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The 108" anniversary of the Nobel prize awarded to Max von Laue in 1914 for his discovery of
diffraction of X-rays on a crystal marked the beginning of a neantih of science X-ray crystall@-
raphy. The experimental evidencewan Laue's discovery was provided by physicists W.dFfith and
P. Knipping in 1912In the same year, W. L. Bragg described the analogy betweaysXand visible
light and formulatedhe Bragg's law, a fundamental relation that connected the wave naturays xnd
fine structure of a crystal at atomic level. In 1913 the first simple diffractometer was constructed and
structure determination started by the Braggs, father and sd@1l their discoveries were acknew
edged by a Nobel Prize in physics. Since themaydiffraction has been the basic method for deteamin
tion of threedimensional structures of synthetic and natural compounds. Thedinneasional structure
of a substaces defines its physical, chemical, and biological properties. Over the past century the signif
cance of Xray crystallography has been recognized by about forty Nobel prizes; 3tructure analysis
of simple crystals of rock salt, diamond and graptdte] later of complex biomolecules such as B12
vitamin, penicillin, haemoglobin/myoglobin, DNA, and biomolecular complexes such as virusesachrom
tin, ribozyme, and other molecular machines have illustrated the development of the method. A/mong th
se big disoveries the double helix DNA structure was an epochal achievement of'ticerQry. These
discoveries, together with many others of theaX crystallography, have completely changed our views
and helped to develop other new fields of science sucholecutar genetics, biophysics, structurad-m
lecular biology, material science, and many others. During the last decade, the implementation of free
electron Xray lasers, a new experimental tool, has opened up femtosecond dynamic crystallography. This
highly advanced methodology enables to solve the structures and dynamics of the most complex biolog
cal assemblies involved in a cell metabolism. The advancements of science and technology offer the 20
and 2f' centuries are of great influence on our viewalmost all human activities. The importance of X
ray crystallography for science and technology advocates for its high impact on a wide area of research
and declares it as a highly interdisciplinary science. In short, crystallography has defined the gape
modern world.

Focusing on single crystal diffraction, this essay tackles only one field of crystallography; the
comprehensive review on-Ky crystallography can hardly be fitted into a single article. The aim with
this review was to highlight the ast striking examples illustrating some of the milestones over the past
century.

Keywords: centennial anniersary of Xray crystallographydiscovery of Xray crystallography daz-
zling history;highlights; X-ray structure analysis and its prospect
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1. INTRODUCTION

The Unted Nations declared 2014 agdnr
national Yea of Crystallography to celebrate the
centenary of he discovery of Xay crystalo-
graphyand to emphasize the globalgortance of
crystallography in many aspects of human; life
General Assembly of UN dtared that special event
on July 15, 2012 byhe proposition of UNESCO
and the International Union of Crystallography
(IUCr). The opening ceremony of the International
Year of Crystallography was lein Paris on 20
and 21 January2014 followed by numerous
activities around the world. The Internatibivaear
of Crystallography commemorates the centennial
of the birth of Xray crystallography, based on the
discoveries of Max von Laue and the family
tandemi father and son, William Henry andfil-
liam Lawrence Bragg. Both discoveries were
awarded Nobel pres in 1914 and 1915. The year

HdWOC
CAr@s"Bs c ig PEHW Ols j dz § t6j ¢ dzj H
fd3j Misd

ot jHjdz IstelzH.
ftoj Motclsded Is

2014 also commemorates the "5@nniversary of
the Nobel Prize awarded to Dorothy Hodgkin for
her work on vitamin B12 and pigillin, and also
the 80th anniversary of macromolecular crystgllo
raphy marked by the first-Xay plotograph of a-
zyme pepsin recorded in 1934 by J. D. Bernal and
D. Hodgkin.

X-ray crystallography is the leading method
for the determination of molecular and crystal
structures of any crystalline material of natural or
synthdic origin. The molecular striiare defines
the three dimensional arrangements of atonms co
nected by intramoleculdrcovdent or other (ionic,
metal) interactions, which are responsible forgphy
ical and chemical properties of each compound.
The crystal structure is defined by the pditoa-
rangementof molecules, which are helddgether
by intermolecular interactions. These forces are
responsible for physical properties of crystals. X
ray crystallography provides crucial information
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A century of Xray crystallography and 2014 international year ofa¢ crystallography 21
for many different areas of science and technology. 2.DAZZLING HISTORY
The double helix structure of DNA molecutie- _
termined by Xray crystallogaphy was the epochal Goetheds quote fThe hi s
discovery of the 20 century. Molealar genécs s ci enc eould offerelsimgle chronolagal
and related displines emerged from that disco ~ @pproach starting from the studies of crystarmo
ery. X-ray crystallography harevolutionized our ~ Phology marvelled by Pliny the Elder (AD 23 to
understanihg of molecular biology and has agsis ~ /9) Who described the faces of quartz crystals.
ed in development of molecular medicine and new 1hese observations were followed by moreneo
drugs. Design of catalysts essential in sgegis of plex dlscoveru_as. On a_hlstorlcql routez for instance,
various compounds based on the principals of ©N€ would enjoy reading the interesting papers of
6 g r e e risfry withinedha context of stainable Pierre Curie on rystallogaphy and symmetry, as
ecology is on the fronline of chemial crystallg- well as about physical properties of crystals such
raphy. The preparation of a wide sien of nowl as piezelectricity and magnetism. However, suc_h
materials such as alloys, reenics, fibres, mistic ~ a" @pproach would be extensive and probably miss
materials, detergents, sign of systems fopro- to point out the highlights that put forward the X
dict i on of @yd e® ntdees,del b ly _crystallograp_hy as a central mgthod to many
and solar cells is guideay structural characteidz |SC|p_I|nes and different areas of science. To learn
tion by X-ray diffraction of naterials used in these thg history 6 crystallography, there is no need to
technolgies. On the front lines of novel materials SL”CHY sepz?)r_atle crystﬁ IIo_gra}p_h y Lron: dmtljnerarl]zgy,
are magnetic materials, materials for molecular gtoeon(;lsi:]rys’yngggy\;vit% >t/§2355e gc;n?:ljes tr‘fmﬁgee
cecioncs. and poreial mateials o WAL rastcay he basi canpts though se e
tion. X-ray crystallography has been also bsta gc E ?stargorng aelml ’openallnrg gew ?pﬁrgarc gs. t he

lished asa method of choice in geosciescinclul-

ing mireralogy, as well as in archaegy. The n-
volvement of Xray crystallogaphy in all these
fields of science and technology advissafor its
high impact on a wide area of research aed d
clares it as a highly interdisciplary science. In
short, crystallography defines the shape of our
modern world.

The advancement of technology andmeo
puter fcilities supported by efficient sofare has
contiibuted enormously to improve and optimize
the periments of Xray diffradion. The most
significant breakthrough has been achieiredhe
area of Xray sources lisg synchrotrons in the
1970s and most recently by the advent of the-free
electronlasers (XFEL). The sophisticated egui
ment has speed up experiments providing more
accurate da. As the results of these wonders of
technology, more thredimensional structures
have become available. Storing huge number of
data necessarily led to the fioation of databases
such as Qabridge Structral Data Base (CSD,
with over 7%,000 entries http://www.ccdc.cam.
ac.uk), Protein Data Bank (PDB, with over
100,000 entries, http://www.rcsb.org/pdb/home/
home.do), Metals, Alloys and Intermetallic Data
Base (RYSMET, with over 126,000 entriesp-I
organic Crystal Structure Database (ICSD, with
over 173,000 mtries, http:/ficsd.fizkarlsruhe.de)
and Powder Diffraction File (http://www.icdd.
com/), and other essential resources of crystall
graphic information.
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Prize in 1914 (Fig. 1). A new branch ofisoce
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law [5, 6]. W. H. Bragg built the first spectrometer,
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which enabled structure deterrdilons of some
minerals, such as diamond [7] and table salt [8].
The most striking idea in that area, put forward in
1915 byW. H. Bragg [9] involved the represent
tion of the periodic repeat of atomic patterns in a
crystal by Fourier series. This mathematical form
lation was a milestone in-Kay structure analysis.
In 1915 the Nobel Committee recognized the great
discovery of he Braggs and awarded them a prize.
At the very beginning and through the nexnhu
dred years the high significance ofry cryst&
lography has been confirmed by a number of N
bel prizes.

ViR
i,

Fig. 1. Nobel laureates for physics (from left to right):
1914 Max von Laue1915 William Henry Bragg (father)
and William Lawrence Bragg (son).
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Fig. 2. (Left) A page from W. H. Bragg's notebook. (Centre) Structural model of diamond. (Right) The first instrument used
in X-ray diffraction experiments performed the Braggs for determination of crystal structures
(exposed in a foyer of Department of Physics and Astronomy, The University of Leeds).

3. ADVANCED AND NEW METHODS
AND TECHNOLOGIES SUPPORTING
THE DEVELOPMENT OFX-RAY
CRYSTALLOGRAPHY

The basic theotiEal knowledge of Xray
crystallography was already known around the
1920s. The tremendous progress of thea¥X crys-
tallography is based on the use of powerfuineo
puters, utility of oAline experiments such as rabo
ic machines for crystallization, contied data cb
lection and processing, interpretation of Fourier
maps, refinement of an experimentally derived
model of the structure, visualization of the three
dimensional structure and modelling usingmeo
puter graphics, handling databases (data mining
andcloud computing) for structure systematics and
predictions, and study of protein folding and stru
ture-activity correlations [10 and references ther
in, 11, 12].

For determination of macromolecular struc
tures, more intense sources of high brilliance and
high degree of collimation are required for data

late seventies of the last century. The constaat pr
gress of technology has led to a more intense-mo
ochromatic beam of high brilliance and ¢wlhtion
(of 50 em in diameter),
weakly diffracting samples, as well as for very
large unit cells, or unstable crystals usingyer
otechnigues. An additional experimental adage

of such sources is the wavelength tunability, which
makes it possible to use the method of multi
wavelength anomalous dispersion (MAD) over a
wide range of atomic abgation edges for phase
determination of structure factors. By virtue of
such powerful Xray sources it is also possible to
perform timeresolved experiments, e.g. using-po
ychromatic radiation on stationary crystals produ
ing Laue patterns. This idea migsgem paradax

cal to the basic concept of-pay crystallogaphy.

In general, Xray crystallography reveals only the
spaceaveraged structure over all molecules in the
crystal for the time of exposure to ther&y beam.
However, with timeresolved crystallogphy using

a polychromatic synchrotron beam and a stationary
crystal, and an exposure tinabout threeorder of

collection. Some advancement in this respect has magnitude shorter than that of monochromatic e
been made by the use of rotating anode tubes, but aPeriments, ultrafast experiments became possible.

significant step forward was achieved by the first
exploitation of synchrotron Xay radiation in the

In reality, it was possible to record a serigfs
events thanks to powerful sources and fast and se

Maced. J. Chem. Chem. Erg# (1), 19 32 (2015
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sitive detectors, and smart seére. The approach
allowed in situ studies of azymatic activity at a
nanosecond time scale [13].

Technical developments of the equipment
(pixel detectors), advanced sgére andexponent
tial growth in computing power and especially-be
ter and brighter Xay sources, are of great impact
also on electron density studies. However, the use
of synchrotron radiation in this field came just r
cently, whereas neutron diffractidhas been in use
much longer in this field [14]. Specificallyed
signed refinement procedure based on atom
centered multipole models [L57] was a signi
icant step forward. The electron maps obtained by
using such data treatment reveal fine details about
the electronic structure and its modifications; i
fluenced by partners connected by the chemical
bond or participating in intemolecular intere-
tions. Chargalensity studies can reveal an overlap
between atomic orbitals, lone pairs, the bending of
bondsh st r ai nimealactions,pgasization
effects, deformation of electron density in inter
molecular interactions, guticularly in hydrogen
bonds.Understanding the nature of noavalent
interactions is essential for revealing the secrets of
molecular assemblies in molecular biology dm
lecular machines such as ribozyme, photosystems |
and Il, and viruses), in novel functional materials,
and also in synthetic chemistry, particularly in s
pramolecular cheistry using the crystal enginee
ing appr@ach [18].

As the method of electron density studies
stands today, fine details match well the pictures
obtained by theoreticalb initio quantum mechani
cal calculations. However, the significant beea
through was achieved recently by combination of
the resilts coming from different experiments using
X-ray, neutron and polarized neutraliffracttion
data on spin resolved electron density [19]. These
experimental spin up and spin down densities-co
pare well with density functional theory (DFT).

At present te development of the-xay free
electron lasers (XFEL) is a monumental technical
achievement, which definitely opens up a new era
T serial femtosecond crystallography (<70 f§) a
lowing to record ultrafast movies of (bio)cheai
reactions and to undeastd their dynamics. Incde
ibly intense, ultrafast pulses of-2ays with up to
10" photons for duration of tens of fersconds
are used(Fig. 3). Also, these destructive pulses
overcome the problems of radiation damage o1 pr
tein crystallography withouthe need toesort to
the cryotechnique which is common in use aif-sy
chrotron sources. Xay FEL ultrafast pulses rte
minate lgfore significant atomic motion can occur
and the sample is unaffected.

Maced. J. Chem. Chem. Erg4 (1), 191 32 (2019

Fig. 3. Part of the beam line ithe Stanford Linear
Accelerator Centre (SLAC) with Linac coherent light source.

At the end of 100 fs pulse, the average-di
placenent of atoms is | ess
details described by H. N. Chapman) [20, 21].
Thus, it is possible to collect dataduses of 3i-
gagray at room temperature, which is over 3000
times the conventional taotgble roomtemperature
dose. Such a method is suitable to obtain diifva
of nanesized crystals. Extremely small crystals in
suspension can be injected into a pulse and used for
diffraction experiments. As each pulse vaporises the
sample, it is necessary to replenish the sample for
the next pulse, arriving at a rate of 120 Hz. The
shower of randomly oriented small crystals is-pr
vided by a microjet into beam path. By using very
fast and sensitive detectors, about 120 diffraction
frames per second can be collected (Fig. 4). During
the experiment millions of frames are collected from
which hundreds of thousands of individual snapshot
diffraction patters are extraazl.

Gas-focused

liquid jet
LCLS X-ray
M \ Rear detector
Interacti ‘
" era(f_xl)?r?t Front detector

Fig. 4. A simple scheme of experiment in serial femtosecond

crystallography (Chapman, 2013) [20]. Diffraction with adtr

fast pulses is recorded prior to radiation damage and aroom
temperature experiment is used.

The very complex software, CrystFEL, is
used to proess diffraction data. The advantages of
the technique are already exploited for structure
determination of huge macromolecular assemblies
such as photosystem | and photosystem Il ard n
merous membrane proteins that are very flexible

t
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and difficult to crystlize in a size suitable for  sumption of Le Bel in 1874 [23ndV a n Hoff in
structure determination by the classical methods of 1875 [24].In 1891 E. Fischer [25, 26] together
macromolecular crystallography. with A. von Bayer employed a tetrahedral concept
In addition to above described experiment to understand the chemistry of sugars, which led
with X-ray free electron lasers, they can be used in them to the problem of an optical isomerism and
de novo phasinfpr determination of structurexd- conformational differences. They were able $5 a
tor phases exploiting an anomalous dispersion. It is sign the relative configuration for enantiomers of
possible to use the signal of native sulphur atom various sugarsind derivatives and their worls-e

(7.3 keV) in determination of a protein structure. tablished a new scientific disciplinestereochm-
The XFEL method can be used in studies of istry. In 1949 came_the evidence that, by mere
ultrafast dynamics in the microscopic world-fo chance, Fischerds assignm

lowing themovement of atoms and molecules and was correct. J. M. Bijvoet discovered howray

their interaction at femtoand picesecond time  anomalous scattering can beedgo determine the

scales. Such method is essential in understandingabsolute configuration of chiral molecules exe

most of the macroscopic processes in physics, plified by the structure of sodium rubidium tartrate
chemistry and biology. Ahmed Zewail already [ 27] . The Bijvoet meit hod ¢
used the laser techniques todst transition states ~ Ple of conformational analyses accelerated te d

in some chemical reactions almost two decades Velopment of stereochemistry. Thesedfilgs were

ago and his scientific achievements were rewarded followed by the Nobel prizes awarded to R. B.
by the Nobel Prize in 1999. Woodward, D. H. R. Barton, O. Hassel, V. Prelog,

and J. W. Cornforth for stereochemistry related
researches. It became clear that molecules of life,
4. HIGHLIGHTS OF XRAY such as amino acids, sugars, and many natural
CRYSTALLOGRAPHY compunds, are chiral. The chiral origin of life still
The very beginning of Xay crystallg- remains an enigma. .
) . After the discovery of diamond followed the
raphy, a part of dazzling haaty, was marked by determinations of the structure of graphijter-

two Nobel prizes, and a tradition has continued formed by J. D. Bernain 1924 [29](Fig. 5b) and
over the century to the present day with glorious sixty-one years later, the third modifiza of

discoveries winning about forty Nobel prizes. o phqn fuilerene (Figsc) was discovered by K.
However, the choice has to be made and priority H W. Kroto, R. E. Smalley whom Nobel

has to be given to those, which revolutionizeur Prize in 1996 was awarded. The discovery of-ful
views in many areas of science. According to one ,ane opened up an era of nanaterials. After

of the founders of Xay crystallography, W. L. gjghty years of the determination of graphite stru
Bragg, fAthe draycrystaboprapbyn t ;8 Eame’ sensational discovery of graphéne
since 1912 has more than fulfilled our early &xpe  gjnglelayered network of carbon atoms, the novel
tations. It not only has revealed the way atoms are fnctional material of great potential in different
aranged in many diverse forms of matter, but also g,e55 of application&ig. 5d). The significance of
has cast a flood of light on the nature dof forces the work of A. Geim and K. Novoselov [30] rela
between atoms and tHargescale properties of g4 to graphee was recognized in 2010 by the-N
matter. In many cases, new knowledge has led to apg| prize. The given examples of allotropic madif
fundamental revision of ideas in other branches of cations of carbon atom clearly show thepact of
scienceo [22]. The W. L. BifeReftIdestront" stitturést dnOdharaRtér oK
ray crystallography given in 1968 has been amply chemical bonds and thus on crystal structures and
confirmed by the determination of many complex properties. There areare examples that ilirate
protein structures and their DNA/RNA assemblies how our perceptions are the subject to changes.
including viruses, and even living cells. Table salt, NaCl, was treated as a enale but

~ The molecular topology itthe crystal po- after its Xray analysis it turned to be a three
vides insight into the interatomic and intermalec  dimensional array of sodium and chlorine ions held
lar interactions, which determine the physical, together by Coulomb interactisnOne hardly can
chemical and biological properties. Let us give a overlook structure determination of hexamethyl
few examples that illustrate how-gdy structural benzenegperformed by Kathleen Ladale in 1929
analysis has revealed the nature of thenulkal [31]; she revealed the planarity of the emile,
bond. The discovery of the structure of diamond, calculated the values of carbon bonding angles
published in 1913 revealed tetrahedrally disposed (12(?) andcarbon bond lengths (B3 ) neonf i r
carbon atomgFig. 5a) and thus confirmed the-a ing Kekul ®0s Ingapydaybafthé ¢ mo

Maced. J. Chem. Chem. Erg4t (1), 191 32 (2019
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20" century, it was difficult to reawile the new
view of ionic compounds with the classical cliem
cal ideas of that time. The crystal structure ofipen
cillin, solved by D. Hodgkin in 1949 B3, revealed
for the first time the presence of a femrembered
b-lactam ring, unknown to organic chemists of that
time. Her determination of the vitamin B stric-
ture showed the existence of a metatbon bond

and the corrinoid ligand stem, not previously
encountered in natural gpounds. A completely
new field of @ganometallic chemistry emerged
from this finding. D. Hodgkin was the first soie
tist who used Xay diffraction to determine the
structure of biologically active moleculéBig. 6).
For the results of her work she wohet Nobel
Prize in 1964.

Fig. 5.a) Diamond with tetrahedral C3parbon atoms) graphite with layered hexagonal network having the carbof asms;
c) the fullerene molecule C60, having carbon atoms in both hybridizations, is basic nanondtenallimensional hexagonal
network of carbon atonisgraphene is very hard with high conductivity and many other useful propejtiedyrid material
fullerene with attached diamantoid molecule, coating the (111) face of gold, conducts an etectengain one direction
(current redfication) the invention being essential in molecular electronics [28].
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"I was captured for
life by chemistry

and by crystals."

Dorothy Hodgkin

Fig. 6. The International Year of Cryatography 2014 marks the 5Chniversary of D. Hodgkin's Nobel Prize
award and also 8¢ears of faindation of macromolecular crystallography denoted by the firstyXphotograph
of pepsin recorded by D. Hodgkin and J. D. Bernal in 1934.

In early days of Xray structure analysis, up
to 1934 centrosymmetric structures were deter
mined byeétopraimeahddo

duced in the structure analysis, an idea for rdete
mination of protein structures using heavy atom

d deevatives enwedl Ma Ediutz odcordedhe first

mathematical method for determination of phases diffraction photograph of haemoglobin in 1938 and

of structure factors (Fourier transform). Thes-di
covery of property of modified Fourier synthesis
which allowed the determination of heavy atoms in
the structure, published bly. Patterson in 1934
[33], enabled determination of noncentrosyrime
ric structures. As the Patterson synthesis wae-intr
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prepared protei#mercury drivatives to solve the
phasing problemAfter years of hard work hpro-
posed the first model of haemoglobin molecule
(Fig. 7) and reported it during Cavendish seminar
in 1951. It is interesting to mention that the-P
rutz~oés student F. Crot c k

di
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bin structural model because he did not believe to
the phasing method. In spite of that, in 1954 Perutz
published the structure [34], but the refined model
atth e
was used to propose the mechanism gbiration

and oxygen transport in a living body. In totag-P
rutzos research on haem
twenty years because-pdy crystallogaphy at that
time reauired lot of persistent work and high me

tal ability of a researchemlhe achieements of M.
Perutz and J. Kendrew on haemoglobin ane-my
globin in 1962 won the Nobd¥rize. However, a
contemporary method of -Kay crystélography i
dynamical crgtallographycan give insight into a
mechanism of biochemical reaction and provide
more detailed explanation of a restish process.

Fig. 7.Perutz's model of haemoglobin structure (left) and a
contemporary presentation of refined structure (right).
A prosetic group, haem with ferrous ion, positioned
in a centre of a porphyrin, is shown in red.

In early fifties of the last century an epochal
discovery of the structure of DNA double helix
came to light. The '5photo’ of a DNA fibre re-
orded by Rosalind Enklin and her PhD student R.
G. Gosling in 1953 [36] undoubtedly revealed-he
icoidal structure of a moleculd-ig. 8) and it was
used, without Rosalind's permissiday, J. Watson
and F. Crickto interpret completely the structure
of DNA molecule using ab Chargaff's results
leading to the correct-& and AC parings, which
were comsistent with the existing da{&7]. It be-
came obvious that such a structure with precise
sequence of the bases is the genetic codenAn i
plication of such knowledge was recized by the
Nobel Prize 1962. This discovery was the anil
stone not only in crystallography, but also inlbio
ogy. New scientific disciplines have emerged from
it: structural molecular biology, molecular géne
ics, epigenetics and many others. At the same ti
this very discovery initiated many further reséarc
es in biology, medicine, forensics, phaaology,
agronomy, biotechnology, geologyntaropology
and others.

r es ol uppeaced in 596%B[35]i It a

Fig. 8. Experimental evidence of helical structure of DNA
originates from the work of Ralind Franklin, based
on the 6photo 5186 and

of the 20" century.

enabl es

Chronologically, in 1965 followed the stru
ture determination of the second protein and the
first enzyme, lysozyme by D. C. Philips, whereas
the mechanism dfs catalyses has been the subject
of a debate almost a half of the century. Thus, it is
very good research projech a dynamic study by
XFEL method.

In the early fifties of the last century rhat
ematical methods for determination of phases of
structure fators, based on algebraic and probabi
ity methods, were intensified by urgent needs in
structure determinations of large and morenco
plex moleculegFig. 9). The development of niat
ematical methods in crystallography, assisted by
efficient algorithms, hagontributed to speed up
the procedures for structure determinations. The
key publication was the monogragthase pro-
lem |: Centrosymmetric Crystaby H. Hauptman
and J. Karle [38].

About seventies of the last century, parallel
to the progress of compuse the first efficient
software packages written by J. Stewart and S. R.
Hall have been available, and then followed those
ones by M. Woolfson, P. Main, G. Sheldrick, C.
Giacovazzo, and E. Dodsomogether with other
significant improvements of experimahttechni

Maced. J. Chem. Chem. Erg4t (1), 191 32 (2019
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gues, such as synchrotrons and the most recently,

free electron Xray lasers, macromolecular crylsta S ol
lography has succeeded to reveal essential biolog v‘

cal processes in living cells and to show how

i mi-fnractori eso such as i mo . ditation M
opemte in our bodies. Among many of sensational R Petem

results of structure determinations are the cstru
tures of plant viruses [3@1] and then humani-v
ruses such as HIV and adenovirus (Fig. 10). A.
Klug was among the first who recognized
DNA/RNA and proteins as catitutional maco-
molecular complexes of chromatin and viruses
[40i 42]. For the structural elucidation of these
complexes A. Klug won the Nobel Prize in 1982.
Among t he -wkrkets gvassR. Eranklin ! atomic
[41]. Human adenovirus is one among the largest /
molecuar assemblies (150 MDa) determined by X 3
ray structure anal ysos (=ig39.A5Iiagd:ﬂ1 showidgshe procedures o detgrmingtioh & | . I
lecular architecture of such assemblies is vital in @ crystal structure. The Nobi@lize 1985 in chemistry was
understanding interactions of viruses and -host awarded to H. Hauptman and J. Kdifler their outstanding

. . g achievements in the development of direct methods for the
cells, and in design of vaccines and drugs. determination of crystal struceirs o .

1 electron
| density map

refinement

Fig. 10.a) The first virus structure was determined at atomic resolution by Harrison and coworkers in 1983 TB@]research on
HIV (human immunodeficiency virus) is lasting over three decades; HIV is composed of two strands @6Ry{p&s of viral proteins,
and a few proteins from the last host cell it infected, all surrounded by a lipid bilayer membrane. Together, theseatioletiées
virus to infect cells of the immune system and force them to build new copies of th&gchsnolecule in the virus plays a role in this
process, from the first steps of viral attachment to the final process of budding (Protein Databank www.mskhergjtucture of
human adenovirus, the largest molecular complex determineerly ucture analysis, that is essential for therapy. Schematie dra
ing of an adenwirus. Interaction of variable protein parts which help stabilisation of the capside is shown at far right [43].

Di scoveries of fi o | e teihwtedaAr Klugr{42t amd R B. Kdrnbeey [44, 45].

plained the key mechams of a living cell. It is an open story which will be tackled by femt
Among molecular machines essential in life of a second crystallography.
cell is chromatin [42, 4446] playing a crucial role Together with the discove of DNA double

in gene regulation; it is involved in transcription, helix, the structure of chromatin, the structure of
replication, recombination and repair. Understand RNA polymerase Il complex (prior to initial phase

ing its role in a cell cycle i®f the outmost m- of transcription) and ribozyme structure circled the
portance in biology. The structure of chromatin most important cycle of structural molecular
depends on the type of a cell and also on its cycle. biology. These discoveries won Nobelizps. In

Highly expressed dynamics of chromatinaccompa 2006 R. Kornbergds structu
nied by significant conformational changes is the polymerase Il complex of eukaryotes, provided an

very demanding subject of a resear¢hig. 11), explanation of transcription process at the molecular
which has taken over hundred years and won six level (Fig. 12) [47].

Nobel prizes since then. In chromatin researcah co

Maced. J. Chem. Chem. Erg4 (1), 191 32 (2019
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The discovery of ribozyme structure nge
plex revealed the enzymatic function of theneo
plex in the synthesis of protein in a cell. This-di
covery showed that Darwin's thgasf evolution is
valid at the atomic level. Knowledge gained from
the mechanisms of synthesis should help to resolve
a problem of antibiotic resistance. More than thirty
years persistent work of three teams ended &y N
bel Prize in chemistry 2009 awardexl Y. Rana-
krishnan,T. Steiz, and A. Yonath (Fid.3) [48].

In macromolecular crystallography most of
the key researches spanned more than thirty years
no matter of technological level of the time o$-di
Fig. 11.Nucleosome, a core particle of chromatin shows how the COVeries. Very well hidden secrets of Nature and
histone protein octamer (two copies of each histone protein, H2A, someimes a lack of sophisticated technical gqui

H2B, H3 and H4) is enveloped by 147 bp DNA. The repeating  ment can be an obstacle on the way to the sseces
nucleosome cores further assemble into high ordered structures,

stabilized by the linker histfyed The mogtecentdesplis qndhe gructyres;
and dynamics of @oupled receptors (GCPR),
molecular machines, belonging to a highly diverse
superfamily of euliryotic membrane proteins are
based on the work spanning over two decades.The
high mobility of these protein complexes is an i
trinsic property, making their crystallization$- a
most impossible tasks. Among many difficulties
and obstacles such as biocherhigestability of
purified GCPR proteins in detergents, structural
flexibility, and the paucity of polar surface for

_ forming crystal lattice had to be resolved; the d
Fig. 12. The molecular structure of RNA polymerase Iheo 'V%I%pmoe?ts i'n_clglde_d prqteailnc quineeripq} ,!_.9' ﬁ

plex from yeast, the resaduti . i . nh% .Wo
nits. The thirty years of RD. Kornberg's research was rgeo crease protein heterogeneity, enhance stgbili
nized by the NobePrize in chemistry 2006. It explains genetic ~ reduce flexibility and increase the polar surface

information transcription into mRNA, recognized by ribozyme available for crystal lattice formation
to synthetize a protein [47]. '

translation

transcription

==

protein

mRNA

Fig. 13.The persistent research over more than thirty years brought to light the structures of small and large subunits of ribozyme

at the atomic redution and the Nobéd?®rize in chemistry 2009 was awarded to V. Ramakrishnan, Th. Steitz and Ada Yonath [48]
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The development of lipid mesophase criysta  inside of the cel(Fig. 14) Thar work was awaal-
lography, a critical approach for membrane-pr  ed by Nobel Prize 2012 in chemistry. Innmans
teins, and the development of conformationally there are about 800 GPCRs, which interact with
selective atibodies to increase polar surfaaeai- big variety of extracellular signalling nemlules
ablefor crystal lattice formation and stabilizeesp involved in a cell communication by gpling to
cific receptor conformations, put forward crysta  heterotimeric Gprotein complex So far, the
lography of membrane proteins. B. K. Kobilka [49] structures of 22 receptors were solved. Unde
and R. J. Lefkowitz [50] successfully solved all starding the structures and dynamics of this-i
these problemsand started a new era of GPCR portant class is of outmost importance in dreg d
structural and chemical biology of signalling. sign. The most recent innovation, femtosecond
They got an image of the receptor at the veof m  crystdlography, meets all requirements and it is
ment when it transfers the signal from the hormone already in us¢51].
on the outside of the cell to the-gBotein o the

b

Fig. 14.Life needs flexibility.a) The active heterotrimeric complex offgdotein (red), receptor (blue), and a senadiormone
(yellow) during the cell signalisatiob) Its high mobility with conformational changend thermodynamigy/cle.

a

5.PROSPECTS science and all the expectations anore than fu
filledfi [22]. The new era of chemical biology has
fiThe long term predictions in science are galready started and it is in the permanent progress.
hopeless and even shoerm predictions are usda  The structures of molecular wiines crucial for a
'y wrongo, KI eppfannives welrlifband 8ydamicsiof cellBRcess@dgs. 15a
sary of the journaPhysics Today52] comealong [53i 55] and 15 [56, 57]) already started to b&-e

with the W. L. Bragg's tatementgiven in 19@: amined by the most recent technical achievements
filn many cases this new knowledge has led to a j free electron Xray lasers.

fundamental revision of ideas in other branches of

7.0nm

a

Fig. 15.New @a of chemical biology is marked by structures of molecular 'machines' essential in life cycle of cells &uitle as

trimer of photosystem | [585] andb) phot osystem | | at 1.9 resolution, protein
membranebilayer is indicated as shaded area and oxygeretal cluster is depicted as spheres in red [56, 57]. The resuklts of r

search on their structural and dynamic characteristics are bioinspiring models for inventing systems for productioroéigreen

Maced. J. Chem. Chem. Erg4 (1), 191 32 (2019
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Femtosecond serial crystallography (XFEL) interest to pharmaceutical industry but also for
gives insight into ultrafast biochemical reactions at brain research
the atomic level. Together with the XFEL expioit The flood of new functional materials of a
tion, information from complementary methods wide range of applications from medicine, (bioyana
such as microscopies of high resolution, various |ytics, to molecular electronic&ig. 15 [5355] and
spectroscopiesnolecula_r modelling and bioinfo [56, 57), new computers, and for a tirbeing, un-
matics, will give a hybrid model based on dyra  reachable quaum computers, makes unthinkable
ics of the system. Thus, in twenty years a molec  poggibilities (Fig. 17) [63, 64]. Graphene, DNA
lar model of living cell can be expected [%8]. chips or biosesors are on the way to revolutionize

Protein structures are targets for drugs. The almost all gpects of our lives. Syntheses of nature
most recent re_sults on the insere research Te“a inspired molecules and an imitation of biolca)i
ed to Ebola dls_easle and HIVf lllustrate (F”|g. 16) processes of molecular machines are on the way to
[61, 62] deep involvement of Xay crystalig- offer new efficient and ecologically friendly fon

raphy in the solution of the most urgent problems tional materials that might look to someone asia sc
of the human health. The intensive research on ence fiction 9

GCPR membrane proteins (Fig. 14) is of thengri

abD

\ e
v)

b

(

C-terminus
T Y
B — "

Fig. 16.Protein structures as drug targets for novel medicat@maicleoprotein, having new folding type, with its-@rminal -
main, responsible for replication of Zaire Ebola virus [@}]soluble protein of HIV envelope active in invading host immueedls
[62].

a

-+ + Y
’ ol Lk

BV s eia2w® & :
Ry

At S
° 500 mV

Fig. 17.Prospect$ a road to unimaginableness: paegtion of functional materials combining functional domains of two or more
moleculesa) Solar cells contain fullerene molecules and bind PID2 polymer, which amplify solar effedt)68hrged graphene
gives DNA a stage to perform molecular gymnasticeeading a DNA molecule through a tiny hole, called a nanopore, in a sheet of
graphene allows researches to read DNA sequences. Positive charge speeds up DNA movement through the nanopore, whereas a
negative charge stops the DNA in its tracks. Duringehmovements DNA changes its conformation. It is even possible to observe
the conformational change when nucleotide is methylated, a tiny chemical change can turn a gene on or off. It is obuiclus that
DNA (reversible) performance can be used in Dgugencing for personalized medicine [64].
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