly sufficient to obtain relatively pure protein sample

for spectra recording.
2.3.1. Ion exchange chromatography

Ion exchange chromatography (IEC) is commonly used technique for purification and
separation of proteins (28). IEC columns have an outstanding protein binding capacity,
resolution and flexibility. The stationary phase in an IEC system is a matrix with acidic or
basic functional groups that interact with the analyte. Basic ion exchangers ("anion
exchangers") have positively charged groups, while acidic ion exchangers ("cation
exchangers") contain negatively charged groups. The functional sites of these exchangers,
either positively or negatively charged, generate an electrostatic interaction between the
protein and the stationary phase. Most of the separations are carried out in aqueous solutions.
In some cases, the aqueous buffer is supplemented by and organic solvent. This prevents
unwanted hydrophobic interactions with the matrix and an increase of electrostatic

interactions.

Since the strength of the interaction depends (among other) on the net charge of the
protein, the pH of the solvent is the most important parameter. If the pl value of the protein is
far away from the pH of the solvent, the protein is strongly bound to the ion exchanger.
But when the difference of the pH and the pl value is too big, other proteins may also bind.
This makes the chromatography less affective and therefore the pH of the solvent is usually

adjusted to be max. 2 units below/above the pl value of the protein.

Name Shortcut pKa Functional group
Diethylaminoethyl DEAE 5.8/9.1 -OCH,NH(C,Hs),
Anion exchangers | Trimethylaminoethyl | TMAE - -OCHzCH2N+(CH3)3
Triethyl amine TEAE 9.5 -OCH,N"(C,Hs);
Carboxymethyl CM 3.5-4.0 -OCH,COOH
Cation exchangers Sulfoxyethyl SE 2.0 -OCH,CH,SOsH
Sulfopropyl SP 2.0-2.5 | -OCH,CH,CH,SOsH

Table 3: pK, values and functional groups of ion exchangers
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The recuperation of the protein is done by addition of increasing the concentration of
salt, usually NaCl, in the elution buffer. The protein is forced to compete for the ion
exchanger due to the increasing salt concentration, which makes the binding weaker. There is
no rule what salt concentration is suitable for releasing the sample out of the column.

However, the majority of proteins is eluted before the ion concentration reaches 1M.

2.3.2. Size exclusion chromatography

Size exclusion chromatography (also called gel filtration) is an uncomplicated and
straightforward method for protein separation according to the molecular size (and shape)
(29). The separation is achieved by the exclusion of proteins of different size from the pores
of the stationary phase, as they pass through a bed of porous particles. Therefore, proteins of
bigger size can’t penetrate the pores and are eluted faster than proteins of smaller size, whose

trajectories are longer.

The stationary phase of modern systems is made of particles from silica, hydrophilized
vinyl polymers or highly crosslinked agarose with dextran (Figure 4). Highly efficient
columns have a typical particle size in range of 5 - 50 um. The smaller the particle size, the

better the peak narrowing and the final resolution.

Crosslinked Agarose

Figure 4: Section of a Superdex

Dextran

L \ / @ particle. Dextran chains are linked

to a highly cross linked agarose

\/ \ "J matrix (30)

The important feature of the commercially available supports is their physical and
chemical stability. The pH resistance of standard supports covers the range of pH 2 - 10.
Some types of the high resolution supports (Superdex 30, 75 and 200) are nowadays able to
have the pH stability even better. The only exception are the silica based materials which can

be used in limited range of pH 2.5 - 7.0 (Gx000SW and Synchropak GPCx00).
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2.3.3. SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (simply SDS-PAGE) is
widely used method for simple separation of protein samples. The separation is based on the
electrophoretic mobility in polyacrylamide gel in the presence of an electric field. Since the
mobility is function of length, charge and conformation, the proteins must be denatured and
have the same mass-charge ratio to be separated only according to their size. This is achieved
by the addition of sodium dodecyl sulfate to the sample. SDS is a very strong denaturing
agent which additionally provides a net negative charge. It is used in cooperation with 2-
mercaptoethanol it can also reduce disulfide bonds (Figure 5). This method is often used as an
analytical technique during purification to monitor the protein purity, size and approximate

concentration.

SDS SDS + mercaptoethanol

Figure 5: The effect of sodium dodecyl! sulfate and mercaptoethanol on single subunit protein

A and protein B with two subunits joined by a disulfide bond (31)

2.4. Multi-dimensional NMR experiments

Reliable sequence specific assignment of the NMR chemical shifts to particular spin
systems in protein NMR spectra is an indispensable prerequisite for structure determination
by NMR (32). In 1970’s, a Belgian scientist Jean Jeener developed a first two dimensional
homonuclear NMR experiment. From this starting point, later experiments known as

Correlation Spectroscopy (COSY) and Nuclear Overhauser Effect Spectroscopy (NOESY)
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were developed (33, 34). This lead to the first NMR assignments of smaller proteins and the
first solution structure in 1985 (35). However, due to the small >J ("H-'"H) couplings and the
increase of transverse relaxation with molecular weight, the magnetization transfer efficiency
rapidly drops with increasing protein size. Also the probability of accidental signal overlap
increases with number of atoms. Therefore simple two-dimensional homonuclear experiments

couldn’t be used for proteins bigger than ca. 10kDa.

To avoid the spectral (near-) degeneracy, an additional dimension can be added. This
can be achieved by the combination of two 2D experiments, which can be combined to create
a new 3D experiment. 2D NOESY can be for example combined with 2D TOCSY to result in
3D NOESY-TOCSY. Such homonuclear spectra can be very instructive, but they are mostly
nonselective and the number of individual signals is very large (for bigger proteins up to

several thousands).

More suitable method is the use of heteronuclearly resolved homonuclear experiments.
Similarly to the previous case, the heteronuclear 3D experiment is created from a combination
of two 2D experiments. For example, 3D NOESY-HSQC is a fusion of heteronuclear 2D
HSQC ('H-"N or 'H-"*C) and homonuclear 2D NOESY ('H-'H). The consequence is the

increased dimensionality with higher resolution, but without any increase of signals (peaks).

90 90 90

G,
NOESY I t I T, IM
90V 180 90 180 90 180 1
w -l W LW,
HSQC P 180 90 ! 90 180

BN i L2 4 /2

90 90 90 180 90 180 90 180

13
i R IS E1 B N Bkl BN
NOESY-HSQC 180 90 : 90 180
N 2 2
- I - E— decouple

Figure 6: Schematic derivation of 3D >N NOESY-HSQC (36) from 2D experiments.
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Nowadays, triple resonance experiments are routinely used for resonance assignment
of proteins ( > 10 kDa). In triple resonance experiments three types of atomic nuclei (typically
'H,'>’N and '>C) are subjected to radio-frequency pulses. In contrast to homonuclear
experiments, where small “Jyy couplings are involved, these experiments use rather
i, Jen, Jee, and '2Jcy couplings. So the magnetization transfer mostly proceeds through
multiple and efficient single bond magnetization steps. Such experiments are sensitive and
give the possibility to separate signals according to their backbone amide frequencies (37).
This first heteronuclear 3D technique was introduced in 1988 by Oschkinat (38). Fortunately,
the price of °C and '°N sources dropped in the last two decades, enabling the mass production

of doubly labeled proteins necessary for this kind of experiments.

Protein/Size | Experiment Information obtained
HNCO sequential connectivity
HN(CA)CO sequential connectivity (combined with HNCO)
HNCA sequential connectivity B, chemical shift constraints

HN(CO)CA (combine with HNCA)

13~ 15 : 13 T3 - -
C, °N CBCA(CO)NH sequent.lal connectivity, ~C, and ~Cgchemical shift
80 -150 constraints
amino acids | CBCANH for smaller proteins (combine with CBCA(CO)NH)
HNCACB for bigger proteins (combine with CBCA(CO)NH)

HBHA(CO)NH | 'H,, and IHB assignment

H(CCCO)NH |sidechain 'H assignment

(H)CC(CO)NH |sidechain "°C assignment

CT-HNCA sequential connectivity

°H, °C, "N |HN(CO)CA (combine with HNCA)

>160 amino | CBCA(CO)NH | sequential connectivity, >C/ Cy chemical shifts
acids T HNCACB | (combine with CBCA(CO)NH)

’H C(CO)NH sidechain "°C assignment
decoupling | '"N-HSQC- ‘ .
NOESY-HSQC sequential and long-range NH-NH NOE constraints

Table 4: Overview of 3D triple resonance experiments (37)

2.5. Computer Aided Resonance Assignment (CARA)

Once the cross-peaks in various multidimensional NMR spectra are observed and
identified, they are assigned to amino acid residues sequence-specifically. This defines small
fragments, which are further linked and mapped on the protein sequence. Nowadays, many

programs are available to facilitate the spectral interpretation. One of these programs is
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CARA, it stands for Computer Aided Resonance Assignment and was published by Rochus
Keller in 2004 (20). It is a user friendly freeware application written in ANSI C++ (39) and
supported on most available platforms. CARA enables fast peak picking together with simple
representation of three-dimensional experiments. 3D spectra can be projected together with
appropriate two-dimensional experiments (i.e. HNCA with "N HSQC) making the backbone
assignment straightforward (Figure 7). Similar to an older predecessor - XEASY (40), CARA
is equipped with possibility to quickly propose spin and find the best match when looking for
NOESY constraints. The major advantage of CARA program is the possibility to define its

own experiments and import extension scripts in "lua" language (41).

Figure 7: Projection of °N HSQC with HNCA in Polyscope

Recently, many programs have been developed to automate resonance assignment.
Unfortunately, the accuracy of these programs is not satisfactory in order to get complete
(backbone as well as sidechain) and error-free assignment. There are also semi-automated
programs based on combination of the automatic protein backbone (H,, C,,Cp and HN shifts)
and the manual sidechain assignment. Such programs as for example MARS or AutoAssign,
provide for fast backbone assignments for proteins up to 400 residues with maximum
accuracy of 96% (42, 43). However, the peak picking in each spectrum must be done
manually and the resulting assignment still needs to be checked manually for possible

mistakes.
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2.6. Peak Integration

In order to convert the NOE cross-peaks into distance constraints, we need to
determine their integrals. Since CARA supports peak integration only in 2D spectra, an
additional software must be used to achieve the peak integration in 3D spectra. For this
purpose NEASY-extension is build in the latest version of CARA (1.9.0, 2013-02-16).
NEASY is an emulation of a functional subset of XEASY and provides backward
compatibility with CARA (20, 40). Assigned peak lists and spectra can be therefore simply
exported from CARA and treated in NEASY. Its advantage is the interactive integration

which can be simply checked for mistakes as the structural calculation proceeds.

2.7. Secondary structure estimation

Information about the local structure are additional constraints required by CYANA.
Many programs capable of NMR based secondary structure estimation are based on the
relation between backbone chemical shifts and backbone torsion angles (¢ and y) of a given
residue according to a database of known polypeptides. TALOS+ and its newer version
TALOS-N guarantee a high prediction rate of > 88.5% with an errors smaller than 3.5% (44),
(45). Their database consists of experimentally obtained secondary chemical shifts of 580
proteins and chemical shifts of 9523 proteins computed by SPARTA+ (46).The peak list
(containing the HN, Ha, Ca, CB, CO and N chemical shifts of all assigned residues) is directly
exported from CARA without any conversion and uploaded together with protein sequence.
Both programs exist as software packages running exclusively on Linux or accessible as freely
available web-based version. The prediction is in both cases done in a few minutes and the

results can be displayed within a graphic interface.

2.8. Manually controlled structure calculation with CYANA

CYANA (Combined Assignment and Dynamics Algorithm for NMR Applications) is
based on an algorithm developed for macromolecular structure determination, which also
enables automated structure calculation together with automated NOESY cross-peak
assignment (19). CYANA was introduced by members of Prof. Giintert’s group and arose
from the pre-dating DYANA algorithm published in 1997 (47).
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The NMR parameters, i.e. NOE integrals an coupling constants are translated to
distance and torsion angle restraints. The driving force behind CYANA algorithm is the
minimization of a target function V. The so called "target function" becomes zero when all
restraints are fulfilled simultaneously, without any collision of non-bonding atom pairs [31].
To put it simply, a match between the given constraints and the absence of steric overlap is

sought.

=Y w Y (daﬁ_baﬁ)uwaz[l_;(ﬁ_;)z]Ag

c=u,l,v (a,p)el, iel,

Equation 1: The CYANA target function [31]. bss = lower and upper bounds; d,g = distance
between atoms a and f; I, I, I, = sets of atom pairs with upper, lower or VAW distance
bounds; I, = set of restrained torsion angles; w,, w;, w,, w, = weighting factors for different
types of constraints; I'; = half width of forbidden range of torsion angle; A; = size of torsion
angle constraint violation

Note that one, several or no structure may fulfill the V=0 condition. Due to the
presence of experimental errors V=0 is rarely reached in practice. Therefore minimization of
V is used to optimize structures. For this purpose a simulated annealing method (48) by
molecular dynamics is applied. Since molecular dynamics uses kinetic energy as the driving
force, barriers of the potential surface can be overcome and the probability to get accidentally
trapped in an energetic local minimum is significantly reduced (19) as compared to pure
gradient based descent methods. In order to save computation time, the number of degrees of
freedom must be limited. In CYANA instead of Cartesian coordinates (frequently used in
classical MD simulations) torsion angle space is used mainly for its reduced complexity. The
number of degrees of freedom is thus reduced to the significantly smaller number of torsion
angles. As a consequence the computation time is only linearly increasing with increasing

atom number.

An essential step in the structure calculation is the conversion of NOESY peak
intensities into distance constraints. CYANA provides for automatic conversion and
calibration with help of an inbuilt CALIBA subroutine (49). CALIBA sorts the cross-peak
intensities into three classes according to their origin. For each class, differently modified
calibration functions are applied (Table 5) in order to achieve a more accurate distance
calibration than a uniform 1/d® dependence (which would only hold strictly for diatomic

interactions).
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Class Peaks/Constraints Calibration function
Backbone | HN/HA«— HN/HA, HN/HA«<HB to max. dist of SA V= %
C
Methyl all methyl groups V= T
) ) B
Sidechain all others V= D

Table 5: Overview of CALIBA calibration functions. A,B and C are constants derived from
the assumed average distance between backbone atoms (50).

As mentioned earlier, CYANA includes the CANDID algorithm (51) giving the
possibility to automate NOESY assignment whose accuracy is enhanced by iterative cycles
during the structure calculation. However the automatic way requires a list of NOESY cross-
peak positions, their volumes and constraints from a third party software. So, the time
requirements are comparable to the manual approach, where the NOESY spectra are manually
(interactively) assigned and integrated. This manual method benefits from full control and

simple identification of possible assignment mistakes during the calculation process.

2.9. Visualization and analysis of molecular structures

In addition to structure calculation, CYANA provides many other useful auxiliary
functions as for example: format conversions, calculation of RMSD, checking of the peak
consistency, etc. Unfortunately, CYANA doesn't have graphical user interface and can't
display the standard Protein Data Bank (PDB) files (52). Hence, additional software must be

used to display and analyze the result.

Visual Molecular Dynamics (VMD) is a program suitable for high quality
visualization, modeling and analysis of macromolecules (53). VMD supports over 60
molecular file formats and has almost no limitation of molecular size and complexity. The
latest version 1.9 ( 2013) works with structures of up to 100 million atoms and can be
compiled to run in an immersive virtual reality environment. In order to handle such
enormous load, VMD provides unlimited CPU multithreading and modern "Compute Unified

Device Architecture" (CUDA).
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An another widely used program for visualization of macromolecules is the "Yet
Another Scientific Artificial Reality Application"” (YASARA) (54). YASARA is known for
its extreme simplicity while maintaining powerful features found in other professional
programs. MD simulations, homology modeling and small-molecule docking experiments can
be easily set up in a few seconds, hence it is mainly used for educational purposes. The
weakness of this program is the less sophisticated definition of secondary structure. Since
there is no deviation tolerance, only perfectly defined secondary structures are represented in

"cartoon mode" that makes the program less suitable for initial structure estimation.
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3. Experimental

3.1. List of Chemicals

Compound Chemical formula | M [g-mol | Supplier Purity
Acetic Acid C,H40, 60.5 Merck 100%
Acrylamide/Bis- . )
acrylamide 30% Sigma-Aldrich
AEBSF CsH;0FNO,S - HCI 239.69 neoLab >98%
Ammonium persulfate (NH4),S,04 228.18 Sigma-Aldrich >98%
Ammonium sulfate (NH4)2SO4 132.14 Sigma-Aldrich >99%
Ammonium sulfate °N (’NH,),S0,4 134.13 Sigma-Aldrich >98%
Ampicillin sodium salt Ci6HigsN3NaO4S 371.04 Fluka >99%
Agar - bacteriological Merck
Bacteriological Peptone USB
BIS-TRIS CsH9NOs 209.24 Sigma-Aldrich >98%
qum ophenol Blue Ci19HoBrsOsSNa 692 ICN Biomedicals Inc.
sodium salt
Chloramphenicol C11H12C1LN, 05 323.14 Fluka >99%
1(iozosn(;assw Brilliant Blue C4sHuN;08,-Na 82597 Serva
Deuterium oxide D,O 20.027 Euriso-top 100%
di-Sodium hydrogen ) < R0
phosphate dihydrate NazHPO4 2H20 177.99 Merck >98%
Dithiothreitol C4H100282 154.25 USB
Ethylenediaminetetraace )
tic acid disodium salt | C'oH14NaNa:0g 372.24 Sigma-Aldrich | >99%

. 2H,0
dihydrate
Glucose D "°C CeH 1205 186.16 Spectra Gases >99%
Glucose D(+) C6H1206 180.16 Merck
Glycerol for molecular C3H{O 92.09 Sigma-Aldrich | > 99%
biology
Glycine C,HsNO 75.07 Sigma-Aldrich >99%
Isoprolsopropyl B-D-1- . o
thiogalactopyranosidepy] CoH;505S 238.3 Applichem >99%
Magnesium sulphate _ o
heptahydrate MgSO,4-7H,0 246.47 Merck >99.5%
Methanol - distilled CH40O 32,04
Potassium Chloride 3M KCl aq. 74.55 VWR

20




Compound Chemical formula M [g-mol’l] Supplier Purity
Potassium dihydrogen KH,PO, 136.09 Merck >99.5%
phosphate
Sodium dodecyl
AT C12H5Na0,S 288.38 Fluka >99%
Sodium dihydrogen
phosphate NaH,PO4-H,O 137.99 Fluka >99%
monohydrate
Sodium Chloride NaCl 58.44 Merck >99.97%
Tris base C4H1NO3 121.14 Sigma-Aldrich >99.9%
yeast extract USB

3.2. List of Solutions

3.2.1. Protein expression

Ampicillin stock solution, 100 m,q-mL'1

1 g of Ampicillin in 10 mL of 18 Q H,0O/ -20°C

Cloramphenicol stock solution, 20 rn,c:-rnl'1

200 mg of Chloramphenicol in 10 mL of Ethanol/ -20°C

IPTG stock solution, 1M

0.476 g of IPTG in 2 mL of 18 Q H,O/ -20°C

AEBSF stock solution, 0.1 M

36 mg of AEBSF in 1.5 mL of 18 Q H,O/ -20°C

LB-medium

10 g bacteriological peptone, 5 g yeast extract and 10 g NaCl in 1 L of 18 Q H,O,

sterilized at 120 °C, cooled down and 1 ml of Ampicillin and Chloramphenicol stock

solutions added

LB-agar

same as LB-medium, but additionally 20 g of bacteriological agar added
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M9 minimal medium - singly/doubly labeled

6 g Na,HPO,4-2H,0, 3 g KH,PO4, 1.5 g (ISNH4)2SO4, 0.5 g NaCl, 2 g of glucose, | mM
MgSOs4, 1 mL of trace elements, 1 mL of Ampicillin and Chloramphenicol stock
solutions, filtered though Millipore Express Plus 0.22 um filter /for double labeled

media 2 g of *C-D-glucose was used

3.2.2. Protein isolation
Resuspension buffer (20mM Tris, ImM EDTA)

121 mg Trizma base, 18.6 mg EDTA and 500 pL of AEBSF stock solution in 50 mL
of 18 Q H,O

Binding Buffer (20mM Tris, ImM EDTA, pH = 6.5)

2.42 g Trizma base and 0.37 g EDTA in 1 L of 18 Q H,O, pH adjusted with conc. HCI1
to 6.5, filtered though Millipore Express Plus 0.22 pum filter

Flution Buffer (1M NaCl, 20mM Tris, ImM EDTA. pH = 6.5)

2.42 g Trizma base, 58.44 g NaCl and 0.37 g EDTA in 1 L of 18 Q H,O, pH adjusted
with conc. HClI to 6.5, filtered though Millipore Express Plus 0.22 um filter

SEC buffer (20mM Tris, 200 mM NaCl, ImM EDTA. pH = 8.0

2.42 Trizma base, 11.69 g NaCl and 0.37 g EDTA in 1 L of 18 Q H»O, pH adjusted
with conc. HCI to 8.0, filtered though Millipore Express Plus 0.22 um filter

2M Tris stock solution (pH = 8.8)

24.22 g of Trizma base in 0.1 L of 18 Q H,0, pH adjusted with conc. HCI/NaOH to
8.8

1M Tris stock solution (pH = 6.8)

12.11 g of Trizma base in 0.1 L of 18Q H,O, pH adjusted with conc. HCI/NaOH to 6.8

APS stock solution, 10%

1 g Ammonium persulfate in 10 mL of 18 Q H,0/ 4°C
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SDS stock solution, 10%

10 g Sodium dodecyl sulfate in 10 mL of 18 Q H,O/ 4°C

Separation buffer for gel electrophoresis

75 mL of 2 M Tris stock solution, 4 mL of SDS stock solution, 21 mL of 18 Q H,O/
4°C

Stacking buffer for gel electrophoresis

50 mL of 1 M Tris stock solution, 4 mL of SDS stock solution, 46 mL of 18 Q H,O/
4°C

Running buffer for gel electrophoresis, 5x

15 g Trizma base, 75 g glycine, 5 g sodium dodecyl sulfate in 1 L of 18 Q H,O

Bromophenol blue, 1%

100 mg Bromophenol Blue sodium salt in 10 mL of 18 Q H,0O/ 4°C

DTT stock solution, 5 M

0.77 g reduced Dithiothreitol in 1 mL of 18 Q H,0O/ 4°C

Loading buffer for gel electrophoresis, 5x

0.6 mL of 1 M Tris stock solution, 5 mL of 50% glycerol, 2 mL of SDS stock solution,
1 mL of 1 % Bromophenol blue, 250 pLL DTT stock solution and 1.15 mL of 18 Q
H,O/ 4°C

Staining solution

1 g of Coomassie Brilliant Blue R 250 in 450 mL methanol, 100 ml acetic acid and
450 mL of 18Q H,O

Destaining solution

100 mL acetic acid, 100 mL methanol in 800 mL of 18Q2 H,O
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3.2.3. NMR sample preparation

Buffer solution for NMR (20 mM NaH,PO,, 1 mM EDTA, pH =7.0)

2.76 g sodium dihydrogen phosphate monohydrate, 0.37 g EDTA in 1 L of 18 Q H,O,
pH adjusted with conc. HCI to 7.0, filtered though Millipore Express Plus 0.22 pm

filter

DSS standard, 13.2 mM

2.6 mg labeled DSS in 1 mL of D,O/ -20°C

3.3. List of instruments

Instrument Type Manufacturer
Autoclave Certovclav EL Certoclav
Biofuge pico
Centrifuge Biofuge Stratos Heraeus Instruments

Megafuge 1.0 R

Dyalysis membrane

Spectra/Por Dialysis Membrane
MWCO 3.500

Spectrum Laboratories

Electrophoresis

EasyPhor PAGE mini

Biozym

Fast purification liquid

GradiFrac system

Pharmacia Biotech

chromatorgaphy
Syringe filter 0.22 um GVS
Filters Express Plus 0.22pum -
Amicon Ultra-15, 3000MWCO Millipore
DEAE Sepharose Fast Flow GE Healthcare
Chromatographic HiLoad 16/60 Superdex 75 prep

Pharmacia Biotech

stationary phase grade
SP Sepharose Fast Flow GE Healthcare
Incubator Shaking incubator 3033 GFL
Avance 111 700MHz, equipped

NMR spectrometer with TCI cryo probe Bruker
pH meter 290A with LIQ-glass electrode Orion
Sonicator Sonoplus HD 70 Bandelin electronic
UV-VIS ) ¢ HP 8453 Hewlett-Packard

) PPECHORICIEE Uvikon 800 Kontron
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3.4. PsbQ Expression in E. coli

E. coli BL21(DE3)pLysS cells transformed with JR2592 plasmid for PsbQ (provided
from Institute of Nanobiology and Structural Biology, CAS, Nové Hrady) were diluted 1:10°
and streaked on LB-agar plate (Ampicillin, Chloramphenicol both 20 pg-mL™). The plates
were incubated at 37 °C for 20 h. The accrued colonies were examined and one isolated
colony was transferred into 20 mL of rich LB medium (Ampicillin, Chloramphenicol both
20 pg-mL™") and grown overnight at 37 °C. This starting culture was used to inoculate 1 L of
MO (singly/doubly labeled) media. The initial optical density at 580 nm was measured and the
measurement was carried out every hour to check the bacterial growth. When the OD reached
0.8, an IPTG solution (1 ml of stock solution per | L of medium) was added in order to induce
the cells and promote the protein expression. The cultivation temperature was set to 28 °C to

prevent the protein accumulation in inclusion bodies. The total cultivation time was 24 h.

3.5. Isolation and purification

The cell culture was harvested by centrifugation (4000 g, 45 min., 3 °C) and the
remaining pellets were resuspended with 50 mL of binding buffer (enriched with 500 pL of
AEBSF protease inhibitors stock solution). Resuspended cells were subjected to sonication
(4x 15 min. at 70% power) and centrifuged at 4000 g for 1 h at 3 °C. The supernatant

containing the released proteins was stored in refrigerator at 4 °C overnight.

3.5.1. Ammonium sulfate precipitation

The supernatant was kept on ice and 30.68 g of ammonium sulfate were added in
portions while continuous stirring. The solution was centrifuged in order to retrieve the

precipitate. The resulting pellet was dissolved in 10 mL of binding buffer.

3.5.2. Dialysis

The solution containing proteins was transferred into a dialysis membrane and tightly
closed with clamps. The dialysis bag was soaked in 2 L of binding buffer and slowly stirred at

4 °C. The binding buffer was exchanged after 8 hours and the procedure was repeated three
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times. The sample was extracted from dialysis bag, centrifuged at 4000 g for 1 h at 3 °C and

supernatant stored at -20 °C.

3.5.3. SDS-PAGE

Two special glass plates were placed in the frame and together introduced into the
casting stand. The mixture for separation gel was prepared (Table 6), immediately filled
between the plates 1.5 cm below the top of the glass and overlaid with ethanol. After 20
minutes, ethanol was poured out and replaced by fresh stacking gel mixture (Table 6). The
combs were inserted and the frame was placed into the electrophoretic chamber. When the
stacking gel was polymerized, the electrophoretic chamber was filled with 1x running buffer

and the comb was removed. The resulting wells were rinsed with running buffer.

Component Separation gel (15%) Stacking gel (4.5%)
Acrylamide/Bis-acrylamide 30% 2.50 mL 3.25mL
18MQ H,O 1.25 mL 1.87 mL
Separation buffer 1.25 mL -

Stacking buffer - 1.87 ml
TEMED 5uL 7.5 uL
10% APS 50 uL 75 uL

Table 6: Composition of separation and stacking gels

An appropriate sample amount (according to expected concentration, mostly 10-15
puL) was mixed with 5x loading buffer, incubated for 5 min. and loaded into the well. 4 pL of
the protein standard (Precision Plus Protein All Blue Standards, Bio-Rad) were used to mark
each gel. The electrophoretic chamber was closed, and constant voltage of 220V was applied

for 50 min.

After the electrophoresis was finished, the cassettes were taken out and the gels were
placed into the staining solution for 1 h. In order to get contrast between the sample and the

surroundings, the gels were incubated in destaining solution at least for 2 h.
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3.5.4. Ion exchange chromatography

The pl value of PsbQ is 9.25 and therefore it is a suitable candidate for cation
exchanger. In order to achieve better separation two serially connected columns has been
used. First column was packed with DEAE sepharose serving as an anion exchanger while the
second with SP sepharose binds PsbQ at pH 6.5. The elution was done using 1M NaCl

gradient only on SP sepharose column.

Prior to use, both columns were washed with deionized water and equilibrated with
binding buffer. The protein sample was filtered through syringe filter (0.22 um) and loaded
onto the system under the lowered flow of 1 mL-min”. When the sample was distributed on
the columns the flow was increased to 2 mL-min™'. As soon as the flow through portion was
finished, the columns were disassembled and SP sepharose column was subjected to gradient
elution (0-60% elution buffer) and 2 mL fractions were collected. The course of

chromatography was monitored via the UV-detection and selected fractions were inspected by

SDS-PAGE.

Fractions containing PsbQ were pooled together, concentrated using Amicon ultra-15
centrifugal filter with 3 kDa cutoff to the final volume of 8 mL and the buffer was changed to
SEC bufter.

3.5.5. Size exclusion chromatography

In order to improve the sample purity, size exclusion chromatography was performed.
The column was packed with HiLoad Superdex 75 resin and thoroughly washed with SEC
buffer. After equilibration the sample was loaded to the system under a continuous flow of 0.8
mL-min”". When bigger proteins started to elute, the flow was lowered to 0.4 mL-min" and 2
mL fractions were collected. In the same way as for IEC, the size exclusion chromatography

was monitored via UV-detection and selected fractions were examined via SDS-PAGE.

Fractions containing PsbQ were pooled together, washed with NMR buffer and
concentrated to final volume of 1.5 mL via Amicon ultra centrifugal filter. The final
concentration was determined by UV absorbance measurement at 280 nm. For NMR
experiments, 220 pL of the sample was mixed with 24 puL of D,O and 2 pL of DSS stock

solution.
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3.5.6. Concentration determination

The UV/VIS absorbance at 280 nm was measured in order to calculate the total protein
concentration. 20 pl of sample were diluted in 600 pL of NMR buffer (degassed prior to use).
The measurement was repeated three-times and the mean value was multiplied by dilution

factor (31x) and divided by molar extinction coefficient (55).

3.6. Double and triple resonance experiments

Following NMR experiments were recorded at 700 MHz Avance III spectrometer with
Ascend magnet and TCI cryoprobe at The Austro-Czech RERI-uasb NMR center in Linz

and processed with Bruker software Topspin v.3.1.

Type Experiment Information obtained min. labelling
D . N HSQC H-N correlations N
spectra
P B HSQC H-C correlations Be
HC(C)H-COSY neighboring CH groups within one ISN, B
residue
(H)CCH-TOCSY | all carbon atoms within one residue PN, Pc
all hydrogen atoms within one 15
3D spectra TOCSY-HSQC residue N
15\ NOESY-HSQC NOE:s from one HN to all hydrogen EN
atoms nearby
13C NOESY-HS QC NOE:s from one CH to all hydrogen B3
atoms nearby
triple 11 carbon atoms from previ
resonance | (H)C(C)(CO)NH all carbon atoms 1rom previous N,
spectra residue

Table 7: Overview of recorded spectra, their informative contribution and stable isotope

labeling required.
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5N HSQC BC HSQC
hsqcetf3gpsi2 F2 ‘ F1 hsqcetgpsi F2 F1
Number of scans 8 Number of scans
Size of FID 4096 192 Size of FID 4096 256
Spectral width [Hz] 9803.922 | 5322.899 | Spectral width [Hz] 7002.801 | 11887.116
Acquisition time [sec] 0.208896 | 0.0180353 | Acquisition time [sec] 0.2924544 | 0.010768
Table 8: The acquisition parameters for Y HSQC and e HSQC

HC(C)H-COSY
hccheogp3d F3 F2 F1
Number of scans 8
Size of FID 4096 96 128
Spectral width [Hz] 7692.308 11887.102 4202
Acquisition time [sec] 0.266 0.0040 0.0152
Power level [W] 303 360 10.3
Power level for CPD/BB decoupling[W] - 14.4 -
HC(C)H-TOCSY
hcchdigp3d2 F3 F2 F1
Number of scans 16
Size of FID 2048 64 128
Spectral width [Hz] 7002.801 11887.1 11887.1
Acquisition time [sec] 0.14623 0.00269 0.00538
Power level [W] 0.00323 360 10.3
Power level for CPD/BB decoupling[W] - 14.4 -
Mixing time [ms] 22.6
TOCSY-HSQC
dipsihsqcf3gpsi3d F3 F2 F1
Number of scans 16
Size of FID 2048 68 160
Spectral width [Hz] 6996.269 2342.09 6996.27
Acquisition time [sec] 0.146361 0.01452 0.01143
Power level [W] 138 130 8.7
Power level for CPD/BB decoupling[W] 2.1563 - -
Mixing time [ms] 80
(H)C(C)(CO)NH

hccconhgpwg3d3 F3 F2 F1
Number of scans 16
Size of FID 2048 68 142
Spectral width [Hz] 7002.801 2342.09 10566.3
Acquisition time [sec] 0.14622 0.01452 0.00672
Power level [W] 138 - 8.7
Power level for CPD/BB decoupling[W] 2.15634 - 0.14754

Table 9: The acquisition parameters for HC(C)H-COSY, HC(C)H-TOCSY, TOCSY-HSQC

and (H)C(C)(CO)NH
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5N NOESY-HSQC

noesyhsqcf3gpwg3d F3 F2 F1
Number of scans 8
Size of FID 2048 48 512
Spectral width [Hz] 9803.92 1987.22 7423.53
Acquisition time [sec] 0.10445 0.01208 0.03448
Power level [W] 138 130 8.7096
Power level for CPD/BB decoupling[ W] 2.1563 - -
Mixing time [ms] 60

5C NOESY-HSQC
noesyhsqcetgp3d F3 F2 F1
Number of scans 8
Size of FID 2048 100 160
Spectral width [Hz] 8196.7 10918.5 8196.7
Acquisition time [sec] 0.1249 0.0045 0.0097
Power level [W] 138 130 8.7096
Power level for CPD/BB decoupling[ W] - 6.8227 -
Mixing time [ms] 120

Table 10: The acquisition parameters for >N NOESY-HSQC and '*C NOESY-HSOC

3.7. Complementation of resonance assignment

Newly recorded NMR spectra (Table 7) were calibrated and imported into existing
CARA project (BMRB entry 17357) (56). The assignment consistency and sample integrity
was verified by the comparison of repeatedly recorded ""N- and "*C- HSQC spectra in
between the new experiments. In order to increase the number of assigned backbone
resonances, the ’N HSQC spectrum was first projected together onto HNCO experiment.
When an unassigned peak (°N-'H signal) in the HSQC spectrum correlated with a carbonyl
resonance in the HNCO, a new spin system was proposed. The such defined spin systems
were sequence specifically classified with help of HNCaCb and CbCa(CO)NH spectra. After
the C, and Cy chemical shifts were thus determined, HC(C)H-TOCSY and (H)C(C)(CO)NH
experiments were used to complement the remaining sidechain carbon shifts and check their
correctness in all residues. Similarly, the combination of HbHa(CbCaCo)NH, HC(C)H-COSY
and TOCSY-HSQC spectra was employed to assign remaining proton backbone and

sidechain resonances.
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3.8. Secondary structure estimation

Once the assignment process was completed, the peak list was exported into BMRB
NMR-Star format use a lua extension in the CARA terminal window and uploaded to the
Talos-N prediction server (http://spin.niddk.nih.gov/bax/nmrserver/talosn/).The resulting .aco
file was opened in a text editor and all dihedral angles, which were predicted with low

accuracy (marked "BAD") together with the ¢ angles for prolines were deleted.

3.9. "N and *C NOESY assignment

The "N NOESY-HSQC spectrum was shift-calibrated with respect to '’N HSQC and
imported into CARA program. NOESY cross-peak resonances having unique chemical shifts
were assigned first and used to calculate a preliminary structure. NOEs having two or more
corresponding resonances were assigned with respect to the preliminary structure and
prototypical NOESY patterns (57). Since each strip in >N NOESY-HSQC spectrum contains
NOEs only from NH groups to other (non-NH) hydrogen atoms, additional NOEs were
necessary to improve the quality of the structure. Hence, the >’C NOESY-HSQC spectrum
was calibrated with help of C HSQC and imported into separate CARA project. The cross-

peaks from sidechain C-H groups to nearby hydrogen atoms were thus assigned.

From each project, peak list (.peaks) and proton list (.prot) files were exported and
loaded in NEASY extension. The integration was done manually by interactive integration
function ("i1"). Sufficiently separated peaks were integrated easily, whereas the integrals of
overlapping peaks were divided by the number of contributed signals. Such potentially

problematic peaks were noted and taken into account during the structure calculation.
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3.10.

Structure calculation

CYANA version 3.0 was installed on an Ubuntu Linux 12.04 LTS distribution. All

input files were saved in the same cyana directory as executing calc.cya macro file (Table 11).

Description

Command

read and calibrate first peaklist

read seq PsbQ

read prot PsbQ-15N.prot unknown=warn

read peaks PsbQ-15N-NOESY assigned integrated

caliba avedis=3.4 vmin=10100.0

write upl PsbQ-15N

Input read seq PsbQ

read prot PsbQ-13C.prot unknown=warn

read and calibrate second peaklist read peaks PsbQ-13C-NOESY assigned integrated
caliba avedis=3.4 vmin=10085.0
read upl PsbQ-15N append

read angle constraints from Talos-N | read aco PsbQ-talos.aco

perform gridsearch habas angles="CHI1 CHI2*" tfcut=0.05

remove redundant constraints and distance modify

pseudoatom correction distance unique

number of used processors nproc=8

perform structure calculation calc_all structures=400 anneal steps=10000

number of generated structures overview file=PsbQ structures=20 range=- pdb
cut_upl=0.2

display upper distance and angle _

restraint cutoff in terminal window cut_aco=>
stru viol

Output .
calculate root mean square deviation |rmsd 1..149

generate overall upper distance
restraint file, plot of long range NOEs
and distance statistics

write upl psbq-all

longrangeplot

distance stat

Table 11: Overwiev of the calc.cya macro
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4. Results and discussion

4.1. Protein expression

After 5 hours at 37°C the cells reached optical density of 0.67 and could be induced
with IPTG. Subsequently, the cell growth had an exponential progress for additional three
hours. Similar behavior was also observed for doubly labeled minimal media. After 25 hours
(at 28°C), the optical density reached 2 and the cultivation was stopped to prevent product
degradation. Compared to the previous results (58), the cell growth in M9 minimal media
reaches the optical density twice slower at 28°C than at 37 °C. On the other hand, this
precaution prevents formation of inclusion bodies and facilitates purification and stability of

the protein
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Figure 8: Typical growth curve for BL21 E. coli cells in M9 minimal media at 28°C.

4.2. Protein isolation and purification

After the cells were sonicated, the supernatant and the remaining pellet were analyzed
by SDS-PAGE. Since the sonication was proved to be less efficient than expected (Figure 9),

the procedure was repeated four times.

M1 2 3 4

Figure 9: SDS-PAGE of first two runs of cell lysis

1 - supernatant after first sonication (10 uL)

2 - remaining pellet after first sonication(10 uL)

3 - supernatant after second sonication(10 uL)

4 - remaining pellet after second sonication (20 uL)
M - marker, arrow - PsbQ
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4.2.1. Ion exchange chromatography

Since the protein concentration estimated by SDS-PAGE was relatively high, the
sample was diluted to prevent possible aggregation on the column. In total 3 IEC purification
runs (3 x 10 mL) were performed. In all cases, the PsbQ started to elute at 39% of elution
buffer (Figure 10). It was verified by SDS-PAGE, that the majority of impurities had been
separated (Figure 11). However, after the fractions were combined together and concentrated

to 10 mL, some unwanted proteins appeared to be present on SDS-PAGE (Figure 12).

Figure 10: Chromatogram of
ion exchange chromatography
A- flow-through

B- start of the gradient

C- elution of PsbQ

M 1 123 4 5

50
20
15
Figure 11: SDS-PAGE of ion exchange
chromatography, 1 - before IEC, I - 5 - elution
of PsbQ, M - marker
50
Figure 12:
SDS-PAGE of
concentrated
sample after
20 IEC
15
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4.2.2. Size exclusion chromatography

In order to avoid column overloading, the size exclusion chromatography was done in
two independent runs (each with 5 mL of concentrated sample). Because some of the
impurities were of similar size as PsbQ, the flow rate was decreased to 0.4 mL-min”' to ensure
proper separation. 18 fractions of eluate were collected and inspected via SDS-PAGE.
According to the gels, 11 fractions (in total 22 mL) containing PsbQ protein were selected and

concentrated. The SDS-PAGE of the final product proved sufficient purity (Figure 14).

Figure 13: Chromatogram of Size Exclusion Chromatography, A - elution of PsbQ

50

25
20

15

10

Figure 14: A - SDS-PAGE of Size Exclusion Chromatography, B - concentrated
fractions (left 20uL, right 15uL of sample)
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For both protein samples (singly/doubly labeled) the concentration was determined to
be suitable in order to proceed with NMR experiments. However the yield of doubly labeled
protein was significantly lower (Table 12). Since the optical density during the cultivation

was comparable, the losses were mainly occurring during the sonication and purification

steps.
Sample Volume of M9 media | Concentration | Sample Volume | Total amount
N PsbQ 1L 16.75 mg -mL"' 1.6 ml 26.80 mg
PN PC PsbQ 1L 7.62 mg -mL" 1.5 ml 11.43 mg

Table 12: Overview of singly and doubly labeled protein yields

4.3. Complementation of resonance assignment

With the set of experiments described in chapter 3.6, the previous resonance
assignment (56) could be enhanced from 55% to 75% (Table 13). Additional "°N resonances
were assigned to missing NH pairs in the >N HSQC spectrum. They were found with help of
the HNCO spectrum exclusively in regions with high peak overlap. In most cases, such
overlapping peaks in the HSQC spectrum showed additional carbonyl Cs belonging to
previously unassigned amino acids. The ambiguity was resolved by crosschecking with
(H)C(C)(CO)NH, HC(C)H-COSY and (H)CCH-TOCSY spectra. The sequence specific
ordering of the newly found HN resonances was done with help of the CbCaNH and
CbCa(CO)NH experiments. Since the dispersion of carbon chemical shifts is minimal, the
majority of the newly found "*C resonances was assigned with help of (H)CC(CO)NH
experiment with respect to the BMRB chemical shift database.

Shifts Completed Missing Completed [%]
A B A B A B

'H 471 730 527 268 47.2 73.1

Be 481 581 257 157 65.1 78.7

N 125 143 78 60 61.6 70.4

Backbone 596 690 143 49 80.7 93.4

Sidechain 481 764 719 436 40.1 63.7

Table 13: Comparison of enhanced res. assignment (B) with bmrb entry 173571 (A)

36




The remaining hydrogen resonances were assigned by correlation of TOCSY-HSQC

with HC(C)H-COSY. However, these spectra were less sensitive and contained lot of noise.

In order to determine the exact 'H chemical shift, the non-standard correlation with >N and

C NOESY-HSQC was employed (Figure 15). As the sidechain assignment proceeded, the

CH resonances in °C HSQC spectra became assigned and could be correlated in °C NOESY-

HSQC (Figure 16).

HC(C)H-COSY

N NOESY-HSQC
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Figure 15: Example of non standard correlation of”N NOESY-HSQC with HC(C)H-COSY
to disambiguate the Hgchemical shift of leucine-17 residue.
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Figure 16: °C HSOC (left) correlation with >C NOESY-HSQC (right) of lle 115, Ile 124 and

1le 66 in methyl region.
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4.4. Secondary structure estimation

Once the assignment was extended, the newly derived peak list was uploaded on the
Talos-N prediction server. From the backbone chemical shifts, the program predicted five
a-helices and one short f-strand (Figure 17). The a-helices (located within residues 36-39,
45-68, 71-94, 98 -123 and 127-147) were predicted with an average probability of more than
85%. Residues 5-7 were predicted to have pf-strand propensity, however the prediction
percentage was lower and closer to the values for random coil. In order to assess the

prediction correctness, Ramachandran plot of all residues was inspected.
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I o-helix

I S-strand

Figure 17: Predicted secondary structure by Talos-N

All dihedral angles with probability lower than 85% or close to the random coil value
were discarded. Additionally, all remaining values (¢ and v torsion angles) were increased by
+10° to provide more degrees of freedom during the structure calculation. This prevents from
excessive dihedral constraint-dependence and puts more emphasis on the NOE derived

distance constraints.

4.5. PN, ®C NOESY assignment

In total 1035 NOESY cross peaks were assigned and integrated. The majority of these
peaks was assigned in the '’N NOESY-HSQC. This spectrum provided mostly intra-residual,
short and medium distance NOEs. Remarkable was the cross-peak distribution along the
protein sequence. In the predicted a-helical regions, the number of NOEs was significantly
higher than in regions predicted as unstructured. Notably, NOEs indicative of a-helical
structure [dnn(i,i+1), den(i,it1), dpn(i,it]) and den(i,i+3)] were found in all five o helices
proposed with Talos-N. However, not a single NOE corresponding to the Talos predicted
[S-strand was found (Appendix Figure 24).
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The long range NOEs were found in *C NOESY-HSQC. Unfortunately, due to
artifacts in this spectrum only a limited number of 138 cross-peaks could be identified. The
experiment was repeated with a fresh protein sample, but the spectrum did not provide any

additional information.

Total Intra-residual Short range Medium range Long range

1035 447 373 77 138

Table 14: NOE upper distance constraints derived from B3¢ and °N NOESY-HSQC

4.6. Solution structure calculation

Based on 1035 upper distance and 211 torsion angle constraints derived from Talos-N,
400 structures were generated in 10000 annealing steps. An average target function of 6.54 +
0.29 A* was obtained for the 20 best CYANA conformers with maximal distance constraint
violation of 0.44 A. The mean backbone root mean square deviation (RMSD) for the overall
20 conformers was relatively high (3.31 +0.54 A) which is due to the presence of very
flexible N-terminal part. Limiting the calculation to the stable 4-helix bundle of residues 49-

148, the mean backbone RMSD was determined as 0.41 + 0.07 A.

RMSD

12.0—

11.0—
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Backbone

|:|Allatom

20.0 40.0 60.0 80.0 100.0 120.0
Residue

Figure 18: RMSD distribution along the structure for 20 generated conformers
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Figure 19: Final
solution structure of
PsbQ. Ensemble of
20 structures with the
lowest CYANA target
function (left) and
lowest energy single

structure (right)

In comparison with the most up-to-date available crystallographic structure (PDB
entry 1VYK) the dynamic N-terminus of the molecule exhibits a-helical propensity at the
location where a short f-strand has been proposed (res. 37 - 40) (4). The two S-strands present
in the crystallographic structure had been included on the basis of MD simulation results (4),

whereas the short a-helix was found from experimental NOE distance constraints in solution.

Missing
link g

Thr 34

Figure 20: Comparison between the NMR determined solution structure (left) and X-ray

crystallographic structure (right)(4)
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So called "missing link", unresolvable in X-ray crystallography, has been fully
assigned. However no NOEs present, which would give a clear structural information, have
been found (Appendix Figure 23). This is in good accordance with dynamically disorder

N-terminal region of the free PsbQ protein in solution.

Figure 21: Three different views of the alignment of the crystallographic structure
(N-terminal part in blue) (4) and NMR solution structure determined in this Thesis
(N-Terminal part in red) of PsbQ
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5. Conclusion

The protein PsbQ was successfully expressed in the E. coli expression system in both
singly and doubly isotope labeled forms with an improved yield of 26.80 mg for "N-PsbQ
and 11.43 mg "N"C-PsbQ, respectively. Six different 3D NMR spectra were be recorded to
extend the resonance assignment. Two heteronuclear filtered 3D NOESY spectra served to
proceed to the structure calculation. The resonance assignment was extended from 80.7% to
the final 93 % of the backbone and from 40.1% to 64 % of the sidechain resonances as

compared to the previous results (56).

The secondary structure estimation by Talos-N (45) using the newly extended
assignment confirmed the already known four a-helical bundle together with a small a-helix
within residues 36-39. Only one from the two f-strands (forming a parallel S-sheet) present in
the X-ray structure, only one was estimated to be present by Talos-N. However, the
probability was low and the angle distribution in Ramachandran plot did not corroborate this

prediction.

A "N NOESY-HSQC spectrum was recorded and assigned following the chemical
shift matches along the protein sequence. In the ambiguous cases, the signals were assigned
taking guidance from the predicted secondary structure. Most of the peaks assigned belong to
the short-to-medium range NOEs. The N-terminal region of the protein exhibited a lack of
NOE cross-peak signals compared to the regions with alpha helical propensity (Appendix
Figure 22). An additional C NOESY-HSQC spectrum was recorded to obtain long range
NOEs. Unfortunately, due to the residual artifacts and noise, only a limited number of NOEs

was found and assigned.

The peak lists from both NOESY spectra were integrated and imported to the torsion
angle molecular program CYANA. In total 1035 NOESY cross peaks were used to calculate
the final 20 structures from 400 conformers in 10000 annealing steps. After each run, the

generated distance violations were inspected in order to improve the NOE peak integration.

Based on the experimentally obtained distance constraints, the resulting structure
ensemble clearly indicated high flexibility of the N-terminal region of the PsbQ protein in
solution, whereas the rest of the molecule remains rigid dominated. In total five a-helixes are
present in all of the final 20 CYANA lowest target function structures. Four a-helixes forming

a bundle correspond closely to the available crystallographic structure (4) the fifth (short)
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a-helix is located within residues 37-40. This is a region, where a f-strand had been found in
the crystal structure, where this strand forms a parallel S-sheet together with residues 4-6. The
latter part is completely disordered in the solution structure. In the completely assigned
"missing link" region (res. 14-33) no NOE signals were found, indicating high flexibility in

accordance with preliminary relaxation data (58).

In future investigations it is proposed to perform further NOESY experiments at lower
temperature and to take additional precautions to avoid the observed artifacts. Additional
structure constraints could potentially be obtained after assigning the aromatic sidechains.
Eventually one might, find NOEs between the dynamic N-terminus and the alpha helical

bundle in the way allowing to restrict the conformational space of the N-terminus.

Future research on this protein will be mainly focused on the interactions with other
proteins in PSII. The titration of isotopically labeled PsbQ with unlabeled PsbP and vice versa
(and possibly PsbR) could be used to identify the interaction sites between these proteins in
NOESY spectra. Since the NMR assignment for PsbP is ongoing and will be available soon,
even some characteristic 'H chemical shifts from unlabeled PsbP might be suitable to identify

first contacts in NOESY experiments.
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Figure 22: The comparison of "N NOESY-HSQC strips for dynamic region (left) and for a-helical region (right)
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7.1. Resonance assignment of PsbQ (newly found assignments are printed bold)

_Atom_shift assign ID
_Residue seq code

_Residue label

_Atom_name

_Atom_type

_Chem_shift value
_Chem_shift value error
_Chem_shift ambiguity code

1 1 GLU C C 175.743 0.3 1
2 1 GLU CA C 56.271 0.3 1
3 1 GLU CB C 30.756 0.3 1
4 1 GLU CG Cc 36.119 0.3 1
5 1 GLU HA H 4.292 0.020 1

6 1 GLU HB2 H 2.022 0.020 2
7 1 GLU HB3 H 1.947 0.020 2

8 1 GLU HG2 H 2.263 0.020 1

9 2 ALA C C 177.285 0.3 1
10 2 ALA CA C 56.524 0.3 1
11 2 ALA CB Cc 19.130 0.3 1
12 2 ALA H H 8.545 0.020 1
13 2 ALA HA H 4.303 0.020 1
14 2 ALA HB H 1.387 0.020 1
15 2 ALA N N 126.338 0.3 1
16 3 ARG C CcC 174.172 0.3 1
17 3 ARG CA Cc 53.152 0.3 1
18 3 ARG CB C 30.648 0.3 1
19 3 ARG H H 8.203 0.020 1
20 3 ARG HA H 3.882 0.020 1
21 3 ARG HB2 H 1.727 0.020 1
22 3 ARG N N 122.153 0.3 1
23 4 PRO C C 176.611 0.3 1
24 4 PRO CA C 62.847 0.3 1
25 4 PRO CB C 31.976 0.3 1
26 4 PRO CG c 27.319 0.3 1
27 4 PRO CD C 50.528 0.3 1
28 4 PRO HA H 4.439 0.020 1
29 4 PRO HB2 H 2.287 0.020 2
30 4 PRO HB3 H 1.929 0.020 2
31 4 PRO HG2 H 2.020 0.020 2
32 4 PRO HG3 H 1.910 0.020 2
33 4 PRO HD2 H 3.778 0.020 2
34 4 PRO HD3 H 3.598 0.020 2
35 4 PRO N N 137.044 0.3 1
36 5 ILE C C 176.192 0.3 1
37 5 ILE CA C 61.048 0.3 1
38 5 ILE CB C 38.567 0.3 1
39 5 ILE CG1l c 27.300 0.3 1
40 5 ILE CG2 c 17.394 0.3 1
41 5 ILE CD1 C 12.766 0.3 1
42 5 ILE H H 8.299 0.020 1
43 5 ILE HA H 4.138 0.020 1
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