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1 Introduction
1.1

NK cell receptors

1.1.1 NK cells
Natural killer cells (NK cells) are the subpopulation of large
granular lymfocytes, which lacks the surface receptors typical for B cells
or T cells. They are characterized by the CD3-CD16+/-CD56+CD161+/phenotype [Trinchieri G. 1989] or by the presence of NKp46 and NKp30
[Moretta L. et. al. 2002], however. They constitute the third kind of cells
differentiated from the common lymphoid progenitor (besides B and

Fig 1: Differentiation of pluripotent cells into various types of blood cells.
T lymphocytes) see Figure 1. They were named natural killers according
to their function in the organism, because they do not need any activation
and nevertheless they are able to eliminate abnormal (i. e. infected or
transformed) cells from the tissue [Kiessling R. et. al. 1975]. This
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function is dependent on scanning the major histocompatibility complex
(MHC) class I molecules of ambient cells. The resulting action (killing or
not killing the target cell) is dependent on the balance of activating or
inhibiting signals mediated by the NK cell surface receptors and
forwarded to the specific signaling pathway [Raulet D. H. et. al. 2001,
Moretta A. et. al. 2001].
Abnormally low MHC class I expression on target cell (common
behavior of infected or transformed cells) leads to insufficient stimulation
of

inhibitory

receptors

and

therefore

to

the

NK

cell

activation

(missing-self recognition) [Ljunggren H. G., Kärre K. (1990), Medzhitov
R., Janeway C. A. Jr. (2002)]. However, the presence of ligands for
activation receptors is also necessary, therefore erythrocytes, cells
without MHC class I, are not attacked by NK cells. [Raulet D. H., Vance
R. E. (2006), Oldenborg P. A. et. al. 2000].
Another strategy of target cell recognition is based on fact, that
some proteins are expressed only in small amounts on healthy cells and
are overexpressed on stressed, transformed or infected cells. These
proteins could be recognized by activating receptors (induced-self
recognition) as are the stress-induced molecules MICA and MICB by
NKG2D receptor [Raulet D. H. 2003, Bauer S. et. al. 1999, Diefenbach A.
et. al. 2001].
Another stimulating receptor is Fc-receptor CD16. When the NK
cell meets the cell opsonized by IgG, CD16 molecules on the NK cell
surface bind the Fc fragments of immunoglobulins. Aggregation of CD16
results in activation of the cytotoxic mechanism and thus in the target
cell elimination (antibody-dependent cellular cytotoxicity) [Perussia B. et.
al. 1984].
The least explored recognition strategy is based on recognizing of
evolutionary conserved pathogen structures (PAMPs) as it occurs in case
of LY49H receptor and m157 protein of murine cytomegalovirus
(infectious non-self) [Vivier E., Biron C. A. (2002), Brown M. G. 2001].
-9-

Fig. 2: NK cell signaling pathways. Inhibitory receptors with ITIM in red,
activating receptors associated with ITAM bearing adaptor molecules in
blue and Syk-independent activation receptor NKG2D associated with
DAP10 (containing non-classical ITAM [Billadeau et. al. 2003]) in green.
Charged aminoacid (K/R in receptor and D in adaptor) mediating
receptor-adaptor contact displayed as asterisk [Vivier E. et. al. 2004].

1.1.2 NK cell receptors
Specificity of NK cells is not based only on one type of antigen
receptor as it is in case of T and B cells, but is given by variety of their
surface receptors [Lanier L. L. 2005]. These receptors could be divided
into several groups according to different parameters. One of these
parameters suggested in previous paragraph is the effect of the receptor
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stimulation and the division into activation or inhibitory receptors
[Moretta A. et. al. 2000].
Activation receptors have very short intracellular part and are
usually connected with one or three adaptor molecules (DAP12, Fc εRI γ,
CD3ζ [Hibbs M. L. et. al. 1989, Anderson P. et. al. 1989, Lanier L. L. et.
al. 1998]) containing immunoreceptor tyrosin-based activation motif
(ITAM) in the intracellular part of the plasmatic membrane. The
signalling occurs through the tyrosine phosphorylation by Src-family
kinases followed by Syk-family kinases activation or through G proteins
associated with the receptors [Wange R. L. 2000, Jevremovic D. 1999].
Inhibitory receptors have longer intracellular part containing
immunoreceptor tyrosin-based inhibition motif (ITIM) [Bix M. et. al.
1991, Vély F., Vivier E. (1997)]. The phosphorylation of ITIM tyrosin by
Src-family

kinases

consequently

follows

phosphatase

the
(SHP1,

receptor-ligand
SHP2)

interaction

mediated

and

inhibition

of

activation signaling cascades [Long E. O. 1999, Valiante N. M. et. al.
1996, Binstadt B. A. 1998] as is described on Figure 2.
Another aspect for the surface receptors classification is their
structure. The majority of them could be classified as the lectin-like
(CD69, NKR-P1) or immunoglobulin-like (KIR, CD16) receptors, fewer as
the Toll-like (CCR7) receptors.
Toll-like receptors recognize structurally conserved molecules
derived from microbes and are much more common on other leukocytes
(mainly on monocytes, B cells and dendritic cells). They received their
name from their similarity to the protein coded by the Toll gene from

Drosophila and is not a reference to any kind of toll. TLRs are a type of
pattern recognition receptors (PRR) recognizing molecules broadly
shared by pathogens (PAMPs) [Sivori S. et. al. 2004] but distinguishable
from host molecules and are closely related to the interleukin-1
receptors.
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Fig. 3: Ribbon diagram of C-type lectin CRD consensus structure with
two α-helices and two anti-parallel β-sheets, disulfide bonds in yellow.
[Weis W. et. al. 1991]

Immunoglobulin-like receptors are transmembrane glycoproteins
consisting of either two or three immunoglobulin-like extracellular
domains. They usually interact with the MHC class I glycoproteins and
most of them have longer intracellular part with two ITIMs and thus have
the inhibitory effect, i. e. their recognition of MHC molecules supresses
the NK cells cytotoxic activity. Only limited number of KIRs have the
activating effect [Vilches C., Parham P. (2002)], they have short
intracellular

part

and

are

associated

with

DAP12

[Colonna

M.,

Samaridis J. (1995), Wangtmann N. 1995]. Human KIR genes are part of
the leucocyte receptor complex (LRC) located on chromosome 19q13.4
[Barten R. et. al. 2001] and are highly polymorphic [Uhrberg M. (2005)].

1.1.3 C-type lectin family receptors
Lectins were first discovered more than 100 years ago in plants
(ricin, concanavalin A) and later also in many other organisms from
- 12 -

viruses to mammals with variety of functions (adhesion, immunerecognition). Lectins are defined as multivalent sugar-binding proteins of
non-immune origin that agglutinates cells or precipitates glycoconjugates
[Goldstein et. al. 1980]. They contain at least two binding sites and are
able to bind carbohydrates specifically and reversibly without altering
their covalent structure. They could be soluble or bound to the
membrane. To distinguish the plant lectins from the animal ones, the
term “lectin-like” is used in case of animals [Brewer C. F. 2001]. Lectins
could be divided into several groups according to various parameters
(specificity, occurrence, …), however, the most useful division is
according to their evolutionary relationship as their specificity could
evolve independently several times during evolution. According to this,
lectins could be diveded into eight groups [Dodd R. B., Drickamer K.
(2001), Braakman I. (2001)]: Calnexin, L-types lectins, P-type lectins,
C-type lectins, Galectins, I-type lectins, R-type lectins and M-type lectins.
C-type lectins were identified in 1988 [Drickamer K. (1988)] and
their characteristic feature is the highly conserved combination of two
α-helices and two anti-parallel β-sheets connected by random coils [Weis
W. et. al. 1991] with 14 invariant and another 18 highly conserved amino
acids [Bezouška et. al. 1991] see Figure 3. This carbohydrate recognition
domain (CRD) is internally stabilized by two or three disulfide bonds (and
sometimes requires Ca2+ ion for proper binding site formation) and
consists of around 125 amino acids. Different binding specificity is
provided by the participation of variable loops in binding site formation.
As this group is defined by amino acid sequence similarity, some
members of this group could lose the ability to bind carbohydrates and
sometimes even gain another substrate specificity, thus the more convent
term for this group is C-type lectin-like proteins [Drickamer K. 1999]. The
majority of C-type animal lectins play their role in immune system, other
known function imply the cell adhesion, cell-cell recognition generally or
even the cryoprotectivity [Ewart K. V. et. al. 1999], nevertheless.
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We can divide this structural family into several subgroups, from
which mainly C-type lectins type II are expressed on the NK cell surface.
These proteins contain one CRD on the extracellular C-terminus. This
tertiary structure was initially resolved in case of CD94 molecule
[Boyington J. C. et. al. 1999]. CRD is usually glycosylated and receptors
occure in form of homodimers (except for heterodimer CD94-NKG2
[Lazetic S. et. al. 1996]).
To name some members of this group we should mention at least
CD69, NKR-P1, NKG2 and Ly49. Genes encoding these proteins are
located in NK gene complex [Yokoyama W. M., Seaman W. E. (1993)]
situated on human chromosome 12, rat chromosome 4 and murine
chromosome 6 [Hao L. et. al. 2006]. Original scepticism about similarity
of NK cell receptors of human and rodents, when C-type lectins seemed
to play the main role in rodents, whereas the immunoglobulin-like
receptors play the main role in human organism, is now over, the same
receptors could differ in its role from organism to organism [Colucci F. et.
al. 2002].

1.1.4 CD69 receptor
CD69 is an important member of C-type animal lectin family
closely related to molecules NKR-P1 and Ly49. It was originally described
in 1986 as EA 1 on the surface of human T cells after 12-o-tetradecanoyl
phorbol-13-acetate treatment [Hara T. et. al. 1986] and later as AIM
(activation inducer molecule) [Cebrián M. et. Al. 1988]. It was assigned
denomination CD69 at the Fourth International Workshop on Human
Leucocyte Differentiation Antigens [Schwarting R. et. al. 1989]. Later it
was observed on other immune system cells [Testi R. et. al. 1994] and
after cloning [Hamann J. et. al. 1993] it was recognized as C-type lectin.
Human CD69 is constitutively expressed on CD3+ thymocytes,
monocytes, granulocytes, neutrophils, epidermal Langerhans cells and
platelets and the expression is induced early after NK cells and T cells
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activation [Testi R. et. al. 1994], therefore it is considered as the marker
receptor of activated lymphocytes. Although it was suggested to
participate in process of eliminating the tumor cells in vitro [Moretta A.
et. al. 1991], later studies in mice indicated its role in silencing the
immune reaction [Sancho D. et. al. 2005] and CD69 - mice were more
resistant to tumors, probably regarding to the increased apoptosis after
contact of CD69+ NK cells with the tumor [Esplugues E. et. al. 2003].
CD69

molecule

is

a

type

II

transmembrane

protein

with

short

intracellular part, transmembrane region, stalk region (containing
dimerization cysteine 68) and CRD. It appears as the disulfide bond
homodimer of 60 kDa, it is constitutively phosphorylated and contains
one typical and one atypical (N 111AC) possible glycosylation site [Testi R.
et. al. 1994, Vance B. A. et. al. 1997, Vance B. A. et. al. 1999].
CD69

stimulation

causes

various

metabolical

changes

accompanied with increase of the intracellular calcium ions level and
cytokine production [Conde M. et. al. 1996]. High levels of CD69
expressions were observed during rheumatoid arthritis, viral hepatitis,
atopic reaction [Nopp A. et. al. 2002] and HIV infection [Barboza J. M. et.
al. 2002]. Interestingly, the CD69 negative mice have notably higher
resistance against some kinds of tumors [Espulgues E. et. al. 2003].
The attempts to characterize the structure of CD69 started shortly
after its first description [Gerosa F. et. al. 1991], research in this field
continued to computer model [Bajorath J., Aruffo A. 1994] and the
structure solving by X-ray crystalography [Natarajan K. et. Al. 2000,
Llera A. S. et. al. 2001], that confirmed the typical C-type lectin
structure. These works did not find any calcium ions in the molecule,
other research revealed structural changes leading to high affinity
carbohydrate-binding formation after calcium binding, however [Pavlíček
et. al. 2003].
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1.2

Introduction to methods

1.2.1 Molecular biology
Molecular biology is the study of biology at the molecular level. It
tightly cooperates with genetics and biochemistry and especially
biochemists take some specific molecular biology approaches and
techniques as a very useful tool – it could be much easier to get the
protein of interest by cloning and recombinant expression than by
isolation from natural material – the term “molecular biology” will be
used in the meaning of techniques in this thesis.
While the origins of molecular biology can be found in 1930's, the
real takeoff started in late 1950's and early 1960's. Since then scientists
have learned how to isolate and manipulate biomolecules as DNA or RNA
and how to exploit proteosynthesis and other enzymatic equipment of the
cell.
The basic molecular biology techniques are the expression
cloning,

polymerase

chain

reaction

(PCR),

reverse

transcription,

restriction digestions, gel electrophoresis, blotting and probing. Other
methods may be qualified as advanced, we can mention site-directed
mutagenesis, DNA microarrays or quantitative PCR here.
As in other fields of science the new methods and techniques are
continuously

being

developed

and

improved

for

achieving

faster

protocols, higher sensitivity or efficiency and higher yields with fewer
starting material. Older methods are being abandoned, however, it is still
necessary to know about these older techniques as they could show
useful for solving new problems, for which the newer methods may not
be suitable.

1.2.2 Protein renaturation in vitro
Correct protein function (binding properties, catalytic activity, …)
is determined mainly by its structure, and structure is determined mainly
- 16 -

by the amino acid sequence (primary structure). Even modest changes in
protein structure can result in malfunctions or even absolute disfunction
of the protein. It was shown (by Bruce Merrifield, the Nobel prize winner
in chemistry from 1984) that sufficiently simple protein is able to fold in
solution spontaneously so we can conclude that the primary structure not
only determines the structure, but also more or less directs the folding
and thus that the structure could be proclaimed to be the natural
consequence of the amino acid sequence.
Although the process of denatured protein refolding is somewhat
different from folding of newly synthetized one, the theory of protein
folding can be applied to both of these processes. There is a subtle
balance between two kinds of forces – the stabilizing (van der Waals,
hydrogen bonds, disulfide bonds formation, hydrophobic interactions,
salt bridges D-K) and destabilizing (electrostatic repulsion, chain
entropy) and the protein folding is the result of this balance and
represents the way from unfolded to native conformation, that has lower
Gibbs free energy. Unfortunately on the way from unfolded to native
conformation the protein could enter local minimums (folding traps) from
which could be hard or even impossible to continue to fully native
conformation, and the aim of appropriate in vitro refolding protocol is to
minimize the loses in these minimums.
Generally the process of in vitro refolding consists of two steps,
the denatured protein (inclusion bodies) solubilization (in chaotropic
agents such as urea or guanidinium hydrochloride, extreme pH,
detergents, reducing agents or combination of these) and solubilized
protein

transfer

into

non-denaturing

environment

(that

could

be

supplemented with stabilizing chemicals such as arginine or glycerol and
redox

system

such

as

reduced/oxidized

glutathione

or

cysteamine/cystamine for support of disulfide bonds formation), what is
the refolding itself. Three main proceedings are used for refolding:
Dialysis, fast dilution method and chromatographic methods. In any of
- 17 -

them the concentration of refolded protein should not exceed 0.1 mg/ml,
otherwise the protein could aggregate or even precipitate, as unfolded
hydrophobic cores could interact.
Dialysis method is based on slow exchange of solution through the
semipermeable membrane, however sometimes it is difficult to keep the
protein concentration low enough. As the concentration of denaturing
agent is used in high concentration, the dialysis should be done in several
steps.
The principle of fast dilution method is that denatured protein is
slowly dropped into the excess of stirred refolding buffer, what ensures
the lowest possible local concentration of unfolded protein in solution
ergo aggregation.
Last

widely

used

refolding

techniques

are

based

on

chromatographic methods. Gel filtration or affinity chromatography are
the most suitable.

1.2.3 Physical biochemistry
Much effort was devoted by biochemists to reveal the relationship
between structure and function of biomolecules during last century.
Quite a wide range of methods and instrumentation is used for these
studies of biomolecules, their complexes and of the processes in which
these biomolecules are involved, from classical biochemical approach to
above mentioned molecular biology. During last years another type of
methods is undergoing rapid development and promises even deeper
insight into this problem. These methods are based on physical
techniques and with fast technology and informatics development they
are likely to impact on the workflow of the most of life scientists.
1.2.3.1

Electrophoresis

While dealing with the physical biochemistry techniques we
should start with such a basic procedure as the electrophoresis defined
as the motion of dispersed particles relative to a fluid under the influence
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of a spatially uniform electric field. This technique exploits the electrical
charges associated with most biomolecules. The electrophoretic mobility
of the particle depends on many factors the most important of which are
charge, molecular mass, shape of the particle and ambient porosity,
viscosity and temperature. Some of these factors are unchangeable
particle properties (molecular mass), other could be biased by the
experimental conditions (shape, charge, ambient temperature and
porosity, …). Even very complex mixtures could be separated with high
resolution by choice of the convenient electrophoresis format and
conditions [Adamson N. J., Reynolds E. C. (1997)].
The first electrophoretic experiment (in 1930's) was performed in
free aqueous buffer. Later some kind of solid support (paper, gel, …)
allowing to stain and fix separated molecules was introduced into this
method. More recently it was discovered that it is possible to apply much
higher voltage allowing better resolution when the electrophoresis is
performed in thin capillary and the heat dissipation is still ensured. Many
capillary electrophoresis systems, zonal as well as free, are available
which is an interesting historical flashback to the method's origins.
Many electrophoretic set-ups (denaturing and non-denaturing;
analytical and preparative; protein and DNA; plate and capillary;
isoelectric

focusation)

and

detection

methods

(staining,

immunodetection, radiolabelling, fluorescence) are known and used.
1.2.3.2
Another
biochemistry

Chromatography
method with physical

is

chromatography.

background

When

we

widely used in

consider

hypothetical

two-phase system, any chemical substance will partition between these
two

phases

and

the

concentration

ratio

is

determined

by

the

thermodynamic properties of the phases and substance particles. In
liquid-solid system the particles of different thermodynamic properties
dilluted in liquid will adsorb differently on the solid phase surface. When
we apply these facts in the column, we call it column chromatography,
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the

most

common

chromatography

in

protein

science.

The

thermodynamic properties of the particles are affected by their size,
shape, (net) charge, structure, composition, etc., therefore any of these
characteristics could be the base for substances separation.
The first chromatographic experiment was the plant pigments
separation in the beginning of the last century (the origin of the word
chromatography is in Greek Chroma=colour, it is known for a long time
that chromatography is applicable to colourless substances as well as
coloured, though). Since then many forms of chromatography were
introduced from which the column liquid chromatography is used in the
protein science the most (solid stationary phase in the column and
solubilised protein/peptide mixture as a liquid phase). The development
tends to higher efficiency, resolution, sensitivity and reproducibility and
shorter separation times, similarly as in other analytical and separation
techniques. These goals could be achieved mainly by introducing new
stationary phases as the hydrodynamic properties of stationary phase
particles play the key role in resolution (peak broadening, peak symetry,
plate height, …) and the size of the stationary-phase particles determine
the maximal applicable liquid pressure during separation.
We distinguish so called modes of chromatography and formats of
chromatography.
sample-stationary

The

mode

phase

of

chromatography

interaction

(ion

is

exchange,

the

type

of

hydrophobic

interactions, affinity, size exclusion, …) and is chosen considering the
differences in separated particles. The format of chromatography is
determined by the size of stationary-phase particles and limits maximum
pressure

applicable

(cca 100 μm)

are

during

used

in

chromatography.
open

column

The

largest

chromatography

particles
(or

low

performance LC) whereas the smallest particles (3-5 μm) are used in high
performance liquid chromatography (HPLC). Somewhere between these
two formats stays fast protein liquid chromatography. The open column
chromatography has low resolution and long retention time, however,
- 20 -

stationary-phases are cheap and the separation occurs in atmospheric
pressure (and no additional pump is required), therefore it is suitable for
large scale pre-separations. In contrary, HPLC has good resolution and
short retention times, but HPLC devices and columns are fairly expensive
[Kastner M. 2000, Sheehan D. 2009].
1.2.3.3

Mass Spectrometry

Mass spectrometry (MS) is an analytical technique for the
determination of molecular mass of sample molecules, moreover it could
be used for elucidation of the structure of complex molecules, such as
peptides or proteins. The principle of this technique is ionization of
sample molecules and determining the mass-to-charge ratio (m/z) of
created ions in the gas phase from their behavior in the electromagnetic
field. Furthermore the complex molecules could be fragmented and m/z
ratio of these fragments could be measured.
Mass spectrometry has originally been used mainly for study of
volatile molecules, non-volatile molecules must have been derivatized.
Moreover, because of the limitations imposed by ionization MS had only
limited utilization in measurement of complex biomolecules till the
introduction of novel ionization techniques. Today the most powerful
mass spectrometers are able to determine the mass of large proteins
(>100 kDa) with resolution of less than 1 Da.
Each mass spectrometer consists of three parts: ion source, mass
analyzer and detector. In protein science the most common ion sources
are matrix-assisted laser desorption ionization (MALDI), when the sample
is co-crystallized on the target plate with matrix, and electrospray
ionization (ESI), when the sample is ionized and transferred into the gas
phase using electric field. The most useful analyzers are time-of-flight
(TOF), quadrupole, quadrupole ion-trap and very powerful but also very
expensive Fourier transform ion cyclotron resonance [Graham R. L. et. al.
2007].
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Mass spectrometer could be interfaced with other high resolution
technique and/or with another mass spectrometer, which greatly
enhances the range of analytical problems that could be solved by this
methodology. This other high resolution technique could be (among
others) gas chromatography, HPLC (the most commonly in protein
analytics) or electrophoresis. For instance, in case of HPLC the mixture is
separated on chromatography column initially and mass spectrometer is
used as a detector (or one of detectors). The most suitable ion source for
HPLC is ESI as the chromatograph could be connected with mass
spectrometer online, nevertheless it is also possible to spot samples from
HPLC onto the pre-prepared MALDI target.
Another useful combination is connecting two (or more) mass
spectrometers

together

[Dongré A. R. et. al. 1997]. It involves

introducing just single-mass ions of interest into some kind of collision
cell, where this ion could be broken into fragments that are analyzed in
the second spectrometer consequently. There is many ways for ion
fragmenting, each with its own specificity and characteristics (the most
used are collision-induced dissociation, electron-capture dissociation,
electron-transfer dissociation, …). This type of analysis is called tandem
MS, MS/MS or MS2 and can be performed also in single appliance
equipped with ion trap [Jonscher K. R., Yates J. R. 3rd. (1997)].
1.2.3.4

Nuclear Magnetic Resonance Spectroscopy

Atoms and molecules have a variety of attributes whose values are
quantized and variety of spectroscopic techniques exploit the transitions
between the energy levels. Nuclear magnetic resonance takes into
account the quantization of nuclear magnetic spin. When the nucleus is
placed in external magnetic field, the precise energy for transition of the
nucleus that depends on the identity of nucleus as well as on its chemical
environment, is measured.
The resonance frequency (frequency of absorbed electromagnetic
radiation) and consequently the energy of absorption (and consequently
- 22 -

the intensity of the signal) of a particular nucleus is directly proportional
to the strength of applied magnetic field. In the magnetic field of
strength 21.2 T the protons resonate at 900 MHz, therefore it is common
to refer to this strength of magnetic field as to 900 MHz magnet,
although various nuclei resonate at different frequencies (dependent on
total magnetic spin of the nucleus and on the gyromagnetic ratio) in this
field (for comparison, the strength of Earth's magnetic field at our
latitude is around 50 μT and protons resonate at cca 2 kHz in this field
strength). As the resonance frequency is not influenced only by

the

identity of nucleus but also by the chemical environment of the atom, it is
possible to determine the structure of the complex molecule from
resonance shifts. These shifts are relative to some stated standard for
each element and their value is small relative to high frequencies so they
are expressed in ppm (parts per million). [Sheehan D. 2009].
Another important phenomenon in protein NMR spectroscopy is
the molecular rotation. Large molecules rotate slowly and dipolar
interactions cause peak broadening. Moreover the peaks are overlapping,
therefore in structural studies of protein molecules it is necessary to
exploit the correlation effect (through covalent bonds) or nuclear
Overhauser effect (through space) and evaluate more-dimensional
spectra to retrieve more signals.
The evolution of NMR spectroscopy is based mainly on the
increasing of magnetic field strengths, the higher it is the shorter are the
times of data acquisition and the better is the resolution. The reasonable
NMR appliance for protein structure determination should have at least
600 MHz magnet. Stronger magnets provides better results, but have
reasonably higher work costs.
1.2.3.5

Other physical methods

As it has been already mentioned in this thesis, physical methods
play very considerable role in modern biochemistry and it is more than
probable that this role will become even more important with introducing
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new materials and technologies in the future. Single scientist and even
single scientific group is not capable of mastering and maintaining all
these

techniques and since these techniques are supplementary,

scientist and scientific groups have to co-operate with each other. Other
powerful

physical

methods

not

described

in

this

thesis

include

fluorescence spectroscopy, circular dichroism, Raman and other types of
infra-red spectroscopy, surface plasmon resonance, X-ray diffraction by
crystals, calorimetry and hydrodynamic methods such as analytical
ultracentrifugation and flow cytometry to name at least some of them.

1.2.4 Bioinformatics
Bioinformatics is the application of computer science to the
solution of biological problems. Till the massive development and
spreading of computers in the end of the last century, the most of
information was stored on the paper either in form of books or
magazines. Looking for any piece of relevant information was very
difficult and time consuming task and data comparison was error prone
work. The increasing of processor performance, memory and data
storage capacities accompanied with the stunning progress in technology
allowed even more data to be easily searchable and accessible. Moreover,
rapid

Internet

cooperation

connection

and

huge

penetration
data

allowed

collections

easier

and

originated.

faster

Originally

bioinformatics was domain of only a few of computer scientist, but by the
time (at least in the basic form) it became the common part of daily
scientific work.
We

can

weakly

distinguish

between

several

areas

of

bioinformatics (databases, web sites, computer programs, …) that diffuse
almost each to other and have one common objective – handling data
from

scientific

experiments.

The

more

powerful

the

scientific

instrumentation is (sensitivity, resolution, shorter experiment times) the
more data it generates and the more urgent is the necessity to filter the
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output data and select just relevant information – and this is the area,
where the bioinformatic specialist plays his role.
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2 Aims of the thesis
• To develop the refolding protocol providing sufficient amount of CD69
for NMR structure studies
• To perform NMR titration experiments and examine structural changes
during and after GlcNAc binding using NMR
• To prepare CD69 mutants

• To develop DataAnalysis macro for handling of MS data from H/D
exchange experiments
• To develop a suite of software tools for visualization of H/D exchange
results
• To manage other bioinformatic tasks related to MS data handling
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3 Methods
3.1

Molecular biology methods

3.1.1 DNA cloning
DNA cloning is a process of obtaining multiple copies of desired
DNA (usually a gene of interest) in vitro. It could imply processes such as
RNA

isolation,

enzymatic

DNA

reverse transcription, PCR, recombination,
manipulations

(restriction,

ligation,

various

de/phosphory

lation, …) and the final step is usually preparation of the expression
vector.
Expression vector preparation is a technique, when DNA is cloned
into the expression vector, i. e. vector bearing the transcriptional and
translational signals necessary for controlling the gene of interest. The
aim of this technique is to provide a way for producing large quantities of
specific protein, what is usually easier than isolating such a large amount
from natural material.
In this thesis DNA cloning usually followed the same workflow:
RNA isolation using TRI REAGENT (MRC Inc.), reverse transcription
(SuperScript III, Invitrogen), PCR, restriction digestions and ligation.
pBlueScript SK+ (Stratagene) or pCR2.1-TOPO (Invitrogen) was used for
routine cloning in XL-1 MRF' Blue (Stratagene) or NovaBlue competent
cells (Merck) and pRSET B (Invitrogen), pET30a+ or pET28b+ (both
Merck) was used as expression vectors. All expression vectors allow to
prepend of His-tag on the N-terminus of protein, however, it was utilized
just in case of covalently dimeric human CD69 molecule.

3.1.2 Site-directed mutagenesis
Site-directed mutagenesis is a molecular biology technique in
which a mutation is created at a defined site in a DNA molecule, usually
plasmid. It is useful either for corrections of polymerase errors or for
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targeted protein mutations that are integral parts of functional and
structural

protein

research

and

provide

relatively

simple

and

straightforward way to verify supposed role of any particular amino acid
in protein tertiary (or quarternary) structure. Thus for instance to ensure
if the particular charge of the particular amino acid is involved in ligand
binding or structure formation, we prepare mutants with this amino acid
mutated to similar neutral amino acid and try to compare binding
properties or structure of wild-type (non mutated) and mutant protein.
The procedure starts with synthesis of short oligonucleotide pair
according to the sequence of our gene near the mutation site containing
the desired mutation somewhere in the center of them, that tend as PCR
primers for the second step, which is the PCR using high-fidelity DNA
polymerase such as Pfu Turbo DNA polymerase (Stratagene). The error
rate of such polymerases is about 1.3×10-6 per base per duplication (for
comparison the commonly available Taq polymerase has error rate near
8×10-6) and significantly decreases number of undesired mutations,
especially in case of long vectors. Another important aspect of this
reaction

is

the

polymerization

time

which

should

be

at

least

1 min/1000 base pairs (bp) for plasmids to 10 kbp and even extended for
longer templates.
As the last step the template DNA should be eliminated from
reaction mixture. Assuming the template DNA has its origin in bacterial
replication, one of the easiest way to achieve this is adding restriction
endonuclease DpnI recognizing GATC sequence with methylated adenine.
PCR mixture could be used for bacterial transformation after this step
and all transformants should contain and propagate mutated DNA,
nevertheless colonies screening should be used.
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3.2

Protein expression and purification

3.2.1 Choice of expression system
The choice of expression system is crucial decision at the
beginning of long and sometimes distressful way to final product.
Primary problem it this decision is choice of prokaryotic, eukaryotic or
even the cell-free expression system.
The main disadvantage of the cell-free system is the lack of
experiences and economical aspect as it is fairly novel approach
[Cuthbert A. W., Fuller W. (2003)].
Both eukaryotic and prokaryotic expression systems have their
advantages and disadvantages, moreover the advantage in one point of
view can turn into disadvantage in another one. The main advantage of
prokaryotic systems is the simplicity, rapidness and cheapness, whilst the
main disadvantage is the lack of posttranslational modifications (turning
into advantage in the crystalographer point of view) and sometimes the
necessity of in vitro refolding.
On the other hand the main advantage of the eukaryotic
expression

system

is

possibly

properly

folded

protein

with

posttranslational modifications and disadvantage is the time consuming
production. Other disadvantages, such as low yields, have became less
significant recently with introduction of new cell lines and systems.
In this thesis the majority of proteins were produced in E. coli
BL-21 (DE3) Gold competent cells (Stratagene) in form of aggregated
inclusion bodies as prokaryotic expression systems promising soluble
protein productions (low temperature optimized cell lines ArcticExpress
(Stratagene) or periplasmic production in pMal-p2 (NEB) systems)
provided

unsatisfactory

results.

From

other

works

concerning

prokaryotic expression of CD69 we can conclude that it is a general
finding [Boyington J. C. et. al. 1999, Natarajan K. et. al. 2000, Llera A. S.
et. al. 2001].
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Transformed competent cells were cultivated in LB medium in
Erlenmayer flasks at 37°C until the optical density of 0.6-0.8 (measured
at 550 nm), then the production was induced by adding 0.1-0.5 mM IPTG.
After 4-8 h of production the bacteria were harvested and freeze-thawsonicate lyzed in 25% sucrose buffer. After centrifugation at 5000× g the
pellet was resuspended in 0.1% Triton X-100 and centrifuged. The
inclusion bodies were washed in 50 mM TrisCl, 150 mM NaCl (pH=7.4).

3.2.2 Protein refolding in vitro
The most of proteins considered in this thesis are refolded using
fast dilution method. An exception is covalently dimeric human CD69
which is refolded while imobilized on Ni-NTA sepharose column. The only
protein, involved here just marginally and indirectly, refolded during
dialysis is rhisopuspepsin used in several experiments for protein
digestion after H/D exchange [Rey M. et. al. 2009].
Isolated inclusion bodies were dissolved in denaturating buffer. In
most cases 6M guanidinium hydrochloride pH=8 with addition of
100mM DTT was used. The refolding itself, was done by fast dilution
method by adding dissolved inclusions to appropriate refolding buffer
that was slightly different for each protein.
The dimeric CD69 was solubilized in 8M Urea, slowly dropped into
2M Urea with redox buffer and loaded onto Ni-NTA column, where it was
consecutively washed with 2M Urea without redox buffer, Tris buffer and
finally eluted using 50mM EDTA [Childs R. A. et. al. 1999].

3.2.3 Liquid chromatography
The highest resolution and performance of chromatographic
methods used here provides reversed phase HPLC, however the proteins
can lose the activity or even denaturate in higher concentrations of
organic solvents and under higher pressure used during this type of
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chromatography, thus milder FPLC format I more suitable and in most
cases sufficient.
Gel filtration on Superdex HR 75 column (GE Healthcare) either
as a separation method or at least as a protein homogenity control is
used. Ion exchange chromatography is usually used as a first separation
step usually on Q-Sepharose FF (Sigma) column.

3.3

Basics of protein NMR spectroscopy

3.3.1 Structural experiments
Unfortunately for protein structure studies via NMR, the most
abundant isotopes of carbon (12C) and oxygen (18O) has nuclear spin of 0
and thus it is not visible in NMR experiments, moreover the most
abundant nitrogen isotope (14N) has nuclear spin of 1, thus provides
useless broad peaks in NMR spectra. So the only usable element in
protein

remains

hydrogen.

As

we

usually

heteronuclear spectra, the protein has to be

need

C or

13

multidimensional

N (or both) labeled.

15

One particularly significant experiment in protein NMR is heteronuclear
single quantum coherence (HSQC) providing 2D spectrum with one axis
for H and the other for N. Each peak in this spectrum corresponds to one
proton attached to nitrogen via covalent bond, therefore majority of
peaks belongs to NH in peptide bond and the rest to side chain NH x
groups. In case we are able to assign the peptide bond peaks to
particular amino acids (the shifts of proton and nitrogen should be equal
in other experiments) we are able to easily observe what particular
amino acid is changing its chemical environment (is moving) – its peak
moves. Moreover in properly folded protein the peaks are well dispersed
and most of peaks are visible, therefore from this type of experiment we
are able to conclude if the protein is folded or randomly coiled. If it is not
possible to measure a good HSQC spectrum, trying to solve the structure
is not a reasonable work.
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The process of protein structure solving using NMR spectroscopy
is based on restraints generation (distances, angles, orientations)
followed by structure calculations usually resulting in more or less
converging set of structures.

3.3.2 NMR titrations
Another use of NMR spectroscopy in protein research is in ligand
titration experiments based on the fast relaxation of bound ligand that
behaves as it would be a part of the large protein molecule. Therefore
just free ligand peaks are detectable in hydrogen spectra and the amount
of free ligand can be computed after the peak integration (extrapolated
to measured free ligand as quantitative standard).

3.4

Mass spectrometry and MS data handling

3.4.1 Protein identification
The classical approach to protein identification is called bottom-up
and is based on analysis of protein digest, either enzymatic or chemical.
Two strategies or the combination of them could be applied within this
approach.
Microsequencing strategy requires tandem mass spectrometry
(MS/MS) as the protein is identified on the basis of partial amino acid
sequence retrieved from MS/MS data. It is useful to combine the
digestion with other chemical methods such as N-terminus sulfonation or
18

O tryptic digestion as it facilitates the data processing.
Another strategy is based on analysis of specific enzymatic or

chemical protein digests and on the unique set of digested peptide
masses and is called peptide mass fingerprinting (PMF).
Both of these strategies would not be possible without databases
of known proteins and without the software tools comparing measured
experimental values with in silico generated theoretical ones. Therefore,
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both of these strategies fail in case of unknown protein not included in
the database. Although the software tools are freely accessible via
Internet, their full potential could be utilized only if you operate your own
instance of the software, therefore if you have the possibility to create
your own databases, modifications and digest specificity.
Along with introduction of high resolution Fourier transform ion
cyclotron resonance mass spectrometry machines a new approach to
protein identification called top-down originated. It is based on analysis
of intact protein without previous enzymatic or chemical cleavage and its
considerable advantage is the possibility to analyze post-translational
modification easily.

3.4.2 H/D exchange data handling
Hydrogen deuterium exchange is a chemical process in which a
covalently bonded hydrogen atom is replaced by deuterium or vice versa.
The examined protons are usually the backbone amides in a protein. The
method provides information about the solvent accessibility of various
parts of the molecule, and thus the tertiary structure of the protein
[Zhang Z., Smith D. L. (1993)].
As the automatic searching for peptides and determination of its
exact monoisotopic mass from mass spectra is based on natural
abundance of particular isotopes (see Table 1) and/or virtual average
amino acid averagine [Senko M. et. al. 1995, Valkenborg D. et. al. 2008]
and subsequent calculated shape of isotopic envelope, embedded
automatic peptide searching tools in common MS data processing
software applications are not able to assign the envelope deformed and
shifted by unnatural addition of deuteriums that it belongs to a peptide.
Therefore it is necessary to develop either some independent tool or
some kind of plug-in for the application to accomplish this task. In order
to evaluate MS data from H/D experiments mentioned in this thesis the
macro for Data Analysis application (Bruker Daltonics) written in Visual
- 33 -

Element
H

Isotope
1
2
3

Exact mass (Da)
1.0078250320
2.0141017780
3.0160492675

Natural abundance (%)
99.9885000000
0.0115000000

C

12
13
14

12.0000000000
13.0033548378
14.0032419880

98.9300000000
1.0700000000

O

16
17
18

15.9949146221
16.9991315000
17.9991604000

99.7570000000
0.0380000000
0.2050000000

N

14
15

14.0030740052
15.0001088984

99.6320000000
0.3680000000

S

32
33
34
36

31.9720706900
32.9714585000
33.9678668300
35.9670808800

94.9300000000
0.7600000000
4.2900000000
0.0200000000

Table 1: Natural abundances and exact masses of important isotopes
found in proteins.
Mass (Da)
500
1000
1500
2000
2500
3000
3500
4000
4500
5000

1
100
100
100
90.3
71.9
63
47.3
36.5
33.3
24.7

Relative abundance of isotope
2
3
4
5
25.6
4.8
0.7
0.1
53.6
17.3
4.1
0.8
87.1
41.5
14.1
3.8
100
64.1
30.1
11.3
100
77.1
42.8
18.8
100
95.5
67.5
38.6
93.2
100
76.4
46.1
83.2
100
83.8
54.8
79
100
88.8
61.9
68.7
99.6
100
77.9

6
0
0.1
0.9
3.6
6.9
18.8
23.3
29.6
35.8
50

C
20
43
71
89
111
124
158
184
190
222

Average composition
H
N
O
33
7
8
73
11
16
117
15
20
141
21
29
185
29
34
205
35
43
254
38
47
278
44
54
301
49
75
342
60
70

S
0
0
0
1
1
4
2
1
1
1

Table 2: Isotopic envelope (relative abundances of isotopic peaks) for
common peptide masses range [left] and average elemental composition
of peptides of given mass [right].

Basic for Application (VBScript) was created. The algorithm of this macro
is as follows:
• Compute the exact mass and number of maximum exchangeable
backbone hydrogens
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• Search for peaks at masses corresponding to mass of peptide with
exchanged hydrogens and given charge considering the difference of
∆m(1H-2H)=1.0062767 Da
and
∆m(12C-13C)=1.0033548 Da
for
eliminating random peptides of similar mass
• If found, find other isotopic peaks belonging to this peptide and
calculate peptide's average mass (as monoisotopic mass does not exist
in deuterated peptide) as weighted mean of masses with value
contribution according to peak intensity
• Repeat for every given peptide from the beginning
The percentage deuterations are calculated from results of this
macro (average masses of found peptides) related either to fully
deuterated peptide mass (if measured) or to theoretically calculated
value of maximal deuteration.
Convenient input peptides are carefully chosen from the results of
enzymatic digestion of the protein with demands on sequence coverage,
reasonable peptide length, retention time from HPLC and fair intensity in
MS spectra.
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4 Results
4.1

CD69 related results

4.1.1 Cooperation between Subunits Is Essential for
High-Affinity Binding of N-Acetyl-D-hexosamines to
Dimeric Soluble and Dimeric Cellular Forms of
Human CD69
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4.1.2 Soluble recombinant CD69 receptors optimized
to have an exceptional physical and chemical
stability display prolonged circulation and remain
intact in the blood of mice
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4.1.3 Lymphocyte activation receptors: new
structural paradigms in group V of C-type animal
lectins
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4.1.4 Modiﬁed electrophoretic and digestion
conditions allow a simpliﬁed mass spectrometric
evaluation of disulﬁde bonds
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4.2

Other proteins related results

4.2.1 Accessibility changes within diphtheria toxin T
domain when in the functional molten globule
state, as determined using hydrogen/deuterium
exchange measurements
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4.2.2 mMass 3: A Cross-Platform Software
Environment for Precise Analysis of Mass
Spectrometric Data

- 88 -

- 89 -

- 90 -

- 91 -

- 92 -

4.2.3 Utilization of high-accuracy FTICR-MS data in
protein quantitation experiments
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5 Discussion
About 30% of all recently introduced pharmaceuticals are of a
protein nature, as it allows higher specificity and thus lower probability
of various side-effects. It is possible due to the rapid progress in
technology resulting in deeper understanding of the processes in living
organisms. Crucial role in this research play the protein structures and
functions, therefore many scientific teams aim towards these aspects.
The exact role of CD69 molecule in the process of antitumor
immunity is still not fully understood. Although CD69 was initially
suggested to be an activation receptor [Moretta A. et. al. 1991], more
recently it has been shown that the exact role is more likely in immune
response downregulation and it seems that some tumors are able to
trigger apoptosis of NK cells by stimulating this surface receptor
[Esplugues E. et. al. 2003]. This mechanism could be very important for
the organism in order to keep NK cells under control and it could be very
beneficial to take control over this process during the tumor therapies.
Furthermore, our laboratory is also focused on other NK cell surface
receptors (such as NKR-P1 family, NKG2D, etc.) and therefore we hope to
deduce the consequences of stimulating these receptors complexly.
The preparation of homogenous populations of NK cells is
extremely difficult and the isolation of transmembrane protein from
natural material is problematic and the behavior and properties of the
native transmembrane protein in a solution can be very confusing.
Moreover the glycosylation can constitute an obstacle in structural
studies. As it was also proved, that CD69 glycosylation is not the key
point in CD69 signaling [Vance B. A. et. al. 1997 and 1999], we can study
the binding properties and structure of CD69 produced in prokaryotic
expression systems. We need to keep on mind the difference and any in

vivo experiments should be verified using material isolated from living
organisms. Moreover, other members of our research team orientate

- 100 -

their efforts to eukariotyc systems (Pichia pastoris –

wild-type and

engineered to produce basic mammal type of glycosylation, and HEK293
cell line).
To provide sufficient amount of a protein of interest is very
challenging task indeed. It is necessary to examine several constructs
and to optimize the refolding protocol. Moreover, NMR experiments
require relatively high concentrations (1mM) of stable, expensively
and

15

C

13

N labeled samples, as the experiments run for long times at the

room temperature. The searching for the optimal refolding protocol
becomes (not only) economically very important in this point of view.
The exact sequence of the protein indicated to be another very
important aspect. Many various constructs were cloned and produced in
our laboratory. There were significant differences in in vitro refolding
protocols as well as in long term stability of protein constructs just
slightly differing from each other, whereas N-terminus of the protein
accomplished to be the most significant part. The construct G70-K199
showed to be the most stable, it could be concetrated up to 20 mg/ml and
was stable for several days at room temperature, while several others
precipitated at concentrations as low as 5 mg/ml and a degradation
visible on SDS gel electrophoresis occurred even after 24 hours at room
temperature.
The majority of C-type lectin constructs produced in prokaryotic
expression systems in our laboratory is precipitated into the inclusion
bodies during production. We have tried the periplasmic production in
pMAL-p2x system and production with assistance of low-temperature
active chaperons in ArcticExpress cells, nevertheless none of this system
produced reasonable amount of soluble protein, possibly because of three
disulfide bonds in the molecule. Another possibility to try is the
production in Origami 2 host cells with thioredoxin reductase and
glutathione reductase mutations which should greatly enhance the
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cytoplasmic disulfide bonds formation. Moreover the constructs could be
cloned into the pET-32 vectors with thioredoxin fusion tag.
Not absolutely convenient, but sufficient way to obtain soluble
CD69 is thus production in form of inclusion bodies and consequent in

vitro refolding. The majority of proteins produced in our laboratory could
be refolded with better or worse results using fast dilution method. Some
of them seem to refold well in almost any non-denaturing solution,
nevertheless we use at least 0.4M arginine as a stabilizing agent, Tris as
a buffer at pH 8 and 5mM cysteamine and 1mM cystamine as a redox
environment. CD69 belongs to medium-difficult group of proteins that
are not very sensitive to concentration of stabilizing agent, but sensitive
to cysteamine:cystamine ratio that is 18:1 for human CD69. Interestingly
the rat and mouse CD69 renaturate well if this ratio is about 5:1. We
have started attempts of bovine CD69 production recently in our
laboratory and it seems to renaturate well in buffers similar to that of
murine and rat receptors. The only form of human CD69 that could not
be successfully renaturated using fast dilution method is the form
containing the odd dimerizating cysteine residue. This form is produced
with N-terminal fusion histidine tag and the refolding is performed while
the protein is immobilized on the Ni-NTA column. This immobilization
probably ensures the proper orientation and distance of dimerization
thiol groups.
Before performing the ligand binding experiments we need to
verify structure and stability of the protein. Besides classical biochemical
techniques as SDS electrophoresis both under reducing and under
non-reducing

conditions,

thermal

stability

experiments,

long-term

stability experiments and conventional MALDI-TOF PMF identification,
also modern techniques as disulfide bonds characterization using FT-ICR
MS or HSQC NMR experiments were used. Nicely dispersed sharp
signals typical for well refolded protein were observed in HSQC spectra.
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This type of experiments was also used for routine control of every new
batch of protein before any NMR measurement.
Our proteins had all cysteines bound the same way as in published
crystal structure (if it exists) and in accordance with consensus structure
of this protein group. The disulfide bonds were checked using mass
spectrometry.
Any binding study should be started only after obtaining a proof
that the protein is stable and in native conformation. The binding studies
can be performed in several ways and the better conception of the reality
can be achieved through their combination. The binding experiments
were performed using equilibrium dialysis, by the plate binding assays
with either radioisotopical or fluorescent labels on examined proteins and
some of them also by NMR titrations. The results from all of these
methods were in a good accordance with each other and showed the K d
for GlcNAc to be in µM order and for branched saccharides even in
10-10 M order.
The binding studies concerning structural aspect could be
performed also by H/D exchange. This kind of experiments were not held
for C-type NK lectins within this thesis, however.
Another powerful tool of any structural biologist is molecular
cloning and especially site-directed mutagenesis that has been used
several times during the work on this thesis for instance for creation of
non-dimerizing human CD69 molecules.
Majority of above mentioned problems and solutions are also
generally applicable to other proteins and many of these problems can be
solved with help of mass spectrometry.
We can take disulfide bonds as an example. They represent one of
the most important structural element in protein fold and verification of
their

arrangement

serves

as

an

indicator

of

proper

folding

in

recombinant protein production. Over past decades a large number of
- 103 -

techniques and protocols for disulfide bridges determination was
developed. The disadvantages of almost all of these methods are
laborious sample preparation, relatively difficult data interpretation and
possible disulfide bonds scrambling. As it is very important tool for our
research, we needed to develop simple, fast and reliable method. The
method is derived from standard enzymatic digest of samples in
polyacrylamide SDS gels, to prevent the disulfide bonds scrambling we
add 0.2mM cystamine as a compound that prevents the bond opening.
The use of cystamine provided better results than oxidized glutathione,
possibly due to its small size and consequent easier penetration into the
protein structure and it should be added also to the SDS sample buffer
and to the electrophoresis running buffer. The digestion mixture is
desalted and injected on reversed phase column connected online with
mass spectrometer. Resulting peptide masses are compared to in silico
digest data. Currently the work on even easier protocol is in progress. It
is based on pepsinolysis and exceptional mass and abundance of

34

S.

The conventional MS data processing software provided by
instrument vendors contains just the basic data handling functions
common for almost any protein MS usage such as peak picking,
deisotoping,

charge

calculation,

baseline

smoothing

etc.,

and

unfortunately has not the advanced functions to cover special issues. On
the other hand it provides some sort of programming interface and
scripting environment. DataAnalysis, the Bruker Daltonics software, uses
Visual Basic for Application language for user scripting and provides
access to some of its internal data structures – objects, their attributes
and methods. Unfortunately these data structures are accessible just
partially and Visual Basic for Applications is just a simple language,
therefore writing of complex data handling programs is inconvenient and
resulting scripts are rather confusing. Therefore almost every complex
data handling program starts as DataAnalysis macro and at particular
level of complexity it is necessary to rewrite it as a standalone
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application. Such a situation is an ideal background for existence of free
and open source MS data handling application that could be improved by
anyone and adjusted to cover any needs. An example of such an
application is mMass, currently in version 3. It provides the same basic
functionality as the software from instrument vendor and in addition also
many extra functions available in other applications such as in silico
digestions and fragmentations or Mascot server interaction. mMass 3 is
written in Python programming language which is very popular in
scientific environment and uses wxPython libraries for its graphical
interface, numPy module for some of its internal data structures and
simple C language module for time-critical computations. mMass is
platform independent and thus can be used also on minority operating
systems. Its current main disadvantage is inability to handle LC-MS data.
The standard algorithms for protein/peptide peaks detection in
mass spectrum are based on the shape of isotopic envelope, ergo on
average elemental composition and on the natural isotope abundances,
thus it fails to detect peptides with abnormal isotopic composition such
as

13

C or

N labeled, or deuterium enriched peptides from H/D exchange

15

experiments. Especially for H/D data evaluation it needs to be bypassed
by user scripting because mass spectrometry has became an essential
method for this technique.
Evaluation of H/D exchange experiments by NMR provides unique
resolution as every single amino acid (except for proline) can be
distinguished. Unfortunately, large amounts of proteins are required and
the peaks have to be assigned to amino acids first. This task alone is
complicated and some proteins may even not provide spectra of sufficient
quality. By contrast the resolution of MS in H/D exchange depends on
cleavage efficiency and is usually between five and ten amino acids.
Nevertheless the amount of protein necessary for this experiment is in
order of micrograms and it is possible to evaluate H/D exchange of
flexible structures such as molten globules.
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The current H/D exchange MS analysis software is a DataAnalysis
macro. The main disadvantage of this form is that it could be used only
for Bruker Daltonics instruments, therefore we plan to rewrite it as a
standalone application processing mzXML data format. Current input to
the macro is the peptide sequence, monoisotopic [M+H] + mass, charge
and optionally scan limits for peptide occurrence. The output of first
round of processing is the average mass of deuterated peptide of the
defined charge from the scan where it was the most abundant. It would
be better if the software analyzed all charge states (or at least defined
interval of charge states) from all scans between defined limits and
output should be the weighted average of these values. The point is, that
one particular charge state in one particular scan can be randomly
shifted. We plan to implement this new evaluation algorithm in the next
version of the software which will probably still be the DataAnalysis
macro. Another improvement planed for the next version is omitting the
peptide mass from input file as it could be easily calculated from the
sequence by the software.
After this first round follows the second one that calculates the
percentage of deuteration related either to full deuteration (deuteration
during long-time period) or to total theoretical deuteration (if the longterm experiment is not evaluated). The final result is 2D matrix of
deuteration percentages of each peptide in each time period.
The key point of H/D exchange experiments are not the
deuteration levels themselves, however. The full potential of this method
is in comparison of two or more datasets with each other (for instance
comparison of deuteration of protein itself and deuteration of protein
with ligand can reveal the position of binding site as the ligand would
mask the protein surface and thus slow down the deuteration).
Since comparing of two (or even more) datasets just in form of
tables is inconvenient and non-descriptive, we have developed a software
suite for H/D exchange data visualization accompanied with tools for
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facilitating the experiment planning. It is web server based set of PHP
scripts

and

is

freely

available

via

Internet

on

http://ms.biomed.cas.cz/MSTools/ (server in Prague) and mirrored on
http://www.hxms.com/mstools/ (server in Seattle). The form of PHP
scripts was chosen regarding the accessibility and adaptability as it is
much easier to modify PHP script than C or Java language source code.
However, as the tools evolve we plan to rewrite it as a standalone
application with adjustable configuration. The modes of visualizing differ
from compact heatmap, with all times and conditions in one image, to set
of deuteration plots with one plot for each peptide. One of these tools
also allows to create scripts for Jmol 3D structure viewer showing the
progress of deuteration directly on the pdb structure. There are formats
for quick overview as well as for presenting in scientific publications.
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