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Summary: He(f) UV photoelectron spectroscopy and ab initic SCF molecular orbital calculations with the 4-
31G basis set have been employed to characterize the valence electronic structures of 2-deoxyguanosine-
5’-phosphate (5-dGMP). In 5-dGMP", the electron distributions of the upper occupied orbitals are localized
and similar to those appearing in 1,9-dimethylguanine (1), 3-hydroxytetrahydrofuran (2) and CH,HPO, (3).
Theoretical ionization potentials (IP's) of 5-dGMP (4) have been obtained by applying Koopmans’ Theorem
to the 4-31G SCF results. The IP’s of seven orbitals in the base and sugar groups in 4, predicted from the
4-31G SCF calculations, have been individually corrected by comparison to results from 4-31G SCF
calculations on neutral 5-dGMP, and to Hel photoelectron spectra of the model compounds, 1 and 2. The
IP's of six of the highest occupied orbitals of the phosphate group in 4 and in the model anion 3, predicted
from 4-31G SCF calculations, have been corrected by comparing 4-31G SCF results for PO, to theorefical
IP’s obtained from second-order Moller-Plesset perturbation calculations on PO,". For 4 in the conformation
occurring in B-DNA, the first IP's associated with the phosphate, base, and sugar groups occur at 5.1, 5.6
and 6.6 eV, respectively. A comparison of the valence electronic structures of 4 in geometries associated
with the B and Z-DNA conformations indicates that in B-DNA the base and sugar orbitals have lower IP’s
than in Z-DNA, while the phosphate orbitals have higher IP’S. & 1992 academic press, Inc.

Gas phase UV photoelectron spectroscopy, used in conjunction with molecular orbital calculations, has
provided detailed, experimentally based pictures of valence orbital structures of the smallest DNA
nucleotide, 2'-deoxycytidine-5'-phosphate (5-dCMP’), which contains 160 electrons (1). Here we report
results in which we have employed this approach to describe the valence electronic structure of the largest
DNA nucleotide, 2'-deoxyguanosine-5'-phosphate (5'-dGMP ), which contains 180 electrons.

Photoelectron spectra (PES) of five methyi substituted guanines have been previously assigned (2,3).
Results from past investigations of methyl substituted guanines, and of other nucleotide components,
demonstrate that there is often good agreement between PES and the energetic ordering and spacing of
valence orbitals predicted by SCF calculations (1,3,4). However, only molecules of limited size can be
examined by directly comparing PES with results from theoretical calculations. It is not currently possible

to obtain highly resolved, gas phase PES of nucleotides. An approach (1) which was previously applied
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to 5'-dCMP" and which is employed here for 5-dGMP- (4) is less direct. With this method, nucleotide ion-
ization potentials (IP’s) are obtained from results of 4-31G SCF calculations by a correction procedure in
which base, sugar and phosphate orbitals in the anionic nucleotides are correlated with orbitals in neutral
nucleotides and in small model molecules and anions. For the models, IP’s can be measured or accurately
calculated. The correlation relies on the observation that SCF calculations with a split valence basis set
describe upper occupied orbitals in nucleotides which are localized on either the base, sugar or phosphate
groups. For each of the upper occupied base and sugar orbitals in 4, the IP predicted by 4-31G SCF calcu-
lations was corrected by using a method (1) which compares the IP of the correlating orbital in neutral 5'-
dGMP, obtained from 4-31G SCF calculations, to the experimental IP of the correlating orbital in 1,9-di-
methylguanine (1) or 3-hydroxytetrahydrofuran (2). For phosphate orbitals in 4 and CH,HPO, (3), IP's pre-
dicted by 4-31G SCF calculations were corrected by using a scaling equation (1) derived by comparing the
values of the first five IP's of PO,’, obtained from 4-31G calculations, with values obtained by using second-
order Mgller-Plesset perturbation theory (MP2) (5). The MP2 calculations were performed on PO, because
this anion is small enough to permit post-SCF calculations of multiple IP's using available computational
resources, and because, like 3 and the phosphate group in 4, PO, contains phosphorous and oxygen.
Prior to our combined use of PES and computational results to describe the valence structure of 5™
dCMP" (1), valence and core electron photoionization spectra for several single base containing fragments
of DNA were predicted from results of ab initio SCF calculations using a single zeta basis set (11). However,

in the earlier study, no comparison of experimental IP's and theoretical results was carried out.

MATERIALS AND METHODS

Experimental Procedures. He(l) photoelectron spectra of 1,9-dimethylguanine (1) and 3-
hydroxytetrahydrofuran (2) were measured with a Perkin-Elmer PS-18 spectrometer. The spectrometer
probe temperatures used in the experiments are given in Figure 1. The spectra were calibrated by using
the 2P, and ?P,,, bands of argon and xenon. A sample of 1 was synthesized as described previously (3).
A sample of 2 was obtained from Aldrich Chemical Co. For 1 and 2, spectra measured from a single
sample over a period of three hours were identical, indicating that no decomposition occurred.
Molecular Orbital Calculations And Geometries. For 5'-dGMP" (4) and for the model compounds and anions,
IP's have been obtained from results of 4-31G SCF (12) calculations through the application of Koopmans'
Theorem (13). Computations were carried out on Cray 2, and IBM 3090/300J/VF and 600J/VF computers.
The GAUSSIAN 88 program (14) was used for all calculations. Molecular orbital diagrams were drawn, as
described previously (1), from 4-31G SCF molecular orbital coefficients.

The geometry of 1 employed in the calculations was obtained from crystallographic data (3). The
geometry of 2 was obtained by combining electron diffraction data for tetrahydrofuran (15) with standard
OH bond lengths and bond angles (16). The C-O bond length in the hydroxy! group was 1.43 A; the CCO
bond angle was 108.5°. For the 4-31G SCF calculations, geometries of PO,, PO, H,PO,,, and CH,HPO,’
(3) were the same as those used in the earlier investigation of 5-dCMP" (1). The geometry of the
phosphate group of neutral 5-dGMP was based on that for trimethylphosphate (1,17). The O-H bond
lengths and HOP bond angles are 1.06 A and 107.6°. Heavy atom bond angles and bond lengths in 5'-
dGMP(4) and in the base and sugar groups of 5-dGMP were taken from crystallographic data for
deoxycytidylyl-(3'-6’)-deoxyguanosine (18). Bond lengths and bond angles involving the hydrogen atoms
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in 1 and 2, and in the base and sugar groups of 5-dGMP and 5-dGMP" (4) were: C-H = 1.11, O-H = 0.95,
N-H =1.01 A, HCH = 109.5°, HOC = 105.0°, HNH=120° and HNC=120° (16). Torsional angles used to
define the geometries of 5-dGMP and 4 in the B-DNA conformation were taken from optimized
crystallographic parameters for B-DNA (19). The geometry of 4 in the Z-DNA conformation was taken from
crystallographic data for a d(CpGpCpGpCpG) hexamer (20).

RESULTS

Photoelectron Spectra of 1,9-Dimethyiguanine (1) and 3-Hydroxytetrahydrofuran (2): F igure 1 contains the

photoelectron spectrum of 1,9-dimethylguanine (1) along with previous assignments (3) and IP’s obtained

from 4-31G SCF calculations. Theoretical IP’s are given above the experimental vertical IP's. The figure
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Fig. 1. Photoelectron spectra of 1,9-dimethylguanine (1) and 3-hydroxytetrahydrofuran (2). Theoretical
ionization potentials and orbital diagrams obtained from 4-31G SCF calcutations. For 1, orbital diagrams
illustrate major atomic orbital contributions to the seven highest occupied molecular orbitals (B,t0 B,). In

= and lone-pair orbital diagrams the viewing angle is different. For 2, diagrams are given for the two highest
occupied oxygen atom lone-pair orbitals, S, and S,.
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also shows orbital diagrams. A comparison of the theoretical and experimental results indicates that the
first IP of 1, which arises from a r orbital, is accurately calculated to within 0.17 eV, and that the theoretical
IP’s of the second, third and fourth highest occupied = orbitals are larger than the experimental values by
0.4-0.9, 1.2-1.7 and 1.2 eV, respectively. For the three highest occupied lone-pair orbitals in 1, the theoreti-
cal IP's are 1.2-1.7, 1.6-2.1 and 1.8 eV higher than the experimental values.

Figure 1 also shows the spectrum of 3-hydroxytetrahydrofuran (2) together with theoretical IP’s, and
orbital diagrams for two bands which arise from O atom lone-pair orbitals. As in the case of 1, 4-31G SCF
calculations on 2 yield IP's for lone-pair orbitals which are too large. For 2, the theoretical IP’s are 1.37 and
1.43 eV larger than the experimental [P’s.

lonization Potentials of Model Anions Predicted by SCF and MP2 Calculations: Calculations of anion IP’s

were carried out by two different methods: (Method I} SCF calculations on the anions at the 4-31G leve!
using Koopmans’ Theorem (13); and (Method ) MP2 calculations on both anions and radicals at the 6-
31+G  level, using optimized geometries for anions and the same geometries for the corresponding radicals
(1,5,13). in the MP2 calcuiations, the core electrons were frozen and the nonsinglet states were described
using the unrestricted Hartree-Fock formalism (21).

Figure 2 shows orbital diagrams and IP’s for the six highest occupied orbitals in CH,HPO, (3) obtained

from 4-31G SCF calculations. in order to evaluate IP’s of closed shelt anions containing phosphorus and
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Fig. 2. Orbital diagrams and ionization potentials of the seven highest occupied orbitals in CH,HPO, (3)

predicted by 4-31G SCF calculations. For the geomeltry employed in the calculation torsional angles are
the same as those associated with phosphate group in 5'-dGMP"(4) in the conformation occurring in B-DNA.
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oxygen, the IP’s of PO,, PO, and H,PO, obtained from 4-31G SCF calculations were compared to IP’'s
obtained from the MP2 calcuiations. The IP’s of PO,  and PO, obtained from the calculations, were also
compared to the experimental values (6-10) of 3.3 £ 0.2 eV and 4.9 £ 1.3 eV, respectively. For PO, the
IP's obtained using either the SCF method (3.20 eV) or the MP2 method (3.34 eV) are similar to one
another, and both agree well with experiment. On the other hand, the two methods yield values for the 1P’s
of PO, and H,PO, which differ significantly. For PO, and H,PO,, the first IP’s obtained from the 4-31G
SCF calculations are 6.60 and 5.31 eV. The IP's obtained from the MP2 caiculations are 4.90 and 4.89 eV.
In general, the MP2 method is more reliable. For exampie, the IP of PO, obtained from the MP2 calculation
agrees better with the experimental value than the IP obtained from the 4-31G SCF calculation.

Theoretical lonization Potentials of 5-dGMP (4) Predicted by 4-31G SCF Calculations: Figure 3 shows IP’s

and orbital diagrams for the thiteen highest occupied orbitals in 5-dGMP" (4) in the B and Z-DNA
conformations as predicted by 4-31G SCF caiculations. The 4-31G SCF results indicate that the total
charges on the base and sugar groups in neutral and anionic 5’-dGMP are similar. In B-DNA, the difference
between the charges on the base in the neutral and the anion is only 0.021 e. For the sugar group, the
difference is 0.101 e. In addition to similarities between charges on the base and sugar groups in neutral
and anionic 5’-dGMP, the electron distributions in the upper occupied base (B, to B,) and sugar orbitals
(S, and S,) in 5'-dGMP" (4) are similar to corresponding orbitals in neutral 5'-dGMP and in the model
compounds 1,9-dimethyiguanine (1) and 3-hydroxytetrahydrofuran (2). For 1, 2 and 4, these similarities are
demonstrated in Figures 1 and 3.

A examination of the orbital diagrams in Figures 2 and 3 indicates that in CH,HPO,” (3) and 5’-dGMP
(4) the phosphate orbitals (P, to P;) are made up primarily from O atom 2p orbitals. Figures 2 and 3 also
indicate that corresponding phosphate orbitals in 3 and 4, like corresponding base and sugar orbitals in

1, 2 and 4 have nearly identical orbital diagrams.

DISCUSSION

Valence Orbital lonization Potentials of Base and Sugar Orbitals in 5-dGMP(4): lonization potentials of the

B, to B;, and S, and S, orbitals in 4 predicted by the 4-31G SCF calculations have been corrected by
employing egs 1 and 2, which are analogous to equations previously derived for 5-dCMP" (1). Equations
1 and 2 are based on the finding that the difference between the true IP of one of the upper occupied base
or sugar orbitals in anionic nucleotides and the IP obtained from 4-31G SCF calculations is approximately
equal to the difference between the true IP and the calculated IP of the corresponding orbital in the neutral

nucleotide (1). Equations 1 and 2 also rely on the observation that the true IP of one of the upper occupied

20



Vol. 184, No. 1, 1992 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Fig. 3. Valence orbital IP’s, obtained from 4-31G SCF calculations, for 5'-dGMP(4) in the conformations
occurring in B and Z-DNA. Orbital diagrams are drawn for 4 in the conformation occurring in B-DNA.
Orbitals located primarily in the base, sugar, and phosphate groups are denoted B, S and P, respectively.

base or sugar orbitals in a neutral nucleotide is nearly equal to that of the corresponding orbital in a model
compound (1).

1Py (1) = 1P i) - AIP ()

AlP = 'Pcalc.SLdGMP () - IPexp 0] (2)

ineq1,IP,, " (i} is the corrected [P for the i'th base or sugar orbital in 5*-dGMP- (4), and IPca,c'i(i) is the IP
obtained from 4-31G SCF calculations on 4. in eq 2, IP_,_ 5. .oue (i) is the IP of the i'th orbital obtained from
4-31G SCF calculations on neutral 5-dGMP; IP,,, (i) is the experimental IP of the i'th orbital in either 1,9-

dimethylguanine (1) or 3-hydroxytetrahydrofuran (2). Values of IP,,, (i) were obtained from the PES in

21



Vol. 184, No. 1, 1992 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Table 1. Theoretical and Estimated lonization Potentials of 5-dGMP~2

Orbital B-DNA Z-DNA

Orbital  Type P IPao 1Py ac Py
Base Orbitals

B, n 5.73 5.6 6.17 6.2

B, n 8.24 6.8-7.3 8.56 7.479

B, n 8.87 6.9-7.4 9.48 7.6-8.1

B, n 9.53 7.3-78 10.07 7.8-8.3

B, n 9.50 7.2-7.7 9.95 7.7-8.2
Sugar Orbitals

S, n 9.14 6.6 9.61 7.1

S, n 9.68 7.6 10.11 8.4
Phosphate Orbitals

P, n 6.54 51 5.88 4.8

P, n 6.88 5.3 6.19 49

P, n 7.79 58 7.20 55

P, n 7.71 58 7.13 54

P; n 8.98 6.5 8.42 6.4

P, n 9.84 7.0 9.09 65

aAll ionization potentials in eV.
bTheoretical ionization potentials obtained from 4-31G SCF calculations.
CCorrected ionization potentials. See text.

Figure 1. Table | lists corrected IP’s of the B, to B;, and S, and S, orbitals in 4, obtained via eqs 1 and 2.

Valence Orbital lonization Potentials of Phosphate Orbitals in 5-dGMP(4): lonization potentials predicted

by the 4-31G SCF caiculations for the P, to P, orbitals in 4 have been corrected by noting thét the true IP’s
for the P, to P, orbitals in CH,HPO, (3) and in 4 are nearly equal. Corrected IP's for the P, to P, orbitals
in 3 are given by equation 3, which was derived by comparing values of the first five IP’s in PO, predicted
by MP2 calculations, with values predicted by 4-31G SCF calculations (1). Equation 3 is the result of a
linear regression analysis of these two sets of values (22,23).
IPers (i) = 055 1P, 5 (i) + 1.54 (3)

Ineq 3, IPW‘_:i (j) is the corrected IP for the j'th phosphate orbital (j=1-6) in 3 and IPC‘_M2 (i) is the |P obtained
from the 4-31G SCF calculation. A test of the accuracy of the procedure used for correcting the phosphate
anion IP’s is provided by considering the corrected IP (5.05 eV) obtained by applying eq 3 to 4-31G SCF
results on PO, Here the corrected IP differs from the experimental IP by only 0.2 eV {7-10). Corrected
values for the IP’s of orbitals P, to P in 4 are given in Table I.

A Comparison 5'-dGMP(4) lonization Potentials in B and Z-DNA: Figure 3 and Table | compare |P’s for

the thirteen highest occupied orbitals in 4 occurring in B and Z-DNA. The results indicate that the B, to B,,
and S, and S, orbitals in B-DNA have smaller IP’s than corresponding orbitals in Z-DNA. The sum of the
corrected IP’s of the three highest occupied n orbitals (B,, B, and B,) of 5'-dGMP" in B-DNA is 1.7 eV

smaller than the sum of the IP's of the corresponding orbitals in Z-DNA. As demonstrated by previous
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investigations of association constants for the stacking of nucleosides, and for the formation of nucleoside-
riboflavin complexes, base stacking interactions generally increase as base IP’s decrease (24). Our results
indicating that = IP’s of 5-dGMP" are lower in B than in Z-DNA, suggest that base stacking interactions are
stronger in B than in Z-DNA. While the results of this comparison of 5’-dGMP" in B and Z-DNA may be
altered when the influence of adjacent nucieotides, water molecules and counterions is considered, the
results are consistent with the finding that the distance between stacked bases in B-DNA is smaller than
in Z-DNA. The rise per base pair in B and Z-DNA is 3.3 and 3.8 A, respectively (25).
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