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A detailed investigation of phonon modes in DNA macromolecules is presented. This work presents experi-
mental evidence to confirm the presence of multiple dielectric resonances in the submillimeter-wave spectra
(i.e., ~0.01-10 TH2 obtained from DNA samples. These long-waie., ~1-30 cm %) absorption features
are shown to be intrinsic properties of the particular DNA sequence under study. Most importantly, a direct
comparison of spectra between different DNA samples reveals a large number of modes and a reasonable level
of sequence-specific uniqueness. This work establishes the initial foundation for the future use of
submillimeter-wave spectroscopy in the identification and characterization of DNA macromolecules.
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[. INTRODUCTION nucleic acid moleculegl,13] and the supporting experimen-
tal evidence for “heteronomous” conformations arising in
There exists considerable interest in both the experimentadoly(dA)-poly(dT) homopolymerg14]. The Raman effect,
and the theoretical investigation of the vibrational dynamicswhich produces frequency shifts in the optical spectra, arises
associated with deoxyribonucleic adidNA) polymers. In-  from nonlinear mixing interactions between the naturally oc-
deed, much effort has been applied to the experimental gerurring phonon modes and those artificially induced by the
eration[1-5], and the theoretical interpretatipf—8|, of the  applied EM field. Hence, Raman scattering results from a
spectral data originating from the collective electronic me-second-order optical process and can provide unique infor-
chanics and atomic motions of biopolymers. The underlyingnation not available from a first-order photon absorption.
motivation for this work is clear. The study of the molecular While Raman scattering is especially effective in the charac-
dynamics, achieved via scattering and absorption spectroserization of periodic microstructure®.g., semiconductors
copy, is a viable and proven approach that has been applieghd semiconductor interfacg$5]), it is a very complicated
widely for the general characterization of molecular confor-process and correlation between theory and measurement is
mation[9—11]. Furthermore, there are fundamental physicalexceptionally challenging for DNA polymerd6]. In fact,
reasons to expect that an effective application of the spectrahe problem of developing formalisms for the computation of
data(i.e., especially in the very long wavelength regjmman  Raman intensities and selection rules in large molecules,
yield detailed information about complex biological mol- such as DNA, has been addressed only rec¢mflyl§. This
ecules. Since the submillimeter-wave frequency reginee,  fact, combined with the richness of predicted lines in the
~0.01-10 THz is predicted to be fairly rich with spectral low-frequency range, has led to an increased interest in the
features that are dependent on DNA internal vibrations thaapplication of submillimeter-wave absorption spectroscopy
are spread over large portions of the complex molecul¢o biopolymer characterization.
[7,12), it is reasonable to expect results that are dependent on While the application of submillimeter-wave absorption
the primary sequence of the molecule. Hence, the focus afpectroscopy to biopolymers has been somewhat limited to
this work is to investigate the use of submillimeter-wavedate, indirect techniques such as Raman scattering, the Bril-
spectroscopy for the identification and characterization ofouin scattering, and the neutron scattering have clearly dem-
DNA polymers and to establish a theoretical foundation foronstrated standing wave oscillations in DNA polymer chains
future interpretation of phonon modal behavior using THzin the very far infrared(IR) [2,19]. Indeed, most spectral
spectroscopy. investigations of DNA have been performed at frequencies
The general need for faster and less expensive techniquesove 10 THZ5] or towards the higher-frequency portion of
that can provide useful structural information leads naturallythe submillimeter-wave domain. The limited number of spec-
to spectroscopic techniques that utilize the interaction of armroscopic studie§2,20—23 below this regime may be attrib-
applied electromagnetiEM) field with the phonon(lattice  uted to the special experimental difficulties that are presented
vibration) field of the material. From the very beginning, there. In this region between the microwafe100 GH2
Raman spectroscopy has been widely used to provide insiglind the lower end of the far IR~1000 GH3, the output
into the three-dimensional structure and microscopic propower of the available sources is limited, the absolute ab-
cesses associated with biological molecylgs3]. For ex-  sorption of the biological material is relatively weak, and the
ample, Raman data provided accurate force constants for thaigh absorption of water masks results from biological ma-
oretical refinements in early lattice-dynamical treatments oferials in solution. These difficulties have severely limited

1063-651X/2002/66)/05190311)/$20.00 65 051903-1



D. L. WOOLARD et al. PHYSICAL REVIEW E 65 051903

the direct identification of phonon modes in biological mate-ented herring DNA sodium salt and salmon DNA sodium salt
rials at submillimeter-wave frequencies. Investigations perwere investigated and shown to possess large numbers of
formed on dried films of DNA in the 3- to 500-crhrange  resonant features. In addition, and most importantly, the in-
have revealed only a few modes. Specifically, work by Wit-dividual spectra of the oriented samples were shown to con-
tlin et al.[21] has found modes of 45 cm for the Li-DNA  tain features that are sequence specific. This work has con-
and 41 cm* for the Na-DNA. Most notable is the observa- firmed the utility of long-wavelength phonon modes as
tion of four bands near 63, 83, 100, and 110 ¢rin poly-  Probes to the structure and dynamics of DNA. Furthermore,
crystalline polydA)-poly(dT) DNA by Powell etal. [2].  this work has laid an important foundation for the application
While this work did not report any phonon modes below 630 Submillimeter-wave spectroscopy to the area of biological
cm™, it is important to note that the authors believed that “it SCiénce, medical applications, and in the arena of military
is not possible to make meaningful measurements at frequeff€fénse against warfare agefs.

cies lower than 40 cit because the polynucleotide samples
are too fragile to form the sufficiently thick and large diam-
eter films required to provide adequate absorption below 40 A. Instrumentation
cm 1" Finally, Lindsay and Powell[22] have previously
reported a mode in DNA around 12 ¢thand there have
been reports of DNA modes in the microwave rarige.,
<0.3 cm}) from measurements of DNA solutions by Ed-

II. THE EXPERIMENTAL PROCEDURE

In this study, detailed Fourier-transform infraréeTIR)
spectroscopic investigations of DNA films were performed
over the broad spectral range frortl0 to 4000 cm?! wave
numbers. Here, transmission measurements were performed

wardset al.[23]. However, later confimations and interpre- to determine the material absorption characteristics. These

tations of these results have not been reported. Hence, prgkperiments were utilized to search for the occurrence of

\éggtser:ggec?f“gﬂgniorr]]%\:\emr:)%tengtmslﬂ\é?rl\}illlirisé?ebrl-l\fvg(\a/i ftrr:dielectric resonances induced by interactions of the EM field

Lencies below thg infrared. Much more recently. new Stud\_/vith long-wavelength phonons. The spectral studies reported
q ’ . r on here utilized a commercial Fourier-transform spectros-
ies on dry DNA samples have suggested that mlcrowave(-:Opy (FTS (Bruker IFS-66 system. The FTS system is

frequency resonant modes exist that are unique to DNA typg " . 1
and this has been the motivation for the studies presente8 SJ(;p_p‘leC;ioaN 'Ctr:],]l)m Segslrjcrgsla;]gf)%fges ?:Ir:utl:r:?: d ?rlf)\g’]\fsgrne

here[24]. 9
o I . . sulfate detector(DGTS) (room temperatupe and liquid-
With increased availability of DNA sequence information, helium-cooled Si-bolometer T=1.7 K) signal detection.

as a result .Of various genomic sequencing projects World'}'he sample chamber of the spectrometer was placed in
wide, there is a keen interest in determining new methods o

) . i . ; .vacuum to eliminate any influence of water-absorption lines.
extracting primary sequence information for clues to biologi-

. X ) The resolution was set between 0.2 and 2 tnand up to
cal and functional propertigd.3,25. It is generally accepted . .
; . . : 512 interferograms were accumulated, co-added, and Fourier
that the translational and rotational motions of biopolymer

molecules must be related to their properties and biologicailransformed. _In all cases cited here, baseline correction
functions[26]. The desire to understand the mechanisms o graded or uniform shiftwas not necessary.
DNA function in biological processes has motivated much
study of biopolymer dynamic$27]. Previous theoretical
studies by Van Zandt and SaxefB2] have predicted that The investigations reported here considered both uniform
DNA phonons in the intermediate submillimeter-wave rangeand nonuniform films of dry DNA material. In addition, the
(i.e., 0.01-10 THyarise out of poorly localized motions that studies considered randomly oriented and partially aligned
are spread over one or more base-pair units. Here, the dpNA chains. It is appropriate to mention here that measure-
namics are dominated by interactions of moderate strengtment results are strongly dependent on a number of factors
and range, which includes the weak hydrogen bonds of thée.g., sample preparation, humidity, and temperatuire
DNA base pairs. Hence, phonon modes that arise in this indeed, in order to successfully resolve phonon resonances in
termediate range should reflect features specific to the DNAiological materials one must consider the effects of interfer-
code. Furthermore, theoretical studies have predicted DN&nce and mode coupling strength. For example, very uniform
phonon frequencies throughout this regifi@8—31 includ-  solid films are well known to exhibit interference fringes in
ing an optical mode as low as 3 ¢M[31]. Therefore, the their reflection and transmission spectra. Furthermore, the
scientific motivation for further investigation is exceptionally interference phenomena can obscure fine resonant features or
strong. be misinterpreted as modes themselN@% As will be

This paper presents experimental results on the nature gshown, the samples with randomly varying thickness al-
phonons within the long-wavelength regime. In these studiedowed for estimations of the phonon resonances via transmis-
detailed transmission measurements were performed asion averagingsee the following sectionlt should also be
DNA films to search for the occurrence of dielectric reso-noted that the fine structures observed here required spectral
nances in the frequency band from approximately 300 GHzesolutions better than 0.5 ¢rh This requirement may par-
to 100 THz. These results confirm that a portion of thetially explain why earlier FTIR investigations were not able
submillimeter-wave spectrae., <1 THz) contains numeri- to detect them. An equally important point for detection is
cal structures that are unique to the individual biopolymergshe optimization of the coupling between the EM field and
under investigation. Specifically, dry films of randomly ori- the dipole moment of the DNA oscillator. As will be shown,

B. Sample preparation and measurement conditions
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measurements on unoriented dry films result in mode dampmives the complex permittivity in terms of the high-
ing and a weak coupling to the EM field. This leads to spec{frequency dielectric constamt, and a sum over the Lorentz
tral results where the occurrence of some modes varies fromscillator states. Heres; is the oscillator strengthy; is the
sample to sample. Conversely, spectral results are muakigenfrequency, ang; is the full width at half maximum
more consistent within oriented samples. Specifically, theassociated with each harmonic oscillator. The dielectric prop-
number and frequency of phonon modes is directly tractablerties of the films may be equivalently characterized by the
with angle of orientation to the aligned DNA samples. It complex index of refraction defined by
should be noted that some modes are orientation indepen-
dent. N(v)=n+ik, 2
The DNA films were prepared by dissolving herring DNA
sodium sal(type XIV from herring testes, Lot 14H7121 with where the real pam is the refractive index and the imagi-
6.5% Na content and salmon DNA sodium saftype XIV  nary partk is the extinction coefficient. In almost all materi-
from salmon testes, Lot 44H7020 with 6% Na contestt-  als(i.e., nonmagneticthe index of refraction and the dielec-
tained from Sigma Chemical Co. using glass-distilled watefric constant are defined accordingNe= \/e/e, wheree, is
with a concentration ratio between 5:1 and 10:1. The matethe permittivity of a vacuum, hence, the individual terms in
rial then formed a gel that was brought to the desired thickEqs. (1) and(2) are related by
ness by placing the gel inside an arbor shim between two
Teflon films or polycarbonate membranes. The entire mold Erea=N°— K2, (3
was left to dry at room temperature in air or in vacuum. The
samples were then separated from the entire mold, when pos-
sible, to exclude all interference effects and all transmission

losses due to the Teflon films. The thinnest samples had goq_dOSSy dielectrics, with nonzergyag andk, introduce an ex-

planarity, although they sometimes had an imperfection derbonential damping factdi.e., expt-az)] to the propagating

s_|ty (i.e., voids of about.5—10%. The thickness of the dried electromagnetic wave in thedirection with an attenuation
films were measured with a Gauge Stand ONO SOKKI ST'constant defined bja2]
022. The drying process typically reduced the sample thick-
ness between two to three times its initial value. All the
samples that were considered in this study possessed a final a=
film thickness between 30 and 3@0n. Ao Aon
All measurements were obtained from free-standing films. ] _
Films of various thicknesses were utilized to confirm that thevhere Ao=c/f=»"" is the wavelength in free space. In
observed resonances were directly attributable to the absorf1€0ry; if one seeks to derive a frequency-dependent attenu-
tion characteristics of the biological material. Interference@tion (or extinction coefficient fromvery uniform films then
effects were documented in cases of very uniform films andhe effects of interference must be addressed. Specifically,
contrasted to samples with randomly varying imperfectiondilms that are sufficiently uniform and thin can be expected
in optical thickness. The mathematical procedure used to dd© exhibit frequency dependence both in their transmission
rive the dielectric properties for this particular condition of @nd reflectance spectra due to fringing effects. In this situa-

quenched fringes will be fully discussed in the following tion, the effects of geometrica}l interference must be sub-
section. tracted from the spectra to derive the true frequency depen-

dence of the material parameters. When fringes are observed
in measurements, interferometric techniques., varying
wavelength or thickne$snust be employed directly to de-
termine the dielectric properties. Furthermore, numerical it-
The measurements obtained in this paper were used i ations are necessary to discriminate the natural wavelength
derive the high-frequency dielectric properties of the biO'Ogi-dependence of the material from those produced by the ge-
cal agents under consideration. Here, the investigation seeksnetry of the film[2].
to resolve the frequency-dependent nature of the material Fortunately, the effects of geometrical fringing can be ar-
that results directly from the microscopic resonant phenomtificially excluded by precise control of film thickness varia-
enon. When optically active resonance is present in any mMaions (e.g., lapping in semiconductor film measurenemt
terial a frequency-dependent, lossy, dielectric characteristigaturally diminished by random variations introduced by im-
will result. Such a dielectric will exhibit an effective permit- perfections. In such situations where fringes are not resolved,
tivity of the form an average transmission can be defined and measured that
S 2 resolves the dependence of the dielectoicoptica) param-
_ o (il eters on spectral wavelength. Specifically, the average trans-
8(1)=Ereart 1 8imag 8°°+; (V=19 =iy’ @) mission through a nonfringing film of randomly varying
thickness is given by32]

Simag: 2nk. (4)

47k _ 27&imag

, ®

1

C. Calculation of refractive index n and extinction
coefficientk

wheree is the complex dielectric functionyis the frequency (1—Ro)2(1—K2/n?)
in wave numbers, ang,q; andenqg are the real and imagi- (T)= S . ,
nary parts, respectively. The last term in Ef) explicitly exp(ad) —Rgexp( —2ad)

(6)
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FIG. 1. Salmon and herring
DNA transmission spectra taken
from a broad sweep over the very
far infrared regime.
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whered is the average thickness of the film aRd is the

surface reflectancg.e., of an equivalent air and infinite-film

interface given by

C(n—=1)%+k?
AR "

If the material is sufficiently lossy such that
exp(2ad)>RE, (8a)
k?<n? (8b)
are true, then Eqg6) and(7) simplify to

(T)=(1-Rg)%exp(— ad), 9
(n—1)?
S:m. (10)

2800

3200 3600

termine the absorption and refractive index spectra. For most
of the data presented the effects of specimen imperfections
and/or spectral bandwidths were such that the material char-
acteristics were derived using the nonfringing procedure de-
scribed above. In addition, the materials studied possessed
sufficient loss to justify the use of Eq&) and (10). This
procedure allowed for the interrogation of narrow spectral
features in the dielectric characteristics.

. MEASUREMENTS RESULTS

FTIR spectroscopic studies were performed over a very
broad frequency regiofi.e., ~10—4000 cm?) that encom-
passed the major portion of the very far infrared spectrum
where optically active phonon phenomena are expected. It
should be notedsee the following sectignthat the elastic
nature of DNA polymers results in structural vibrations that
are acoustic modes below approximately 0.01 T@z3
cm ). Hence, DNA phonon modes in the microwave and

Data collected for two samples of different average thicknessillimeter-wave regime, with wavelengths greater than 3
can now be used to eliminate the surface reflectance anaim, are for the most part optically inactive and absorption

define the absorption coefficient as

_ IN(T1)/(T>)

(dp—dy) " )

spectrum from this region cannot be expected to yield a great
deal of information about the internal structure of the poly-
mer [6]. On the other hand, there are two distinct regions
within the submillimeter-wave diapason where phonon
modes can be expected to reveal information about the mo-

where(T;) and(T,) are the average-transmission measuredecular structure of DNA. Above about 10 THz the short-

ments for samples of thickneds andd,, respectively. Once

range, covalent bonds of nucleotides present within the DNA

the transmission and the absorption coefficients have begwolymer are the primary source of the phonon modes. There-

determined over some frequency band of interest, E)s.

fore, similar modes should result whether these nucleotides

and (10) can be used sequentially to extract the refractiveare isolated or appear as constituent elements inside complex
indexn(v») and Eq.(7) can be used to determine the extinc- DNA chains. Hence, spectra from different DNA species

tion coefficientk(v). The assumptions utilized from E(B)
can now easily be verified for accuracy.

within this high-frequency regime should not differ greatly.
Conversely, in the low-frequency band 0.01-10 THz, the

In the results reported here, simultaneous measuremengpectral features have been predicted to result from poorly
of optical transmission through samples of different thick-localized motions that are dictated by structural factors from
ness, prepared under the same conditions, were used to dseveral nearest-neighbor base-pair units. Therefore, phonon
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FIG. 2. A comparison of
salmon and herring DNA spectra
over the terahertz frequency sub-
band.
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modes that arise in this portion of the submillimeter-waveformed in this high-frequency domain were performed on
regime should reflect features specific to the DNA sequenceaandomly oriented DNA. Here, heavy absorption and mul-
The two subsections that follow will present measurementiple, broad features are present in the high-frequency regime
results from each of the optically active spectral regimes an@etween 400 cm' and 1800 cm®. Figure 2 presents a typi-
confirm these previous conclusions that were heretoforga] set of results and compares the transmission spectra from
based almost exclusively on theoretical considerations.  salmon and herring DNA samples in this same frequency
region. These results, which utilized a relatively low-
A. High-frequency regime measurements resolution scale of 5 cit, reveal that salmon and herring

Detailed FTIR transmission measurements were per€xhibit broad resonances that are in direct agreement.
formed on dry, free-standing, thin-film samples of DNA  Multiple spectral scans for herring DNA were taken and
taken from both salmon and herring testes in the region 400.used to derive the absorption coefficient that is given in Fig.
4000 cm'!. Figure 1 presents a transmission measuremerd. The peaks in the absorption characteristic may be attrib-
sweep for both salmon and herring samples that shows théted to phonon modes associated with stretching and bend-
majority of the region considereddote that the region above ing motion of covalent bonds. In fact, previous spectral stud-
2000 cm* lacks interesting features and has been excludeiks performed by Sarkat al.[5] have made assignments for
from later results It should be noted that measurements persome of these absorption bands in nucleic acids. For ex-

1600
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e 1200 A
o
T
2
L
£
8 800 A i
S FIG. 3. Absorption character-
S istics of herring DNA within the
'E'_ terahertz frequency subband.
3
£ 400 1
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051903-5



D. L. WOOLARD et al. PHYSICAL REVIEW E 65 051903

0.6

0.5 1

0.4 -
c
kel
&
E 03 FIG. 4. Herring DNA trans-
% \ mission as a function of film
= thickness in the upper portion of
= \ - .
0.2 1. \\ the submillimeter-wave regime.
. . . o
. . \
014 e \
N
0.0 T ; . . . : ' : ..........
100 200 300 400 500

Frequency (cm™)

ample, these earlier FTIR spectral studies of both DNA andtudies[5] of double-stranded RNA oligomerg.e., 7-mer
RNA oligonucleotides have documented broad spectraind 23-mer RNAs Here the~1080 cm ! band is attributed
bands in this high-frequency region. In particular, the FTIRto symmetric PQ stretching mode coupled with the
spectrum of the 23mer-merDNA hairpin at a temperature ofC5’-O5’ vibration.

15 °C shows three bands between 1700 and 1630 c@ur It should be noted that this work cited earligre., Ref.
low-resolutionresults show a very broad resonance overlap{5]) for comparison purposes had quite different goals. In
ping these bands at 1692, 1665, and 1644 triihe results particular, these earlier FTIR studies measured high-
of Sarkaret al. results assign these peaks to carbony! stretchresolution spectra of RNA and DNA oligonucleotides ip@®

ing vibrations with contributions of the G202 of thym-  solutions and varied the temperature to detect changes in the
ines, C4=04 stretching vibrations of thymines with contri- molecular conformation. While this earlier work utilized
butions C2=02 of cytosines, and =C, C=N ring  higher-quality samples, performed measurements on nucleic
vibrations of thymines engaged in Watson-Crick base pairacid solutions, and utilized higher spectral resolution, a com-
ing. Another example of general mode agreement is th@arison of their results to those presented here is very useful
broad peak exhibited at approximately 1080 ¢rin the re-  for illustrating some important points. First, it demonstrates
sults of Fig. 3, which has been observed by earlier FTIRthat phonons arising from the influence of small constituent

0.003
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------- H DNA, d=55 pm
0.002 -
& 0.001
2
'_
k) . .
P FIG. 5. Differential plot of the
S 0.000 - L "
= transmission characteristic  for
_g salmon and herring DNA in the
8 0,001 upper portion of the submilli-
e meter-wave regime.
-0.002 4
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: . . . . . .
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molecules can be detected in thin, dry films of DNA as ex-over the range 300—600 cth These features are actually
pected. In addition, it further illustrates that these featuresoft phonon modes that are obscured by the absorption roll
tend to be somewhat independent of base-pair sequence. feiffs from the very strong resonance at 545 ¢niThese ex-
nally, it lends support to the general accuracy and validity ofperimental results show that all clearly resolvable phonon
the results from our investigations. In the section that fol-modes are present in both samples. Hence, this shorter-
lows, more detailed spectroscopic studies of these DNAyavelength portion of the low-frequency regime does not
samples will be presented that illustrate the utility of provide signature features for discriminating between
submillimeter-wave spectroscopy for the detection and idenéamples. However, it should be noted that features in the

tification of biological agents and for the detailed interroga- jifrerential plots are extremely weak between 100 and 300
tion of molecular structure. Here, higher resolution will begmfl and difficult to distinguish.

employed to reveal lower-frequency regime features an The manifestation of resonances in the DNA material

how th_ey vary between D.NA samples. Furthermore, the "€ bove 3 THz in frequency was found to be very sensitive to
sults will demonstrate an important dependence on the rel

tive orientation of the DNA samples and the incident EMa%he samplg .preparation and is relevant for co_mmenting on
field. here. Specifically, the strengthe.., the relative heightof the'
resonant features was dramatically affected by the ratio of
water-to-DNA concentration used in the film preparation. For
example, the intensity of the differential spectral results from
High-resolution FTIR transmission measurements werea herring DNA film prepared with an 10:1 water-to-DNA
performed on dry, free-standing, thin-film samples of DNAconcentration is a factor of 10 stronger than the results from
taken from both salmon and herring tests in the region 10-a herring DNA film prepared with a 5:1 concentrati88].
600 crmi L. To begin let us consider the results obtained fromThis is a direct indication of the resolvability of the peaks
the upper portion of this frequency band between 100 anthat occur in the absorption spectra. Furthermore, this effects
600 cm L. In general, the transmission spectra obtained irboth the hardi.e., zero crossingsand soft resonances and
this regime above 3 THz in frequency exhibited features thashows that there is significantly stronger coupling of the
were in very good qualitative and quantitative agreementlectromagnetic energy when the samples are prepared with
with previous investigations by others on DNA filnfjsee larger concentrations of water. While the fundamental
analysis in[33]). For example, Fig. 4 presents a set of trans-mechanism responsible has not been identified at this point,
mission measurements, at 2 c¢hresolution, for varying it is clear that the oscillator strengthe., either the phonon
thicknesses of randomly oriented herring DNA, which indi- density or polarizability has been affected by the film for-
cate resonant-absorption peaks at 212, 424, and 548.cm mation procedure. This phenomenon and its understanding
Figure 5 contrasts differential plots of the transmission charwill have many important ramifications for future studies to
acteristic versus wave numbére., 4T/df calculated from resolve the dynamics within intrinsigsolated DNA macro-
smoothing over nine data pointfrom randomly oriented molecules. For example, if this effect is related to salinity of
samples of herring and salmon DNA. Here, approximateljthe sample(e.g., the DNA samples under study are in fact
similar results for the two different samples are observedDNA salt9 then the prescription for enhancing the phonon
Furthermore, the differential plots reveal a large number ofactivity is important for interrogating the microscopic physi-
weak shoulder features in the transmission characteristiozal dynamics. In addition, this mechanism may offer a tool

B. Low-frequency regime measurements
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for determining the water content associated with DNAa substantial set of resonances in the band 50—110 éon
samples. Values for the absorption and extinction coefficientaninimal-salt Na-polydA)-poly(dT) that were strongly de-
were extracted for both herring and salmon filf88] and it  pendent on temperature. These resonances were absent in
is important to note that these results agree very well, botthigh salt concentration samples. However, the spacing of the
qualitatively and quantitatively, with earlier studies per-relative maxima and minima in the data reported can be ex-
formed by Powellet al. [2] on vacuum-dried poly(dG)- plained by thin-film fringing. Specifically, the position of the
poly(dC) DNA. In fact, the values of extinction coefficient fringes within their data corresponds almost exactly to a
for salmon DNA at the transmission windalive., ~0.04 at  fringing pattern with uniform film thickness 14&m. Hence,

300 cm'}) and at the lower-frequency resonant pdak., it is difficult to tell whether the effects of the salt concentra-
~0.105 at 200 cm?) matched almost exactly with the room tion are macroscopié.e., affects the film or microscopic.
temperature measurements on minimal-salt, (olab)- In the very lowest frequency spectral region considered in

poly(dC) films reported on in Ref[2]. It is appropriate to this study(i.e., 10—100 cm?) factors arose in obtaining re-
note that this earlier work considered the influence of saltindiable and reproducible experimental data. Specifically, it
conditions on various polynucleotides. In fact, they observedvas observed that the optical characteristics were directly

0.7

FIG. 8. Transmission spectra
taken from salmon DNA films of
highly uniform thickness. Note
the long-range fringing depen-
dence on film thickness.
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£ FIG. 9. Transmission spectra
% taken from mechanically aligned
= samples of salmon DNA films at
0.55 - the same relative orientation.
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10 15 20 25

Frequency (cm™)

dependent on the orientatiofe., alignment of the DNA sample as was demonstrated by numerous measurements on
fiberg of film samples. Indeed, the mechanical procedureshin films of various thicknessg83]. However, further ex-
used in sample preparation were observed to influence ph@erimentation revealed that there was a variation in some of
non mode coupling to the measurement field and revealethe spectral peaks on different samples prepared from the
new details in the fine spectral structure at frequencies belowame source of DNA. For example, Fig. 7 illustrates results
3 THz. It should first be noted that some DNA samples, agrom measurements on a mechanically aligned herring DNA
shown in Fig. 6, revealed a large density of resonant featuresample at several orientations to the EM field. Here it is easy
and the high degree of repeatability of the features indeperto observe weak spectral modésinimum points in the
dent of sample orientation. Note that these initial studies utitfransmissiop that both persiste.g., at approximately 11.5,
lized DNA samples that were mechanically aligned by brush42.5, 13.5, and 16.5 cm) and vary(e.qg., at approximately
ing during the film preparation but were measured at random 7.5, 20.0, and 21.8 cr) with sample orientation.
orientations to the measurement field. Furthermore, these It is appropriate at this time to comment on the general
type features were observed in both herring and salmon DNAature of the fine spectral features obtained from the mea-
and were clearly due to the material properties of the DNAsurements on these DNA samples. It is certainly true that

0.04
& 0.00 -
k=g
=
Z
g FIG. 10. The differential-
‘§ transmission characteristics of the
s Py salmon DNA film spectral results
Q -0044f: : given in Fig. 9.
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these features are relatively weak and in some cases oftetirect comparison of aligned herring and salmon DNA
revealed only as shoulders or inflection points in the transsamples that were measured at identical orientations is given
mission results. However, the individual features have variain Fig. 11. As shown, there are many common phonon modes
tions(i.e., typically of the order of 0.05-0.1n transmission  across the 10—25 cril band. However, there are also a num-
that are well above noise floor of the FTIR measuremenper of distinguishing modes in both the herrifige.., at 15
system(i.e., less than 0.01Furthermore, these features were gnd 16.5 cm?) and the salmorfi.e., 12.8 and 15.8 cit)

absolutely stable under repeated measurements. The wegkactral plots. Since these measurements were performed on
nature of these phonon _modes is certainly consistent Wltk}ery low quality DNA samples, these results suggest that
expectation. A DNA chain represents a multiple oscillatorg pmillimeter-wave spectroscopy may be a valuable tool for

structure that_is not highly peri_O(_jic in space. Hence, the osp,q interrogation of DNA conformation and dynamics. In ad-
cillators contributing to any individual frequency have a low dition, the observation of polarization effects is important

density per unit volume. Therefore, the detection of DNAbecause this is an exact indication of the phonon’s dipole

phonons via resonant absorption is a weak process. Another

important factor to note is the influence of the interferencem(()arl?ent within the three-dimensional DNA double helix

effect. In some cases, as in those given in Fig. 6, the naturd® Theref h . i S f
variations that results over the surface of the film weaken?_ erefore, these experimental investigations confirm ear-
the formation of interference fringes and very distinct pho-1€" theoretical studie$7] that predicted a definite relation
non modes are revealed. However, for the typical sample8€tween the DNA structure and the low-frequency phonon
considered in these studiése., with d~200um) the effect activity. Specifically, earlier studies have pointed out that
of interference fringing in this frequency range manifests it-DNA polymers are of low symmetry and that none of the
self over many wave numbefse., ~(2dn) " 1=20cm* spectral lines in the very far infrared are truly forbidden.
period as shown in Fig. 8. Since the width of the resonantHence, this low-frequency region should reveal rich spectral
features are much smaller in exténe., ~0.5 cmi 1), thereis  features. While this research has confirmed the presence of
no direct obscuring of the fine spectra by interference. Howmany low-frequency phonon modes and has identified some
ever, a roll-off of the transmission, as shown in Fig. 8, canunique dynamical features, much more research needs to be
transform resonant extrema into shoulders or inflectiordone to confirm and understand the nature of this fine struc-
points in the spectra. Hence, the general agreement of trangsre that has potential application as an important DNA sig-
mission spectra taken from identically prepared salmon DNAature.

samples that were measured at identical orientations, as

shown in Fig. 9, is most effectively considered as differential

plots, as shown in Fig. 10. As can be seen easily from Fig. CONCLUSIONS
10, there is a very high degree of consistency in the actual
and potentiali.e., shoulders and inflection poiht®sonance A study of phonon mode activity in DNA macromolecules

modes when mode coupling is optimized through alignmenhas been presented that confirms the presence of multiple
of the oscillator polarization and the EM field. Indeed, thedielectric resonances in the long-wavelength portion of the
high density of spectral features provides a great deal o$ubmillimeter-wave regiméi.e., ~1-30 cm*). These ex-
information for discrimination of the sample under measureperimental results demonstrate the potential of
ment even over this limited domain from 10 to 25 cmA  submillimeter-wave spectroscopy as a probe into the primary
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sequence, structure, and dynamics of DNA. As shown, when ACKNOWLEDGMENTS
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