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Inelastic neutron scattering spectra of DNA-fibers are analyzed using ideas formulated recently in
the field of the glass transition. The analysis reveals two temperatures, ndmelg0—200 K and
T~230K, at which the dynamics of DNA exhibits qualitative changes. The former is similar to the
glass transition temperature, whereas the latter is similar to the crossover temperature recognized
now as an important point for the dynamics of the glass transition. Exactly in this temperature range
many other hydrated biopolymers show some dynamic transition and strong slowing down of their
functions. The crossover temperature appears to be close to the crossover temperature of bulk water.
A possible relation of the dynamic transition to functions of biomolecules and also to the dynamic
transition in the hydration shell is discussed. 1®99 American Institute of Physics.
[S0021-960609)51514-9

INTRODUCTION T4 and, in particular, for myoglobin the analysis 6f2)
leads to estimatd 3=~200 K.” The glass transition like be-

Qne of thg main characteristic OT any system. IS its _dy havior has been observed also in macroscopic properties of

namic properties, i.e., the characteristic of atomic motion. : ) e

: . . . . . proteins. For example, the thermal expansion coefficient and
Dynamic properties are especially important for biological

molecules because the static structure, i.e., equilibrium pos{_nechanlcal properties of amorphous protein films indicated

tions of atoms, is a “dead” structure, “life” and functions he glass transitiofstrong change in the temperature depen-

_ 8 ; : y
are associated with molecular motions. It is evident that thﬁenfe fatT: %SOf]g.O I: éAIso a V\{fag%um? ;nBBhelSY%e%ﬁc
dynamic properties of biomolecules strongly influence their €2t Of proteins indicated some kind Bf at 160 :

functions. For example, blocking of conformational motion Thuﬁ the valuelé)oﬂ'gzeos(t)inllatleddfor hy;lrated rrJ]roteins scatte(rjs
changes kinetics of chemical reactions drastically. Dynamicd! € range 160- - It depends on the system under
at the mesoscopic frequency scald—1000 GHz usually investigation and method used for the estimate. Usually
reflects local conformational changes, i.e., jumps of atom&n€thods that are sensitive to high frequency dynartiiks
from one configuration to another, and collective vibrations MOSSPauer or neutron scattering spectrosgomyay give

Dynamics of biomolecules at this frequency range showdligher estimate offy than analysis of macroscopic proper-
many similarities with dynamic spectra of glass forming lig- 1€S- o _
uids; there is a low-frequency vibrational mode, similar with ~ Puring the last decade, however, significant progress in
the so-called boson peak in glasses; there is a fast anhatfderstanding of the glass transition phenomenon was
monic motion, similar with a fast picosecond relaxation inStrongly stimulated by mode-coupling theory of the glass
glassed—* Moreover, there were attempts to identify some transition(MCT).*° The theory analyses nonlinear feedback
kind of the glass transition temperatufg, where one finds Mechanism of relaxation in simple liquids and predicts an
the onset of anharmonicity in the dynamics of biomolecules€Xistence of another important temperature, some crossover
One should note that even in conventional glaskgés an  temperaturel., where dynamics of the liquid should show
ill-defined quantity. Usually it is defined as a temperaturequalitative changes. Investigations which use neutron- and
where characteristic structural relaxation time, is  light-scattering techniques and also dielectric spectroscopy
~10°-1Cs. It appears also in many other properties ofdemonstrated that the scenario suggested by MCT for the
glasses, as a jump of specific heat, as an onset of anharmigh temperature range describes reasonably well, at least on
nicity in dynamic properties, in mean square displacement8 qualitative level, spectra of different ionic, van der Waals,
of atoms(x?), etc. Similar behavior was also observed for hydrogen- and even covalent-bonded syst&ms. Iin all
different biomolecules. Already in the early eighties experi-casesT . was found to be significantly higher thdy. It was
ments on proteins using \debauer technigdelemonstrated also found that MCT predictions describes rather well dy-
strong rise of x2) at temperatures above 170 K. Also inelas- namics of supercooled water afig was estimated at-220
tic and quasielastic neutron scattering measurerhdsm-  K.*” The latter is close to the well-known temperature of
onstrated onset of strong increase (af) at temperatures water singularities.

180-200 K. This behavior was interpreted as some kind of  All these results clearly demonstrate that the glass tran-
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sition is not a monotonous process, some qualitative changes 400

in the dynamics occur at temperatures considerably above ad g

the conventional glass transition temperaflige Up to now os” <

these new ideas from the field of the glass transition were e =

applied to analysis of the dynamics of myoglobfonly. A : ‘%ﬁ% z |5 B
reasonable agreement between the MCT predictions and neu- 9 % Tmo ‘g 4 ' ~ ' r .
tron scattering data have been obtained. Estimatioif of 2004 &, 1%% = 100 150 200 250 300

gives a valu¢~200 K_clos_e to Fhe temperature below which v o 20 T K]
the myoglobin loses its biological functidn. D |8, s &o%‘%vwv o 297K

It is the main goal of the present contribution to analyze ;)1 v %,%j £ a 275K
whether or not a similar crossover temperature shows up also v N o 236K |*
in dynamics and relaxation processes of other biomolecules. 83K
We applied the MCT ideas to the analysis of the dynamics of o . . . :
DNA, a molecule that differs strongly from proteins. Never- 0 500 1000 1500 2000
theless, a reasonable agreement with the MCT scenario is v |GHz]

found also in this case and the estimateTgfgives a value _ _
~230 K close to the crossover temperature of water. It iézlG. 1. Dynamic structure factor of DNAJD at different temperatures
measured wit 5 A neutrons. The spectra are rescaled by the temperature
another goal of the paper to understand whether or not thg,qe tactor,ng(v,T) ={expt/kT)~1} %, to a commoriT=297 K; S,(»)
crossover in dynamics of biomolecules is ultimately defined= s(v)*ng(v,297)hg(»,T). The inset shows temperature dependence of
by T, of water. Some speculations about this crossover in théhe rescaled intensity integrated in the frequency range 60—200 GHz.
dynamics of biomolecules and its possible influence on their
functions are discussed.
monicity for motion of the DNA-molecule atT
EXPERIMENT ~180—200K. The onset of anharmonicity at this tempera-
ture range has been also found for other biomolecules, like

The inelastic neutron scattering spectroscopy is a Su'tfnyoglobiri‘ and dismutasé.

able tool for measurements of atomic motion because it mea- . . . .
For more detailed analysis of the anharmonic contribu-

sures density fluctuations directly. Due to the extremely Iarg(%ion we present the data as the susceptibility spegtia)
incoherent neutron scattering cross section of hydrdgei® = S(v)/ng(v) (Fig. 2. In this representation relaxation pro-

times larger than any other .at()meutron spectra of organ.|c_ cesses are reflected as maxima in the spectrav at
systems reflect mostly motions of H-atoms. However, it |s~(2m_), 1 (ris a relaxation impand a separation between

gflilre};/eergstthﬁte:z(ilm('jl:[ll—?; V?/Lg;]aitgr?]zaéﬁ thﬁ)cl)omgreiq:“'Oe\;g:esdifferent processes would appear as a minimum. Indeed, the
N y data presented in Fig. 2 demonstrate a minimum at frequen-

thar_1, 9., st_retchlng vibration of a C-H borfdllows col- cies below~200 GHz which separates fast dynamidsmi-
lective vibrations of large molecular groups. We used NeU. ~tes the spectrum at higher fre uericigsd slow dynamics
tron scattering data of oriented Li-DNA-fibers hydrated to P g q y X

) -~ X : In order to analyze the slow process in a broader frequency
0
ZhSeA’BE%?#Ist%u,\ﬂd't}{hvft&m&’u;nigrgs fggregfgggg]_gg range we include in Fig. 3 the data obtained with higher
. Wi wa u'es p PaIl. e solution (A v~7 GHz, using neutrons with=9 A). Even
Details of the sample preparation and measurements can %

) i ?highest temperaturd,=325K, we were not able to re-
fognd in Refs. 4’%8' Most of the data have been. obtaine olve the slow process, i.e., the maximum is still inside of the
using neutrons witth=5 A and frequency resolution v

30 GHz resolution function(inset, Fig. 3. The thin solid line in Fig.

The spectra summed over all scattering angles and
scaled with the Bose temperature factor are presented in Fi¢

1. Scattering intensity from f® is much weaker than the

one from DNA(due to extremely high scattering of H-atoms

in DNA). It means that the presented spectra reflect esser

tially the motion of the DNA-molecule. At low temperatures o

the spectra show an inelastic peakvat1 THz which corre- ?10-

sponds to low-frequency vibrations of the DNA molecule. At =< A
higher frequencies all spectra fall well on a single curve 2 °
which show harmonic behavior of the vibrations at this ¥ ) x
range. At lower frequencies, however, the increase of theﬂ\ A
guasielastic scatte_rlng |r_1tenS|ty with temperatun_’-z reflects>>/ oa AgsngAA A e 83K
strongly anharmonic motion of the moleculgome kind of * T

conformational fluctuationsThe inset in Fig. 1 presents the 1 o o

temperature dependence of the Bose-scaled integrated intel
; ; v [GHz]
sity at low frequencies. It seems to be rather constant below

~150 K and incrgases Strongly with temperature abOVQIG. 2. The susceptibility spectra of DNAJD at different temperatures
~200 K. Interpolation of the data shows the onset of anhar¢symbols and their fit convoluted with the resolution functidines).
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quency tail of the slow process ang”(v)e v? for the low-
frequency wing of the fast process. The latter, however, in
real glass forming systems is usually modified due to vibra-
tional contributions* According to MCT’s scenario at high
temperatures the spectrum of the fast process as well as the

S(v)/ny(v)

104 amplitude and the shape of the slow process should be rather
%; S 02 temperature independent, and the characteristic time of the
2 R . OA slow process,r,, should show strong temperature varia-
@ o SA tions, only. Thus, the susceptibility spectrum of the system at
0 vIGHyg AW , different temperatures can be described by a sum of the slow
10 100 1000 (can be approximated by a Cole—Davidson fundtiand the
v [GHz] fast processes
. . = n — " 4
Ev(\?ersfr;qhuee;g;clfsri)gglItl;?ézSdp:tgtr:\?agzzxﬁ?Aa;Zutri?lYS.KTEZt?P?i?leSOTi% X' (v 1) =xs"(») +xe"(v)
line shows the slope expected for a single exponential decay process, the %IS* |m[{1+ ZWVTQ(T)}ib]“'XF”(V) (1)

thick solid line shows the result of the fit, which is the sum of the slow

process(the dotted ling and the fast procesghe dashed line The inset . .
shows estimation of the exponentirom 9 A neutron scattering data @t with the Slngle temperature dependent parametg(r‘l’).

=325 K (O) andT=297 K (A). The lines show the slope with the exponent Here ls is an amplitude of the slow process. MGih its

b=0.24. idealized versionalso predicts a critical temperature varia-
tion for 7,
3 demonstrates the slope of the spectryfifr)=v~! ex- T(T)o(T=T¢) ™ ?, 2

pected for a single exponential relaxation process. The ex-

perimentally observed spectrum shows much weaker deca¥{he_re the exponeng is directly related to the exponeht®
i.e., the slow process is strongly stretched. Approximating'c 1S @ crossover temperature where this MCT scenario
the low frequency end of the spectra by a power |aW'shouId_break down and below it the spectrum of the fast
¥"(v)= P, we estimate the exponebt=0.24+0.05(inset, ~dynamics becomes temperature dependent. _
Fig. 3. This result points out that the relaxation processes in e applied the suggested scenario for analysis of the
DNA have either complicated behavighierarchy and/or Presented specti&igs. 2 and 3 They indeed show the pre-
strong coupling or their relaxation times are broadly distrib- dictéd minimum and the power law spectral shape for the
uted. Extremely strong stretching is a characteristic featurdigh frequency tail of the SIOW process. As well as we co_uld
of relaxation in polymeric systems, where molecular chaind'ot re_sol\,//e the slow procegse., we do not see the maxi-
have many internal degrees of freedom. In this sense th&UM inx"(v.T)] we simplified its spectral shape in EQ)
DNA-molecule, as a biopolymer, is not exceptional. by a power lawys"(v) ={r7,(T)}"” with b=0.24 and the

It was showr® that relaxation processes in proteins mea-Sindle free parameter,(T). The latter, however, can be
sured in the time domain can be well approximated by th&Stimated in some arbitrary units only. So, for a complete
stretched exponential  or Kohlrausch—Williams—Wattsdescription of the experlment’al spectra one should find the
(KWW) decay function, é(t)eexp{—(U/mnan)?}, with spectrum' of the fast proceggs” (v) Whlch can be kept tem-
stretching parametg8=0.3-0.5. It is interesting to note that Perature independefiq. (1)]. According to MCT, the low-
the value of the stretching exponehbty0.24, found here for frequency tail of”the fasat process should have a power-law
the slow relaxation process in DNA, corresponds to thesPectral shapexe”(v)x v Relation between the exponents
KWW stretching paramete8~0.372 i.e., it is close to the a andb gives valuea~0.18 forb=0.24. It is not possible to

value found for relaxation processes in proteins. identify this tail in the presented spectra because of strong
vibrational contribution at high frequencies and the slow pro-

cess contribution at low frequenci€big. 2). Due to that
reason we approximateg:"(v) in the frequency range 50—
Now we turn to the analysis of the spectra in the way800 GHz by second order polynomial with three free param-
suggested by the mode coupling theory. MCT predicts thagters. For their estimation we used an iterations procedure;
the relaxation in supercooled liquids occurs essentially irfirst, we fitted the spectra at all temperatures in the frequency
two steps; first on very short time scafef the order of range 70-800 GHz using E(l), then, we fixed parameters
picosecondl the density—density correlation functich(t) of the fast spectrum at their average values and repeated the
=(8p(t) 5p(0))/{5p(0)?) decays to a certain level, and then fit using the only free parameter,(T); at the next step we
on a much longer time scal&om hundreds of picosecond to fixed 7,(T) and repeated the fit with free parameters for the
microsecond range, depending on temperataigecond, pri- fast spectrum and then fixed them at their average values;
mary structural relaxation, the so-calledrelaxation, takes after that we repeated the fit using the only free parameter
place and®(t) decays to the zero lev&l.As a result the 7,(T) and, etc. This iteration procedure rapidly converged in
susceptibility spectrum should show a minimum betweerthe high temperature region. However, we were not able to
these two processes. MCT predicts that the two processes dird any spectrum of"(v) which could be kept tempera-
not simple exponential decays, they are stretched and havare independent below=236 K. It means that the scenario
power-law spectral shapegs’(v)>v ™" for the high fre- works down to at leasT=236K, but breaks somewhere

MCT SCENARIO AND THE DATA ANALYSIS



7056 J. Chem. Phys., Vol. 110, No. 14, 8 April 1999 Sokolov, Grimm, and Kahn

T T Ig T
410

@ iy

+ =

\T_‘ ’,0 "- 18 =.

20 L2x =

E 25 6 o 5

[} o A/’ ) 1] [l

— 0,0 7 -~ —_

i e

< Q@ 7 44 \ H

= A < =~

-~ L &3 o

Qp”
| e 12 <
(= o
N’ .
0 - . . 0
200 250 300 350
T [K] 100 v [GHZ]

FIG. 4. Temperature dependence of the single fit paramefer) in the
power —1/y (A), with y=4.94. Temperature dependence of the viscosity
time scale, @/T), of water(O), herey=2.05 (data from Ref. 1}.

FIG. 5. Differences of the susceptibility spect@ay”(v)=x"(v,T;)
—x"(»,T,): T;=275K andT,=255K (A); T;=255K andT,=236 K
(O); T,=297 K andT,= 236 K (solid line, the intensity is scaled by a factor
0.25; T;=236K andT,=211K (O); T,=236K andT,=138K (*, the
intensity is scaled by a factor 0.6 The dashed line shows
above the next temperature poifiit=211K. This gives an  Ay"(v)e«p 02

estimate of T in the range~215-235 K. The resulting
spectrum of the fast procesgs”(v), is shown in Fig. 3at
v>800 GHz it was extended using smoothed spectrum Med5,5cUSSION
sured afT =138 K). The final fit with the single free param-
eter 7,(T) describes reasonably well all spectra in the tem-  Very often neutron and light scattering spectra of bio-
perature range 325-236 (kigs. 2 and 3 molecules are described by a sum of a few Lorentzians. Pa-
An important point of the suggested scenario is a possirameters of these Lorentzians depend on the resolution func-
bility to check the obtained temperature variationmQ{T); tion of the spectrometer, efé.Many authors try to ascribe
it should follow the expected temperature variati&u. (2)]  every Lorentzian to some specific motion of the biomolecule.
and the so obtained value ©f should agree with the above However, the presented here results clearly demonstrate
estimate. The exponentcan be directly calculated from the stretched relaxation spectra in a broad frequency range.
value of the exponenb via the transcendent equatidh, These spectra can not be described just by a sum of a few
which givesy~4.94 forb=0.24. Indeed;r,(T) Y” varies  Lorentzians; one should assume either a broad distribution of
rather linear with temperature and results in an estimate afelaxation processes or nhonexponential relaxation.
Tc~230K (Fig. 4) in a good agreement with the analysis of One particular description of the nonexponential relax-
the spectral shape. ation in liquids is suggested by the mode-coupling theory. As
The experimental spectf&ig. 2) show, however, noth- it is shown above the scenario suggested by MCT describes
ing specific or critical in the temperature range arodnd reasonably well the spectrum of DNA and its temperature
=230 K; the temperature variation of the spectra seems to beariations. This fact by itself is rather surprising because
monotonous. This situation is similar to that observed forMCT was developed originally for simple liquids. However,
glass forming systems and is the main objection against thithe suggested scenario at least on a qualitative level was
MCT’s scenario. The latter predicts qualitative changes fofound to be a good approximation for spectra of different
the temperature variation of the spectrd at In order to test  glass forming liquids'—*°and also describes well the spectra
that prediction without any model assumption we analyzedf supercooled watér. The presented results together with
differences between the susceptibility specig/(v), mea- the results published previously for myoglobishow that
sured above and below 236 K. The analy§ig. 5), indeed, the dynamics of these complicated biomolecules can be also
shows a qualitative change of the differential spectral shapdescribed using basic physical ideas.
around 230 K:A x"(v) has the same shape in the tempera- The presented analysis shows an existence of two char-
ture range 297-236 K, which differs qualitatively from acteristic temperatures for the dynamics of DNiA.Onset of
Ax"(v) in the range 236-138 K. Moreover, the shape ofanharmonicity which clearly happens somewhere below 210
Ax"(v) at high temperatures is similar to the shape of theK (Fig. 2), most probably around~ 180—200 K(inset Fig.
high frequency wing of the slow proces&x”(v)=v»~%2*  1). This onset of anharmonicity is usually interpreted for the
(Fig. 5. The latter agrees, at least qualitatively, with theglass forming systems as a signyf and is consistent with
MCT’s scenario that the main variation of the susceptibility estimates ofl; for proteins®~>2(ii) Some dynamic transi-
spectrum at high temperatures is a shift of the slow procession at T~230K which we ascribe to the MCT’s crossover
whereas belowl . also the spectrum of the fast dynamics temperaturelT.. The presented analys{gigs. 2—5 clearly
shows significant variations. This analysis clearly demon-demonstrates that the crossover in dynamics appears at tem-
strates that there are two temperature ranges, above and lgeratures significantly higher than the onset of anharmonic-
low ~230 K, where dynamics show different temperatureity. We want to stress that the dynamic transition just in the
variations. temperature range between 180 K and 230 K has been ob-
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served using different experimental techniques for variety oflifferent conditions, the problem that is now important in
biological macromolecule¥®~%?12Based on our results one pharmaceutical industry. One of the ways is already actively
can speculate that this is the transition range betWigeand  discussed in the literature and is under different tests in labo-
T. and it appears to be similar for many biomolecules. Theratories; “putting proteins under glass®3? |t was demon-
crossover temperature obtained for DNA is also close to thetrated that one could suppress the biochemical reactions al-
characteristic temperature below which functions of biomol-ready at room temperature putting the proteins in sugar
ecules slow down significantly. For example, it was foundsurroundings. It would be important to continue investiga-
that crystalline ribonuclease A loses function just below 22Qtions along this line in order to check an influence of the
K,?® a function of bacteriorhodopsin slows down signifi- hydration level and other solvents including sugars on criti-
cantly around 200 K% and efficiency of the photoinduced cal dynamics of biomolecules, whether or nb¢ can be
electron transfer drops down below230 K° shifted in that way and whether or not the process of biomol-
According to modern ideas the dynamics of the glasscule stabilization can be understand in the framework of
forming liquids belowT is controlled by the potential en- these physical ideas.
ergy landscape which does not play an important role at
higher temperatureS2’ It means that beloW ¢ the system ACKNOWLEDGMENTS
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