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Abstract

Synthetic oligodeoxynucleotides are widely used in many biological, biochemical and biophysical applications. The concentration,
composition and structure of DNA are often determined from its ultraviolet spectrum. Although parameters for use with the nearest-neighbor
model for prediction of extinction coefficients of single stranded DNAs at 260 nm were published some time ago, similar parameters for other
wavelengths or for use with DNA duplexes have not been reported. Practical formulae and parameters for prediction of UV spectra,
hypochromism and peak wavelengths were experimentally determined for both single stranded and double stranded oligodeoxynucleotides in the
range from 215 to 310 nm. The accuracy of predictions made using the nearest-neighbor model and the base composition model was determined
and compared. The spectrum of any DNA oligomer can be calculated using a Microsoft Excel® application that is available in the Appendix A.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Near ultraviolet spectra of DNAs and RNAs are often
collected to determine concentrations [1–4], base composition
[5,6] and secondary structure of nucleic acids [7,8]. Published
models and parameters allow calculations of the oligonucleotide
extinction coefficient, ɛ260, at 260 nm [1,3]; a complete set of
nearest-neighbor (n-n) parameters for other wavelengths has not
been reported.

The extinction coefficient of double stranded DNA (dsDNA)
is less than the sum of the extinction coefficients for the
composing two single stranded DNAs (ssDNA) [9]. This
hypochromic effect of nucleotides is attributed to dipole-induced
dipole interactions between transition moments in stacked
neighboring bases [10]. Empirical parameters for accurate
predictions of oligonucleotide hypochromism have not been
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published [3] although this value is crucial for determination of
concentration of double stranded DNA oligomers.

In this paper, the UV spectra of a large number (~200) of
synthetic DNAs were analyzed. We report methods and empirical
parameters for prediction of: (1) duplex hypochromism at
260 nm; (2) the wavelength of maximum absorbance; and (3)
extinction coefficients for any single stranded or double stranded
DNA oligomers in the near UV region with 1 nm resolution.

2. Experimental and theoretical methods

2.1. Base composition model

Several models have been proposed that relate an intensive
physical property, P, of an oligonucleotide to its structure and
base sequence [11,12]. The base composition model (zeroth-
neighbor model) takes into account the number or frequency of
occurrences of bases, but neglects interactions between neighbor
bases or base pairs,

P ¼
X

i¼A;C;G;T

fiPi ð1Þ
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This sum is computed over all kinds of bases present in single
strands or over all types of base pairs in double stranded nucleic
acids. Properties of each base or base pair, Pi, are determined
from fit to experimental data. The fractions of bases, fi, are
calculated from the oligonucleotide sequence,

fi ¼ NiP
i¼A;C;G;T

Ni
¼ Ni

Nb
ð2Þ

Ni is the number of i type base in the oligonucleotide sequence. If
the physical property P is extensive (e.g., hybridization free
energy, extinction coefficient) the frequencies fi are replaced
with the number of bases in Eq. (1) [11].

2.2. Nearest-neighbor model

The nearest-neighbor (first-neighbor) model broadens the
base composition model and takes into account interactions
between adjacent bases or base pairs. However, any interactions
over a longer range (e.g., between next nearest-neighbor bases)
are neglected. The intensive physical property P is obtained by
summing properties of all types of nearest-neighbor subunits
(doublets) present in the nucleic acid (e.g., AA, AC, AG),

P ¼
X

i;j¼A;C;G;T

fijPij ð3Þ

WhenDNA is composed from four native bases, there are 20 and
12 unique Pij parameters for single stranded and double stranded
oligomers, respectively [11]. The nearest-neighbor parameters
include initiation (end) interactions, which are denoted using a
fictitious base “E” for the end of an oligonucleotide [12].

We employed both the nearest-neighbor and base composition
models and evaluated their ability to predict accurately various
features of UV spectra for single stranded and double stranded
oligodeoxynucleotides. The base composition model was pre-
ferred because of the lower number of parameters. However, if
these parameters did not provide accurate predictions, the nearest-
neighbor parameters are reported.

2.3. Determination of parameters

Once the property P is measured for a set of oligonucleotides,
Eqs. (1) and (3) are constructed for each sequence. To decrease
the impact of experimental errors on parameters there are usually
more sequences than unknown parameters, i.e., the resulting
system of linear equations is overdetermined,

F �YPij ¼ YPexp ð4Þ
YPij is the column vector of parameters and YPexp is the column
vector of the experimentally measured properties, one for each
sequence. The design matrix F has a row for each oligonucleo-
tide and a column for each parameter (base or nearest-neighbor
unit). The overdetermined Eq. (4) was solved using the singular
value decomposition method (SVD), so that the squares of
residuals were minimized [13]. Least-squared fitted parameters
were obtained. In our analysis, the design matrices had no
singular values indicating that all parameters Pij were unique
and no parameter could be obtained from a linear combination of
the remaining parameters [13]. The SVD was implemented
using Excel Add-in, Matrix.xla package, version 2.3 (Foxes
Team, Leonardo Volpi, http://digilander.libero.it/foxes).

The accuracy of predictions was statistically compared using
reduced χ2r and the root mean square deviation (rmsd) between
predicted and experimentally measured values [14].

2.4. Experimental methods

All spectra were recorded at 25 °C in 1.000±0.001 cm
pathlength quartz cuvettes using a single-beam, diode-array
Hewlett-Packard HP8453 spectrophotometer. Absorbance and
wavelength calibration was regularly verified with reference
dichromate and holmium oxide solutions (Starna Cells, Atasca-
dereo, CA). Temperature was controlled by a Peltier cuvette
holder. Absorbance data at 1 nm intervals were processed using
UV–Visible ChemStation and Excel 2003. This work employed
the sets ofDNAoligomers from a previous study that explored the
effects of sodium cations on Tm [15]. The experimental data set of
single stranded oligodeoxynucleotides consisted of 202
sequences ranging in length from 6 to 30 bases and in GC
content from 0 to 80%. The spectra of these single strands were
measured in a low salt buffer (0.1mMsodiumphosphate, 0.5mM
NaCl, 0.01 mMNa2EDTA, pH=7.0) while strand concentrations
ranged from 0.5 to 11 μM.

The data set of DNA duplex oligomers contained 86 unique
sequences ranging in length from 10 to 60 base pairs and in GC
content from 20 to 80%. The UV spectra of duplexes were
collected in a high salt buffer (100 mM NaCl, 10 mM sodium
phosphate, 1 mM Na2EDTA, pH=7.0, total [Na+]=119 mM)
where all duplexes were stable. The helix–coil transitions and
stabilities of all duplexes were previously determined using UV
melting experiments [15].

3. Results and discussion

3.1. Hypochromism of DNA

When two single stranded oligodeoxynucleotides, S1 and
S2, hybridize and form a DNA duplex, D, absorbance decreases
[9]. The extinction coefficient of the duplex, εD, can be
estimated from the extinction coefficients of both strands, εS1,
εS2, and hypochromicity, h,

eD ¼ 1� hð Þ � eS1 þ eS2ð Þ ð5Þ

The value of 1−h is the fraction of absorbance that remains
when the single strands anneal to form the duplex,

1� h ¼ AD

AS1VS1 þ AS2VS2ð Þ= VS1 þ VS2ð Þ ð6Þ

where AD is the absorbance of the duplex solution. AS1, AS2 are
absorbance values of the single strand S1 and S2 solutions,
respectively. Volumes VS1 and VS2 of S1 and S2 strand solutions
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Table 1
Parameters used in Eq. (8)

Parameter λA λC λG λT

Peak wavelength (nm) 256.7 265.7 247.3 265.1
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were mixed to make the duplex sample. Absorbance of 86
duplexes and composing single strand solutions weremeasured at
260 nm, neutral pH and at constant temperature of 25 °C.
Hypochromicity was calculated from Eq. (6). Since hypochro-
mism originates from interactions between neighbor bases, it is
not surprising that hypochromism is sequence dependent. Fig. 1
shows that hypochromism decreases with increasing GC content.
A similar dependence was reported earlier [16], however, their
hypochromismwas calculated from the difference between absor-
bance values at low and high temperatures [9]. We determine
hypochromism at a constant temperature. The values ofh at 260 nm
were fit to base composition model, where hypochromicity is pro-
portional to the fraction of GC and AT base pairs,

h 260nmð Þ ¼ fAT � 0:287þ fGC � 0:059 ð7Þ
The 29% hypochromicity for dA−dT base pair is similar to 22–
24% hypochromicity values observed for rAnrUn duplexes (n=
4−7) [17].

Since experimental errors of hypochromicity are about 0.02,
the nearest-neighbor model did not significantly improve
accuracy of hypochromicity predictions. The rmsd of 0.014
for the n-n model is comparable with rmsd of 0.02 obtained from
Eq. (7). This result is consistent with measurements of genomic
DNA samples where hypochromicity has been approximated
reasonably well by a linear function of GC content [9].
3.2. Prediction of peak wavelength

The peak wavelength of single stranded DNA oligomers,
λpeak, where absorbance reaches local maximum is sequence
dependent. Both the nearest-neighbor model [12] and the base
composition model predicted the peak wavelength with similar
accuracy. The peak wavelength can therefore be computed
using the base composition model,

kpeak ¼ fA � kA þ fC � kC þ fG � kG þ fT � kT ð8Þ
where fA, fC, fG and fT are the fractional contents of adenine,
cytosine, guanine and thymine bases, respectively. Eq. (8) and the
four parameters shown in Table 1 apply to any native single
Fig. 1. Hypochromicity values decrease with increasing GC base pair content.
stranded DNA sequence. The rmsd value of 0.7 nmwas observed
for the set of 202 sequences, which is similar to the resolution of
the spectrophotometer (1 nm). The peak wavelengths in Table 1
are from 2 to 6 nm smaller than the values observed for
deoxynucleotide monophosphates [18]. A similar hypsochromic
shift was reported for AAA trinucleoside diphosphate [19].

3.3. Prediction of ultraviolet spectrum

It has been well established that both absorbance and
extinction coefficients, ε, of DNA oligomers vary with
wavelength [1]. These properties are predicted accurately from
the nearest-neighbor model. The n-n ε parameters have been
previously published for single stranded oligonucleotides at
260 nm [1,3]. Using these parameters, the extinction coefficient
is traditionally calculated from the following formula [1–3],

e260 ¼
XNb�1

i¼1

ei;iþ1 �
XNb�1

i¼2

ei ð9Þ

The εi,i + 1 are the extinction coefficients for doublets of
nucleotides, the εi is the extinction coefficient for the nucleotide
i, and Nb is the number of nucleotides in the oligomer sequence.
The second term of Eq. (9) subtracts extinction coefficients of
internal bases, which are counted twice in the first term. The
parameters are listed in the first two columns of Table 2. The
format of Eq. (9) differs from the usual format of the nearest-
neighbor model, Eq. (3) [11],

e260 ¼
X

i;j¼A;C;G;T;E

Nije
n�n
ij ð10Þ

The initiation (end) interactions (EA, AE, EG, etc.) present at
each oligonucleotide terminus are included in Eq. (10). The
parameters of Eq. (9) can be converted to parameters of the
simpler Eq. (10). The converted parameters are listed in the last
two columns of Table 2. Eqs. (9) and (10) are mathematically
equivalent and provide the same extinction coefficient for any
oligodeoxynucleotide sequence. However, Eq. (10) better
demonstrates that the total number of nearest-neighbor units
(doublets) is Nb+1 for an oligonucleotide that is Nb bases long,

X

i;j¼A;C;G;T;E

Nij ¼ Nb þ 1 ð11Þ

The extinction coefficient, ελ, at any wavelength λ can be
calculated from ε260 and the ratio of absorbance at wavelength λ
to the absorbance at 260 nm,

R260
k ¼ Ak

A260
ð12Þ



Fig. 2. Comparison of predicted (solid lines) and experimentally measured
(symbols) spectra for two single stranded DNA oligomers. The GC base pair
content of sequences is 20% (open circle) and 80% (open triangle).
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ek ¼ R260
k � e260 ð13Þ

This method allows easy updating of ελ values whenever more
accurate parameters for ε260 are introduced in the literature [3].

We have measured experimentally the ratios Rλ
260 for both

single stranded and double stranded DNA oligomers. The
nearest-neighbor model was found to provide a substantially
better fit of these ratios (rmsd of Rλ

260 =0.007 for dsDNA) than
the base composition model (rmsd of Rλ

260 =0.011) for both
ssDNAs and dsDNAs. The ratio Rλ

260 is an intensive physical
variable and depends therefore on the fraction of specific
nearest-neighbor doublets,

R260
k ¼

X

i;j¼A;C;G;T;E

fijR
n�n
ij ð14Þ

where the fraction of a particular nearest-neighbor doublet is
defined as,

fij ¼ NijP

i;j¼A;C;G;T;E

Nij
¼ Nij

Nb þ 1
ð15Þ

The Rij
n-n are sequence dependent nearest-neighbor parameters

for doublets of nucleotides, e.g. AA, TG, EA. Twenty and twelve
unique parameters were determined for ssDNA and dsDNA,
respectively, at each wavelength. These Rij

n-n values are reported
in the Appendix A. Some bases (e.g., dA) do not absorb above
295 nm. Under these conditions their Rij

n-n parameters and Eq.
(14) may predict small negative Rλ

260 values due to experimental
Table 2
Two equivalent sets of parameters for the extinction coefficient of
oligodeoxynucleotides at 260 nm

Traditional format (Eq. (9)) New format (Eq. (10))

i,j εi,j (260 nm) ij εij
n-n (260 nm)

(5′ to 3′) (103 M−1 cm−1) (5′ to 3′) (103 M−1 cm−1)

A 15.4 EA, AE 7.70
C 7.4 EC, CE 3.70
G 11.5 EG, GE 5.75
T 8.7 ET, TE 4.35
AA 27.4 AA 12.00
AC 21.2 AC 9.80
AG 25.0 AG 11.55
AT 22.8 AT 10.75
CA 21.2 CA 9.80
CC 14.6 CC 7.20
CG 18.0 CG 8.55
CT 15.2 CT 7.15
GA 25.2 GA 11.75
GC 17.6 GC 8.15
GG 21.6 GG 10.10
GT 20.0 GT 9.90
TA 23.4 TA 11.35
TC 16.2 TC 8.15
TG 19.0 TG 8.90
TT 16.8 TT 8.10
errors. Since negative Rλ
260 are not observed experimentally,

these negative values should be set to zero. Fig. 2 demonstrates
the accuracy of prediction for two oligodeoxynucleotides of very
different base composition. Excellent agreement between
experimentally measured and predicted spectra is seen. When
Rλ
260 values were predicted for our dataset using the n-n pa-

rameters, overall root mean square deviations of 0.013 and 0.007
were observed for single stranded and double stranded DNAs,
respectively.

3.4. Software overview

The Excel spreadsheet provided in the Appendix A can be
used to calculate the UV spectrum of any oligodeoxynucleotide.
Visual Basic for Applications macros must be enabled in order to
use these functions (set security to medium level in the Excel
submenu Tools\Macro\Security and restart the Excel program).
Sequences should be entered in column B. The top part of the
sheet calculates the peak wavelength and the extinction
coefficients at 260 nm. The bottom part of the sheet predicts the
entire UV spectrum for a single sequence entered in the cell B27.
Sheets “SSData” and “DuplexData” contain tables of nearest-
neighbor parameters for single stranded and double stranded
DNA oligomers, respectively. Available custom functions are
described in the sheet “Help”.

4. Conclusion

This paper present methods, experimentally determined pa-
rameters and easy-to-use software that calculates the ultraviolet
spectrum of deoxyribonucleic acids. Spectra of both single
stranded and double stranded DNA oligomers were shown to be
accurately predicted.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.bpc.2007.12.004.
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