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Introduction crystal growth; moreover, the use of the nanotetapla

. , . seems to improve both crystal quality and the tasce
~ Raman spectroscopy is aftractive as a potentialy, the ragiation damage (Pechkostaal., 2004; 2009:
diagnostic tool because it requires no extrinsieliag, Belmonteet al., 2012). In several protein systems the

is not limited by masking water contributions asd i pcleation was observed using the template, while
inherently a multiplexing technique. Raman-based ¢|5ssical hanging drop was not successful. Usirgg th
measurements of biological samples have already|ysoZyme as the model systems, we expect to uraghetst
been exploited for the identification of molecular fom the Raman spectra the differences between the
specific markers for disease detection and momitpri  mechanism of the crystallization with and withobe t
(Brazheet al., 2012). Due to high sensitivity, selectivity npanotemplate and estimate the influence of the LB
and absence of & interference with measurements nanotemplate to the protein nucleation and growih.
Raman spectroscopy is ideal technique to study bondhis study for the first time we present results RS
vibrations and conformation of various biomolecules  study of the mechanism of the crystallization waihd
aqueous solutions. Thus, Raman spectroscopy islywide without the nanotemplate and estimate the influesfce
used to study conformation of isolated moleculed an the LB nanotemplate to the protein nucleation and
molecules in cells, e.g., erythrocytes (Semeneival., growth. Langmuir-Blodgett (LB-this abbreviation std
2012; Brazhet al., 2009), cardiomyocytes (Brazleeal., be explained earlier) thin films used as templaie f
2012), bacterial cells (Ashtoet al., 2011), viruses protein crystallization develop crystal with impeal
(Liu et al., 2005; Dobroet al., 2014) and other subjects. radiation stability in presence of third generation

We intend to reproduc data published in (Schwantz a synchrotron facility (Pechkova and Nicolini, 2001;
Berglund, 1999; 2000) using the modified hangingpdr  Nicolini, 1997; Pechkovat al., 2007; 2012; Pechkova and
method with the LB nanotemplate of the protein, Nicolini, 2010; Pechkovat al., 2005a; 2005b; 2005c).
deposited on the glass cover slide brought in tract One of the main reason of this success is appgrdnd
with the protein solution drop. By using this matheoe to water molecules distribution around protein Hsie
obtained both acceleration of the protein nucleatad (Pechkoveet al., 2012).
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Materials and Methods Fluorescence measurements were performed by
o time- and wavelength-correlated single photon
Crystallization of Lysozyme counting equipment. The setup consists of a

photomultiplier system with a Hamamatsu R5900 16-
: . -1 channel multi anode Photomultiplier (PML-16,
classical hanging-drop method were of 40 mgrfi 50 Becker&Hickl, Berlin, Germany). The polychromator

mM Sodium Acetate buffer pH 4.5 at RT. The LB ; : . :

. . . was equipped with 1200 grooves/mm grating resulting
nanotempate method was utilized as described in "3 spectral bandwidth of the PML-16 of 100 nm
Pechkova and Nicolini (2001). The protein b

o (resolution of 6.25 nm/channel). Excitation was
crystallization polystyrene well (Hampton researal@s performed with a pulsed 280 nm (Edinburgh

modified in a such a way to have glass bottom f@r t | ctruments UK) laser, 635 nm BHL700

Raman spectroscopy measurement. The well high andgeckergHickl, Berlin, Germany) laser and 405 nm
there for the reservoir volume were decrease iNnjgser diode (I0S, St. Petersburg, Russia) deligerin
approximately 2 times in respect to commercially excitation pulses, driven at a repetition ratestais0
available one in order to fit the Raman instrunsaitup. MHz. The fluorescence decay kinetics were
Lysozyme thin film was prepared on the water-areaapproximated by the sum of exponential functiors. T
interface and compressed to a surface pressurebof 2compare different kinetic patterns, we calculatbhd t
mN/m by means of a Langmuir-Blodgett trough (NT- average decay time according to the expression:
MTD) (Nicolini, 1997). Two protein monolayer was ; =%z 4 , wherer is the lifetime of thé-th component
deposited on the siliconized glass cover slide ®hn :
diameter (Hampton Research) by the Langmuir- ] N
Schaeffer method. The 4 microliter drop of protein the fluorescence decay normalized 'a =1. All
solution and 4 microliter of the precipitant (0.9NMACI) calculations were performed using the Origin 8.0
was mixed on the glass slide covered by thin film (OriginLab Corporation, United States) and SPC lenag
nanotamplate. The glass slide with the protein tatap  (Becker and Hickl, Germany) software packages.

and the drop was sealed on the crystallization usitg
vacuum grease and equilibrated against 0.6 mLveser

The protein solution used for both the LB and the

andag; is the fraction of the amplitude oth component of

Data Processing of Raman Spectra

filled with precipitant solution (0.9 M NacCl). For the analysis of Raman spectra we employed
Raman Cooker (Brazhe, 2014) software developed at
Raman Spectroscopy Biophysics Department, Moscow State Universitytfa

baseline correction. For all spectra we performed

Raman microspectroscopy was used to study : ;
; i £ . all d to pero baseline subtraction to ensure that the Raman peak
contormation of lysozyme in crystalls and 1o pemor . ansities were calculated correctly without st

gualitative estimation of the change in the amairs-S influence of the baseline drift.

bonds. Raman spectra of LB and classical crystale w

obtained using complex nanolaboratory NTEGRA ; ;

Spectra (NT-MDT, Russia) and Nova software (NT- Results and Discussion

MDT, Russia). An inverted optical microscope Olyrapu We demonstrated that under the 532 nm laser
IX71 was used for the laser focusing on a sample.excitation Raman spectra of lysozyme crystals have
NTEGRA spectrometer was operated in a confocal modentensive peaks corresponding to indole ring vibrat
during spectrum registration. Raman scattering wasin Trp, S-S bond vibrations of Cys residues, Phe
detected by CCD-camera cooled with a thermoeledtric Vibrations, C-N and C-C stretching, C-H bond vimas
cooling system (Peltier element) to -60°The incident ~ @nd the peptide bond vibration (amide | and amige |
laser light traveled through the glass bottom of (Figure 1). Ass!gnmem. c_>f peaks n _Iysozyme_ Raman
crystallization plate and was focused directly & t §pe_|9tr§ anfl trllelr.s_ensnl;nty tokthg mgronmeni;hmwn f
crystals in hanging drop of protein. Four different :n able 'bt _osglon.tr?sé)zea Sl'n ?‘”;ﬁ” spectra 0
crystals of the similar size were measured fromheac ysozyme obtained wi M 1asers the samaas

observed previously in lysozyme Raman spectra
sample, one spectra 240 s were collected from eacig) P y ysozy P

. U ) btained by 632.8 nm excitation (Nicoliai al., 2013).
crystal with 532 nm laser, objective x20 with NAS, ¢ gifference of the present study from the presione
laser power 5.5 mW, grating 600 lines/mm with spact

) " : (Nicolini et al., 2013) is that here we analyze spectral
resolution 3.18 cil. The measurements take place in 24, region 400-1800 cif, whereas in (Nicolingt al., 2013)

26, 48 and 50 h after beginning of crystal grouttimust e focused our attention on 500-1100 tmegion. We

be mentioned that classical crystals grow much sfow should note, that in spite of the similarity of spe in
and at 24 and 26 h sonly 2 crystals were obsermed iregion 500-1100 ci excited by 532 and 632.8 nm,
crystallization plate and only 2 spectra were get. there are some differences: The overall spectrum
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intensity at 532 nm excitation is higher than a2.83nm between Cys residues in lysozyme molecules in
excitation, especially of Trp peaks 759 and 1008'tm classical and LB crystals

and there is no peak at 634 Crattributed toS-H bond 1258 and 1008 cfh (1125411009 and 1658 and 1008
vibration in Cys residues under 532 nm excitat®nch (l1esdl1009 for the qualitative estimation of the
a difference between Raman spectra obtained under relative amount of alpha-helixal structures in
excitation with different lasers is well-known fother lysozyme molecules in classical and LB crystals
molecules (Kutuzoet al., 2014; Ul'ianoveaet al., 2005). « 759 and 1008 ci (I75411009 for the evaluation of
The advantage of the present study is that hereame hydrophobic properties of the micro-environment of
obtain information about secondary lysozyme stmgctu indole rings of Trp residues

It is known, that amide | and amide IIl peaks' fiosi
depends on the secondary conformation of protdins;T
peak positions at 1258 and 1658 (<1660 “¢m
corresponds to alpha-helical protein structure. Ahift

of these peaks or decrease in their relative iitieass
caused be change in the secondary structure arldeby
appearance of non-structured regions, turns or-beta
sheets. Peak at 508 €nctorresponds to vibrations of
disulfide bonds between Cys residues and therdfare
relative intensity of this peak can be used as alitiue
estimation of the S-S bond amount in lysozyme
molecule. There is no information about sensitivity
1008 cm® Trp Raman peak to the invironment or
lysozyme conformation. In our experiments we also
observed that its intensity was very stable and its
absolute values were almost identical in variousdrisl
classical crystals of the same age.

On the basis of these facts we suggest to use 1008
cm* peak intensity for the normalization of intensity 400 600 800 1000 1200 1400 1600 1800
values of other peaks. We used following ratios of Frequency shift (em™)
intensities:

p

1333 CH deformational vibrations
1657 alpha-helix

759 indole rings vibrations in Trp

1445 CH deformational vibrations
1457 CH deformational vibrations

1008 Trp
1126 C-N, C-C stretching

1258 alpha-helix

f )
)
©
ot
Q
o
©
~
w0
s

875 N,H bond vibration in Tr
97 Peptide backbone
897 Peptide backbone + Acetate

508 S-S bonds between Cys residues

Fig. 1. Raman spectrum of lysozyme crystal at 50 grawth.
B o Numbers above peaks show peak maximum position.
« 508 and 1008 ci (lsedli00d for the qualitative Vertical scale bar corresponds to 500 a.u. of Raman
estimation of the relative amount of S-S bonds scattering

Table 1. Assignment of peaks in Raman spectra oziyse (Based on (Chandenal., 2010)). Empty cell in “Sensitivity” column
indicates absence of observations of sensitivitpedk intensity or maximum position to the envir@emior molecule
conformational changes.

Peak position, cft  Assignment Sensitivity

487 Bonds of acetate in buffer

508 S-S bonds between Cys residues Relative amo®iBdionds

759 Indole rings in Trp Hydrophobic properties lodé £nvironment

875 NH bond in Trp Frequency shift depends on the stheafjH-bond

between Trp and other side-chain AA residue. 86%-87
in non-bond Trp, 883-in high H-bonding strength Trp

residues
897 C-N, C-C peptide backbone
930 C-N, C-C peptide backbone; acetate in buffer
1008 Ring breathing mode in Trp
1126 C-N, C-C streatching
1258 C-N peptide bond (so-called amide Il vibralion Secondary structure of protein
1333 CH deformational vibrations
1445 CH deformational vibrations
1457 CH deformational vibrations
1657 C-N peptide bond (so-called amide | vibration) Secondary structure of protein: Maximum position at

<1660 cm*: Alpha-helix; >1665 crt random coil or
beta-sheets.
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Table 2. Intensity ratios, calculated from Ramarcspeof lysozyme LB crystals after various growiimge. " p<0.05 according to t-
test, comparison of LB crystal at 50 h with LB crysta24, 26 and 48 lip<0.01 according to t-test, comparison of LB and
classical crystals at 50 h

Ratio Sensitivity 24 h 26 h 48 h 50 h

Is0d/l1008 Relative amount of S-S bonds 0.615+0.088 0.527+0.062.509+0.061 0.705+0.078
liosdligos  Relative amount of alpha-helixes 1.142+0.099 0.99243  1.068+0.028 1.166+0.084
liesdlioos  Relative amount of alpha-helixes 1.99+0.191 1.6084® 1.734+0.077 1.744+0.044
lssdli00s  Hydrophobic properties of Trp micro-environment 35k:0.02 1.34+0.01 1.44+0.02

Table 3. Intensity ratios, calculated from Ramascs of lysozyme classical crystals after varigusving time $p<0.05 according
to t-test, comparison of classical crystal at S0ith classical crystal at 26 and 48*h<0.01 according to t-test, comparison
of LB and classical crystals at 50 h

Ratio Sensitivity 24 h 26 h 48 h 50 h
Isodlioos ~ Relative amount of S-S bonds 0.579+0.065 0.517+0.07 0.389+0.05%
losdliges  Relative amount of alpha-helixes 0.983+0.078 H0AB27 1.084+0.027
liesdlioos  Relative amount of alpha-helixes 1.671+0.071 1468543 1.742+0.047
lssdl100s  Hydrophobic properties of Trp micro-environment 37:0.09 1.37+0.04 1.42+094

We showed that (Table 2 and 3): demonstrate that the amount of S-S bonds or alpha-

helixes does not depend on the crystal size ant tha

»  Within the growing time LB crystals show tendency observed spectral differences between LB and clalssi

to the increase in the relative amount of S-S bondscrystalls at the same growing time are due to rikermal

between Cys residues. The deference is significanfroperties and not due to the possible size difiege

at 50 h after starting the growing. There is no The data about change in the amount of S-S bonds

change in the relative amount of alpha-helixes with @ré in the agreement with our previous results

the growing time (Nicolini et al., 2013). To relate spectral changes with
«  Within the growing time classical crystals do not the conforamtional difference of lisozyme molecules

change amount of alpha-helixes, but demonstrate-B and classical crystals we used following
significant decrease in the amount of disulfide information: There are four possible disulfide bsnd

bonds between Cys residues at 50 h in thelisozyme. Two of them S6/S127 and S30/S115 locate
comparison with 26 and 48 h closely to C-end of lysozyme that is more flexilaled
susceptible to the environment than other lisozyme
regions including N-terminal (Chandmt al., 2005).
Formation of S-S bonds in C-terminal that affedts t
conformation of the C-terminal and, possibly, thHeobe
lysozyme. We can speculate that due to the higher
amount of disulfide bonds C-terminal is more rigid

each time point after nucleation. At the same time LB cristals than in classic crystals that can pru
we observed significant increase in hydrophobic MOre rigid and stable crystals. _ _
properties in both crystals at 50 h in the Depolarlzatlo_n ratio reflects the anisotropy in
comparison to crystals at 26 and 48 h Rz?\man_ scattering _and depends on the relative
. Comparison between classic crystals and LB orlentatlon_s of protein secondary structure element
crystals show that in 50 h after starting the (8lpha spirals and beta-sheets) as well as on the
procedures of LB and classic crystal growing LB ©rientation of major crystal axis relative to the
crystals have higher amount of S-S bonds. Wecoverslip (the one on which crystals grow).
showed that with the crystal growth after 50 héher COmparison of depolarization ratio in Control (G)da
is a tendency to the decrease in the relative amounModified (M) crystalline objects. Modified (M)
of alpha-helixes in lysozyme molecules in LB crystals were grown on special substrate. Themois
crystals than comparing to classical crystals significant difference in depolarization ratio be#wn
two objects (T-test p value = 0.22). The
We should also note that after first 24 h classical Depolarization Ratio (DR) in the case of lysozyme
crystals were so small that it was impossible tworeé cannot provide detailed information upon orientatio
Raman spectra, where as LB crystals were well-seerof various elements of secondary structure. Inctireent
after 24 h. Importantly, comparison of LB or clasdi  experiments we've measured the averaged value of DR
crystals of different sizes at the same time paftér the However, from obtained data it seems likely that4€d
nucleation does not reveal any spectral changes Th (M) samples doesn’t differ in relative orientation

* We did not observe any significant difference in
vibrations of Trp residues sensitive to
hydrophobic properties of the Trp indole ring
surrounding. This means that hydrophobic
properties of the micro-environment of Trp indole
rings are similar in LB and classical crystal at
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between various secondary structure elements.Harot the other authors have read and approved the méptusc
words the conformation of protein is conserved.sThi and no ethical issues involved.
result is consistent with the data about absencthef
significant change in the relative amount of alpiedixes
in LB and classical crystals.

The results is showing difference in fluorescence
decay lifetime indicating structural or environmednt
differences of tryptophan residuals
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