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Vibrational Transition Moment 

Angles in Isolated Biomolecules: 

A Structural Tool 

F. Dong and R. E. Miller 

Infrared spectroscopy is used extensively in the study of isolated biomolecules, 
but it becomes less useful as it is applied to systems of increasing complexity. 
Even if the individual vibrational bands can be resolved spectroscopically, their 
assignment becomes problematic when they are more closely spaced than can 
be determined using ab initio methods. We describe a method that helps to 
alleviate this difficulty by measuring the direction of the vibrational transition 
moment for each vibrational band. The molecules of interest (adenine and 
cytosine) are cooled to 0.37 kelvin in liquid helium nanodroplets and oriented 
in a large dc electric field. A polarized infrared laser is then used to determine 
the directions of the infrared transition moments relative to the permanent 
dipole moment. Comparisons with ab initio calculations provide detailed struc- 
tural information, including experimental evidence for nonplanarity of adenine 
and three tautomers of cytosine. 
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One reason for the recent interest in the spec- 
troscopic study of isolated biomolecules (1, 
2) is that these results can be compared with 
ab initio theory, providing new and important 
insights into the structure and dynamics of 
these systems. Noncovalent interactions, in- 
cluding the intramolecular forces between 
different parts of a highly flexible biomol- 
ecule (3) and intermolecular (solvent) inter- 
actions in clusters (4), are also being studied 
in this way. In the latter case, the issue of how 
the solvent influences the conformational 
preferences of the molecule can also be ad- 
dressed by making comparisons between the 
structures observed for the isolated molecule 
and those in the associated water clusters of 
varying size (5); intermolecular hydrogen 
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bonding interactions can often "strain" the 
molecule of interest into conformations that 
are not favorable for the isolated molecule 
(6). 

Vibrational spectroscopy is used exten- 
sively in these studies, because it can provide 
detailed information on both the structure and 
dynamics of systems of modest complexity 
(1, 4, 7, 8). For larger systems that have 
multiple conformations, the problems associ- 
ated with resolving and then assigning the 
observed vibrational bands become formida- 
ble. Although pump-probe methods have 
proven useful in separating spectra associated 
with different conformers (7), progress to- 
ward the study of more complex systems will 
ultimately be limited by the ability to assign 
the different vibrational bands. 

Here, we discuss a method for measuring 
the direction of the transition moment for 
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each vibrational band in a spectrum. In this 
way, the vibrational bands can be labeled 
with angles between 0? and 90?, aiding in 
their assignment. As shown below, these vi- 
brational transition moment angles (VTMAs) 
are also extremely sensitive to the direction- 
ality of the bonds in the molecule, so that they 
provide detailed information on the structure. 
Because an N-atom molecule has 3N - 6 
vibrational degrees of freedom, the structural 
information contained in these VTMAs 
scales with the molecule's size. 

The experimental measurement of VTMAs 
requires that the molecules of interest be orient- 
ed/aligned (9) in the laboratory frame of refer- 
ence. The associated difficulties are substantial 
for isolated molecules, accounting for the lack 
of such data. For molecules solvated in a poly- 
mer, the desired alignment can be achieved by 
stretching the film. Alternatively, infrared (IR) 
spectroscopy can be carried out on molecular 
crystals, which provide the needed orientation 
(10). IR linear dichroism (11) can then be used 
to measure the difference between the vibra- 
tional band intensities for light polarized paral- 
lel and perpendicular to the alignment axis. 
Unfortunately, comparisons between experi- 
ment and theory are complicated by the fact that 
the molecules are not isolated and the molecular 
orientation is somewhat ill-defined (9, 12). 

We present a method for determining 
VTMAs for isolated molecules, applied here 

Fig. 1. IR spectrum of adenine 
in the liquid helium droplets. - 
The vertical arrows indicate ab 
initio frequencies (MP2/6- 
311G**), scaled by a factor of 
0.953 (needed to bring the cal- 
culated harmonic N-H stretch _ NF 
frequency into agreement with 
the experimental value). The 
inset shows the most stable 
isomer of adenine. The arrow 
indicates the direction of per- - 
manent dipole moment. 

to the study of nucleic acid 
ecules of interest are isolatec 
nanodroplets (13-16), whic 
cules to very low temperatu 
and are so weakly interactin 
ated IR spectra can be comp; 
ab initio calculations. The 
can also be applied to gas-pi 
vided that the temperature is 
such that a dc electric fielc 
orient the dipole moment 
(18). With the dipole momer 
oriented in the laboratory fr 
(defined here as the angles 
manent dipole moment ane 
transition moment directions 
from measurements of the r< 
of the vibrational bands wit] 
ized parallel and perpendicul 

The IR spectrum of ade 
He (Fig. 1) reveals three 
bands, corresponding to the 
metric (SS), and NH2 a 
stretches (19). In the stru< 
(Fig. 1), the arrow indicates 
the calculated permanent 
This spectrum is in excellen 
that obtained in a recent 
using IR-ultraviolet double 
troscopy (19). The assignm 
trum is quite straightforwar 
vibrational bands are wide: 

ii^ "'N-H 

H2(SS) 

I, J 

3450 

Fig. 2. Expanded IR . . . ' 

spectra of the three -NH2(SS) * NH N 
vibrational bands of 
adenine under parallel 
polarization, zero dc 
field (Off), and per- - -- 

pendicular polariza- Per A 
tion (Perp.) conditions. 
Parallel and perpen-- 
dicular refer to the an- - Off 
gle between the laser 
electric field and the 
applied dc field (52 -Parallel - 

kV/cm). The perma- 
nent dipole directions 
and transition mo- 344 3459 
ment directions are Freque 
superimposed on the 
inset structures, which are labeled as J, and pL*, respectively 

3500 
Frequency (cm-1) 

3510 

ncy (cm-1) 

bases. The mol- deed, ab initio frequencies [MP2/6-311G** 
d in liquid helium with Gaussian98 (20)], scaled by a factor of 
h cool the mole- 0.953 (to account for anharmonicity), give a 
are (0.37 K) (17) convincing assignment, as indicated by the 
g that the associ- vertical arrows in Fig. 1. Even here, the dif- 
ared directly with ferences between the experimental and calcu- 
present method lated frequencies are significant. 

hase studies, pro- At the cold temperature of the helium 
comparably low, droplets, substantial orientation of the ade- 
d can be used to nine can be achieved with experimentally 
of the molecule realizable dc electric fields (52 kV/cm) (13, 
it of the molecule 21). The F-center laser used here is linearly 
ame, the VTMAs polarized, and the laser field can be aligned 
between the per- parallel or perpendicular to the dc field. For a 
d the vibrational vibrational mode with its transition moment 
;) can be obtained parallel to the permanent dipole moment, 
elative intensities alignment of the laser electric field parallel to 
h the laser polar- the dc field enhances the band intensity as the 
lar to the dc field. transition moment becomes better aligned 
mine solvated in with the laser electric field; conversely, align- 
clearly resolved ment of the laser electric field perpendicular 
N-H, NH2 sym- to the dc field diminishes the band intensity 

symmetric (AS) as the transition moment becomes more poor- 
cture of adenine ly aligned with the laser electric field. Alter- 
s the direction of natively, if the transition moment is perpen- 
dipole moment. dicular to the permanent dipole moment, a dc 
it agreement with field-induced enhancement will occur when 
gas-phase study the laser is polarized perpendicular to the dc 
-resonance spec- field. Intermediate angles will result in more 
tent of this spec- muted effects. 
'd, given that the Expanded spectra of the three vibrational 
ly separated. In- bands of adenine are shown in Fig. 2, recorded 

under field-free, parallel, and perpendicular 
(orientation of the dc field relative to the laser 

.... electric field) polarization conditions. Each 
band displays a distinct behavior, depending on 
the laser polarization direction. Qualitatively, 
the NH2(AS) is enhanced by a parallel field, 
and the NH2(SS) becomes stronger upon appli- 
cation of a perpendicular field. The N-H stretch 

NH2(AS) only weakly depends on the field, which sug- 
gests that its associated VTMA is near the 
magic angle, namely 54.7? (9). 

The results in Fig. 2 can be used to deter- 
mine VTMAs in a manner similar to that of 

| ~* I ~ *Kong (18) for the electronic TMAs. The ori- 
~3550 ~ entation distribution for the permanent dipole 

was calculated at the experimental electric 
field strength (52 kV/cm) and a rotational 

^S) XA^, temperature of 0.37 K, determined by evap- 
'S)' g , orative cooling of the helium droplets. Be- 

cause the present spectra are not rotationally 
?*P 

^ 
~ resolved, ab initio rotational constants [re- 

duced by a factor of 3 to account for the 
effects of the helium (22)] were used in the 
calculations of the orientation distribution. At 

JA ~ - the electric fields used in the present experi- 
ments, the calculated distribution is rather 
insensitive to the magnitudes of the rotational 

J t 
' constants. Indeed, a factor of 2 change in the 

I . . . - rotational constants (much larger than the 
3568 3572 expected uncertainty) results in a variation in 

the VTMAs of less than 5?. The results are 

similarly insensitive to the magnitude of the 
permanent dipole moment, which is also tak- 
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en from ab initio calculations. The dipole 
distribution function was then used to calcu- 
late the ratio of the parallel to perpendicular 
(integrated) band intensities for different val- 
ues of the VTMAs. The experimental ratios 
were used to determine the VTMAs listed in 
Table 1. 

The ab initio VTMAs are also listed in 
Table 1, specifically those calculated with a 
moderately large basis set (MP2/6-311G**). 
The agreement between the experimental and 
calculated values is clearly excellent. Be- 
cause large basis set ab initio calculations 
become prohibitively expensive for larger 
molecules, we carried out an extensive study 
of the dependence of the VTMAs on the basis 
set, as shown in Fig. 3 for adenine. Note that 
the smallest basis set is no longer even con- 
sidered reasonable for serious calculations, 
and yet the associated VTMAs are reason- 
able. The inadequacies of these basis sets are 
more clearly illustrated by the large devia- 
tions in the vibrational frequencies, relative 
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Table 1. Experimental (Exp.) and ab initio (Calc.) VTMAs (in degrees) and frequencies (in wavenumbers) 
for adenine and cytosine. The ab initio frequencies have been scaled at a factor of 0.953 (see text). With 
the exception of the DFT calculation (B3LYP/6-311 + +G**) for adenine, all calculations were performed 
at the MP2/6-311G** level of theory. 

NH2(SS) NH2(AS) X-H (X = N,O) 
Molecule 

Exp. Calc. Exp. Calc. Exp. Calc. 

Adenine Freq. 3451.63 3441.6 3568.25 3567.0 3509.23* 3509.0* 
VTMAs 77 78/82 24 21/3 63* 60/69* 
(MP2/DFT) 

Cytosine (keto) Freq. 3451.64 3442.2 3572.63 3743.4 3471.68* 3485.6* 
VTMAs 85 88 7 6 76* 78* 

Cytosine (cis-enol) Freq. 3455.92 3443.1 3572.33 3564.2 3609.75t 3665.1t 
VTMAs 68 68 26 27 48t 45t 

Cytosine (trans-enol) Freq. 3457.30 3442.9 3570.97 3737.3 3617.66t 3671.2t 
VTMAs 28 28 62 66 80t 90t 

*N-H stretch. t O-H stretch. 

Fig. 4. IR spectra and assignments of 
NH2(SS) vibrations of cytosine tau- 
tomers under parallel polarization, 
zero field, and perpendicular polar- 
ization conditions. The permanent 
dipole directions and transition mo- 
ment directions are superimposed 
on the inset structures, which are 
labeled as JL and ,L*, respectively. 
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obtained from the MP2 calculations (23). Ear- 
lier microwave studies revealed that adenine 
has a large inertial defect (24). Although this is 
consistent with our results, it does not uniquely 
determine the source of the nonplanarity. 

The simplicity of the above spectrum re- 
sults from the relatively small size of the 
molecule and the fact that there is only a 
single isomer of adenine produced by thermal 
evaporation. In contrast, cytosine is known to 
have a number of low-energy isomeric forms 
(25). Although it is well established that there 
are at least keto and enol forms of cytosine, 
there is still some uncertainty regarding 
which form(s) of the latter can be observed 
(26). As shown in Fig. 4, two different enol 
forms have been proposed (25), associated 
with the directionality of the O-H bond. 

The spectrum of the NH2(SS) region of 
cytosine (solvated in He droplets) is shown in 
Fig. 4. It consists of three bands, even though 
a single isomer of cytosine would only have a 
single band in this spectral region. The im- 
plication is that there are three isomers of 
cytosine present in the He droplet environ- 
ment. Nonetheless, an unambiguous assign- 
ment of these bands on the basis of the vi- 
brational frequencies alone is difficult, given 
their small spacing relative to the accuracy of 
the corresponding ab initio calculations. It is 
evident from Fig. 4 that the field dependences 
of these three bands are distinctly different. 
When compared with the ab initio VTMAs 
for the various isomers of cytosine (Table 1), 
the assignment of the spectrum becomes 
clear. Namely, in order of increasing vibra- 
tional frequency, the bands are assigned to 
the keto, cis-enol, and trans-enol isomers. 
Further evidence in support of this assign- 
ment comes from the other X-H stretches of 
these isomers (Table 1). In all cases, there is 
excellent agreement between the experimen- 
tal and calculated VTMAs. 

The largest deviation (10?) occurs for the 
trans-enol O-H stretch, which could be an 
indication of mode coupling in this case, 
although the signal-to-noise ratio for this 
band is rather low, making the data somewhat 
less accurate. It is noteworthy that the assign- 
ment based on the VTMAs puts the cis-enol 
isomer at a slightly lower frequency than the 
trans-enol form, which is exactly the opposite 
of the ab initio prediction. Indeed, the fre- 
quencies for these two isomers are so similar 
as to preclude an assignment based on the 
frequencies alone. Indeed, these two bands 
were not even resolved in the previous argon 
matrix isolation study of this system (26). 

Our results for adenine show that the mol- 
ecule is nonplanar, with the NH2 group tilted 
-20? out-of-plane. As pointed out elsewhere 
(27), it was generally believed (28) that nu- 
cleic acid bases were planar, or at least that 

obtained from the MP2 calculations (23). Ear- 
lier microwave studies revealed that adenine 
has a large inertial defect (24). Although this is 
consistent with our results, it does not uniquely 
determine the source of the nonplanarity. 

The simplicity of the above spectrum re- 
sults from the relatively small size of the 
molecule and the fact that there is only a 
single isomer of adenine produced by thermal 
evaporation. In contrast, cytosine is known to 
have a number of low-energy isomeric forms 
(25). Although it is well established that there 
are at least keto and enol forms of cytosine, 
there is still some uncertainty regarding 
which form(s) of the latter can be observed 
(26). As shown in Fig. 4, two different enol 
forms have been proposed (25), associated 
with the directionality of the O-H bond. 

The spectrum of the NH2(SS) region of 
cytosine (solvated in He droplets) is shown in 
Fig. 4. It consists of three bands, even though 
a single isomer of cytosine would only have a 
single band in this spectral region. The im- 
plication is that there are three isomers of 
cytosine present in the He droplet environ- 
ment. Nonetheless, an unambiguous assign- 
ment of these bands on the basis of the vi- 
brational frequencies alone is difficult, given 
their small spacing relative to the accuracy of 
the corresponding ab initio calculations. It is 
evident from Fig. 4 that the field dependences 
of these three bands are distinctly different. 
When compared with the ab initio VTMAs 
for the various isomers of cytosine (Table 1), 
the assignment of the spectrum becomes 
clear. Namely, in order of increasing vibra- 
tional frequency, the bands are assigned to 
the keto, cis-enol, and trans-enol isomers. 
Further evidence in support of this assign- 
ment comes from the other X-H stretches of 
these isomers (Table 1). In all cases, there is 
excellent agreement between the experimen- 
tal and calculated VTMAs. 

The largest deviation (10?) occurs for the 
trans-enol O-H stretch, which could be an 
indication of mode coupling in this case, 
although the signal-to-noise ratio for this 
band is rather low, making the data somewhat 
less accurate. It is noteworthy that the assign- 
ment based on the VTMAs puts the cis-enol 
isomer at a slightly lower frequency than the 
trans-enol form, which is exactly the opposite 
of the ab initio prediction. Indeed, the fre- 
quencies for these two isomers are so similar 
as to preclude an assignment based on the 
frequencies alone. Indeed, these two bands 
were not even resolved in the previous argon 
matrix isolation study of this system (26). 

Our results for adenine show that the mol- 
ecule is nonplanar, with the NH2 group tilted 
-20? out-of-plane. As pointed out elsewhere 
(27), it was generally believed (28) that nu- 
cleic acid bases were planar, or at least that 
the biological consequences of nonplanarity 
were weak. This point of view changed with 
the biological consequences of nonplanarity 
were weak. This point of view changed with 

REPORTS 

the observation of abundant interstrand ami- 
no-group contacts in B-DNA crystal struc- 
tures, which appear to be stabilized by amino- 
group pyramidalization and interstrand bifur- 
cated hydrogen bonds (27). Although the ab 
initio calculations provide considerable evi- 
dence for the nonplanarity of the bases, it was 
noted in 1999 that "clear, direct experimental 
evidence about the nonplanarity of isolated 
bases is still missing due to the resolution of 
the available experimental techniques" (27). 
This situation has now changed and it will be 
interesting to study other systems, including 
guanine, for which ab initio calculations sug- 
gest the out-of-plane angle is anomalously 
large (27). 

The results reported here for cytosine 
show how VTMAs can also be used to assign 
complex spectra arising from the presence of 
multiple tautomers. The method will be par- 
ticularly useful in the study of water clusters 
with biomolecules, where the location of the 
water molecule can easily be determined by 
recording the VTMAs for the corresponding 
H-bonded and free O-H stretching vibrations. 
It is also encouraging that the number of 
VTMAs increases with the number of atoms 
in the molecule (3N - 6 in principle), so that 
more structure information is available for 
the larger systems where it is needed most. 
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Sperm-Female Coevolution in 

Drosophila 
Gary T. Miller and Scott Pitnick* 

Rapid evolution of reproductive traits has been attributed to sexual selection arising 
from interaction between the sexes. However, little is known about the nature of 
selection driving the evolution of interacting sex-specific phenotypes. Using pop- 
ulations of Drosophila melanogaster selected for divergent sperm length or female 
sperm-storage organ length, we experimentally show that male fertilization suc- 
cess is determined by an interaction between sperm and female morphology. In 
addition, sperm length evolution occurred as a correlated response to selection on 
the female reproductive tract. Giant sperm tails are the cellular equivalent of 
the peacock's tail, having evolved because females evolved reproductive tracts 
that selectively bias paternity in favor of males with longer sperm. 

Male reproductive traits appear to evolve reveal that male-derived molecules involved 
more rapidly than other types of character (1). in reproduction exhibit a high level of diver- 
For example, DNA sequence comparisons gence among members of the primate lineage 
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