
reverse mode is favored by depolarization 
(Eq. 2), this would have resulted as ob- 
served, in a much larger ca2+  influx (unidi- 
rectional) during depolarizing pulses. 

The working scheme (14) predicts that 
the slope of the linear relationship between 
[Ca2+], and current will depend exponen- 
tially on voltage as a result of translocation 
of one positive charge with each ion ex- 
change reaction. The exponential equation 
that best fits the data (Fig. 3C) indicates a 
partition parameter r of 0.45, which is simi- 
lar to the value of 0.35 obtained by measur- 
ing putative Na-Ca exchange currents in 
these cells (5). 
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Structure of a Psoralen Cross-Linked DNA in 
Solution by Nuclear Magnetic Resonance 

One- and two-dimensional nuclear magnetic resonance (NMR) methods were used to 
determine a three-dimensional model of an eight-base-pair DNA fragment (d- 
GGGTACCC) cross-linked with psoralen in solution. Two-dimensional nuclear 
Overhauser effect experiments were used to assign the spectrum and estimate distances 
for 171 proton pairs in the cross-linked DNA. The NMR-derived model shows a 53" 
bend into the major groove that occurs primarily at the site of drug addition and a 56" 
unwinding that spans the eight-base-pair duplex. 

P SORALENS (FIG. 1A) ARE A CLASS OF 

furocoumarins (1) that are used for 
treatment of psoriasis and other skin 

disorders (2 ) ,  and have also been used as 
 robes of nucleic acid structure and function 
because they covalently cross-link nucleic 
acids between opposing strands of duplex 
regions of DNA (3 ) .  A three-step mecha- 
nism of psoralen cross-linking with DNA 
has been proposed (4). The planar psoralen 
first intercalates into a double helical region, 
and ultraviolet (UV, 320 to 400 nm) irra- 
diation initially induces a single cyclobutane 
addition with a pyrimidine base (Fig. 1B). 
Photochemistry can occur on either the fu- 
ran (f) or pyrone (p) side. The furan-side 
monoadduct still absorbs in this wavelength 
region, so that a second photoaddition can 
occur with the pyrone side to form the 
cross-link (Fig. 1C). Thymines are the pre- 
ferred site for monoadduct formation 15). 

\ ,, 

and psoralen cross-linking occurs at 5'-TpA- 
3 '  sites in DNA (6, 7). Psoralen addition 
products are primarily in the cis-syn confor- 
mation (5, 8) ,  as confirmed by the x-ray 
structure of a 8-methoxypsoralen monoad- 
duct [8MOP-thymine (9 ) ]  and by the NMR 
analysis of the thymine-psoralen-thymine 
diadduct (6). Physical models based on the 
monoadduct structure led to the proposal 
that psoralen cross-links cause a sharp-kink 
in the double helical DNA structure and 
unwinding of the duplex (1 0, 11 ) . 

We have used one- and two-dimensional 

complementary DNA octanucleotide d- 
GGGTACCC that has a 5'-TpA site cross- 
linked with psoralen. Distance information 
was obtained by peak integration of 
NOESY cross peaks. Both model-based re- 
finements and distance geometry methods 
were then used with the NMR data to 
generate a solution structure of cross-linked 
DNA. 

A stepwise monomer-addition phosphor- 
amidite method was used to synthesize d- 

nuclear magnetic resonance (2D NMR) 
Fig. 1 .  (A) Generalized formula for psoralen; in methods, through-s~ace AMT, R1, R2, and R3 are methyl groups and R4 

Overhauser effect spectroscopy (NOESY), is CH,NH7: in 8-methoxv~soralen (8MOP). R1, 
to analyze the solution struckre of a self- R3, and  tare hydroge<s'and R2 is OCH;: (B) 

One of the observed psoralen-thymine monoad- 
D~~~~~~ of chemistry, university of cal,fornia, duct structures in cis-syn conformation; R5 is 
Berkeley, CA 94720. deoxyribose sugar and R6 is methyl group of 

thymine. (C) Cross-link of psoralen with thy- 
*To whom correspondence should be addressed. mines; each adduct has the cis-syn configuration. 
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GpGpGpTpApCpCpC (12). We used 4'-ami- 
nomethyl-4,5',8-trimethylpsoralen (U, 
Fig. 1A) to obtain a high yield of cross-link 
(4) at the central thymines of the oligomer 
(13, 14). The isolation of a single psoralen 
cross-link at the 5'-TpA site indicates that 
this is the preferred site for cross-link forma- 
tion, although intercalation occurs at all 
sites. 

The 2D NOE spectra of both the unmod- 
ified octamer and the purified cross-linked 
DNA were assigned with the standard se- 
quential method (15); the covalently bound 
psoralen breaks the symmetry of the DNA 
so that previously equivalent protons on the 
two strands now have separate resonances 
(Figs. 2 and 3). Standard sequential connec- 
tivities were observed for the unmodified 
octamer (Fig. 3A) and within each of the 
four half-strands separated by the drug in 
the cross-linked oligomer (Fig. 3B). The 
strand-specific assignment of the symmetric 
DNA base sequence was resolved by obser- 
vation of connectivities to the H6 and meth- 
yl protons of the modified T residues and to 
methyl protons on the drug itself. The posi- 
tions of psoralen methyl groups and the 
known stereochemistry of the cross-link (4- 
6, 8, 9) were used to unambiguously assign 
the aromatic protons (Fig. 3, A and B) 
except for the adenine H2 protons, which 
were assigned with the nuclear Overhauser 
effect (NOE) from the imino protons. Sugar 
protons were assigned by working outward 

from the aromatic proton to H1' and H2', 
H2" cross peaks to find the corresponding 
H3' and most of the H4' resonances. The 
covalent photoaddition of the drug across 
the C5-C6 double bonds of thymines 4 and 
12 shifts the thymine H6 resonances into 
the same region as the sugar H3' and H4' 
resonances; this was also observed for T-T 
dimers (16). An unusual NOE occurs be- 
tween the H1' proton of G11 and the H1' 
of T12. The distance between these protons 
in B-DNA is about 5 A, whereas in the 
cross-linked DNA it is 53.2 A. The corre- 
sponding peak on the pyrone side, G3 to 
T4, is not observed, showing that the DNA 
structure is different on the two sides of the 
drug. The chemical shifts of the terminal 
base-pair protons (Cl-G16 and G8-C9) are 
at nearly the same position, indicating that 
the structural differences of the two sides of 
the cross-link are limited to three base pairs 
from the site of addition. 

Separate imino resonances are seen for the 
two halves of the cross-linked octamer (Fig. 
4). NOE connectivities were observed from 
the thymine imino protons to an A H2 
proton and to the imino protons of neigh- 
boring base pairs, identifying the G3 and 
G11 imino protons. The G2 and G10 imino 
protons were not resolved. The G1 and G9 
resonances are broad and could not be as- 
signed through NOEs. The T imino reso- 
nances in the cross-linked DNA are shifted 
upfield to approximately 11.7 and 1 1.2 ppm 

Flg. 2. This figure is divided , O  

along the diagonal. (A) Up- 1 8 
GGGTACCC 

per left; 2D NOE spectrum CCCATGGG 
of d-GGGTACCC (lO°C, . . 
100 msec mixing time). (B) 
Lower right; NOE spec- 

$ * - 2.0 trum of psoralen cross- 
linked octamer (lO°C, 200 I ~ 4 ,  ., 
msec mixing time). Posi- 
tions of the H6 residues of 
T4 and T12 are indicated. 
NOEs between protons on 
these modified T residues . I .  and the psoralen are indicat- i i. 
ed by diagonal arrows. A E 
vertical arrow indicates the ,:.a , . . . . . . . .'. 5 
NOE between the H1' of . . . , .  - 6.0 
G11 and the H1' of T12. . .. . . .  
Samples contained approxi- I 

mately 1 mM DNA in . . 
200 mM NaCI, 20 mM 

. . .  
r. 8.' 

phosphate buffer, pH 7 . -6-, - 8.0 
3-Trimethylsilyl- 1 -propane- .. . - 
sulfonic acid (TSP) was GGGT I P S  ACCC 
used for internal reference. CCCA\TGG(I 
2D NOE spectra were col- 8.0 6.0 4.0 2.0 16 f 9 

lected by the TPPI method Chemical shift (ppm) 
(30) for quadrature generation in tl. Spectra were collected on a GE 500-MHz spectrometer in a 5-mm 
proton probe; -600 tl time points were collected with a delay between experiments of 2.4 seconds and 
a spectral width of 5682 Hz with 1024 complex points digitized in t2. All 2D NOE data were processed 
with the FTNMR program (Hare Research). The data were apodized with a skewed sine function 
[length 768 data points, phase 45" to 60°, skew 0.5 (22), and zero filled to give a final matrix of 1024 by 
1024 real data points; tl ridges were suppressed by multiplying the first row of the data matrix by 0.5 
after the first Fourier transform (31). 

for T12 and T4, respectively, from their 
position at 13.4 ppm in native DNA. The 
octamer NOE connectivities do not provide 
an absolute assignment of the imino reso- 
nances; they were assigned by comparing 
the asymmetric melting of assigned aromatic 
resonances (Fig. 5) with that of the imino 
protons and the H2 protons. Resonances on 
one side of the DNA duplex began shifting 
at temperatures 20°C lower than for those 
on the- other side. Similar behavior is also 
seen for the imino protons (Fig. 4). The 
difference must arise from asymmetric per- 
turbation of the DNA structuie at the ~sbra-  
len cross-link. The aromatic proton reso- 
nances of C14 shift with increasing tempera- 
ture, beginning at 40°C. Those of C6 on the 
opposite side of the drug begin to do so at 
60°C (Fig. 5). Similar results were seen for 
C15 versus C7. We assigned the imino 
protons that broaden first to G1, G2, G3, 
and T4. We believe that this correlation is 
sufficiently clear to assign the resonances 
absolutely. 

The larger upfield shift and broadening, 

8.4 8.0 7.6 7.2 
Chemical shifi (ppm) 

Fig. 3. Expansions of Fig. 2 showing the cross 
peaks of the aromatic proton to H1' of the same 
nucleotide (numbered peaks) and to the H1' of 
the sugar of the base on the 5' side (connected 
with solid lines). (A) Unmodified octamer pos- 
sessing a center of symmetry with all of the 
protons sequentially assigned. (B) Cross-linked 
oligomer where the residues on either side of the 
drug are no longer equivalent. T4 is linked to the 
pyrone side, and T12 is linked to the furan side of 
the psoralen. 
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14 13 12 11 

Chemical shifl (ppm) 

Fig. 4. Imino proton spectra of cross-linked DNA 
as a function of temperature. Spectra (the solvent 
contained 10% D 2 0  for locking) were collected 
with 1331 pulses (32) optimized for excitation of 
the imino resonances. Baselines in the imino 
region were flattened with the cubic spline correc- 
tion provided in the GE s o h a r e .  Residue num- 
bering and buffer are the same as those used in 
Fig. 2B. 

even at O°C, of the T4 imino proton sug- 
gests that it is accessible to solvent and 
weakly hydrogen bonded. This behavior 
may be due to the aminomethyl side chain 
on the furan side of the drug that extends 
below the plane of the drug and forces the 
A13 base below it to propeller twist in a 
direction opposing the bend in the helix, 
distorting or disrupting the T4-A13 base 
pairing. In contrast, the T12 imino proton is 
the last to exchange with solvent, suggesting 
that the hydrogen bonding with A5 is very 
stable after cross-linking. Large upfield 
shifts are observed for T residues that lack 
the deshielding effect of base pairing (1 7). 
The upfield shift of the T4 and T12 imino 
protons may arise primarily from electronic 
effects, with an additional contribution for 
T4 from weaker hydrogen bond effects, as 
observed for T-T dimers (1 8) .  

The geometry of the psoralen cross-link 
was derived from crystallographic data on 
the 8MOP-T monoadduct (9), with a sec- 
ond T residue built onto the pyrone side of 
the psoralen with a cis-syn geometry (6). 
The coordinates from the energy-refined 
model of the cross-link (1 1)  were modified 
to include the appropriate alterations in 
sequence and in the substitution on the 
drug. The positions of methyl groups and 
the side chain of the AMT were calculated 
with standard bond lengths and angles from 
this starting model. Intensities of 2D NOE 
resonances were determined with the vol- 

ume integration routine in FTNMR. Dis- 
tances were determined by comparison of 
cross peak intensities with. those-of the re- 
solved cytosine H5 and H6 protons, which 
were assumed to have a separation of 2.48 
A: 171 inde~endent distances were obtained 
from NOE spectra taken at mixing times of 
50,100, and 200 msec. For longer distances 
the longer mixing time points were used. 
For some poorly resolved resonances, dis- 
tances were determined by comparison of 
peak intensities, and correspondingly larger 
errors were assigned to them. During the 
refinement (19) we included standard hy- 
drogen bonds between both amino and 
irnino protons on all of the G-C base pairs in 
order to hold the ends of the DNA together 
in the absence of interstrand NOES. The 
imino-proton melting data in Fig. 4 support 
the assumption that these hydrogen bonds 
exist. Because of the unusual chemical shifts 
and melting behavior of the modified T 
residues, we did not include hydrogen 
bonds for the A or T residues. 

The bent and unwound structure of the 
AMT cross-linked DNA octarner (obtained 
after refinement with NMR-derived dis- 
tances) is shown in Fig. 6. The initial model 
of the cross-linked DNA was properly base 
paired and near the B conformation, and 
was refined to meet the constraints of the 
distances obtained with NMR (19). The 
structure is consistent with the NOE data, 
with maximum differences between set con- 

Fig. 5. Plots of aromatic base proton chemical 
shifts of cross-linked oligomer in D 2 0  as a func- 
tion of temperature (residue numbering as in Fig. 
2B). The sample was 1 rnM DNA, 10 mM 
phosphate buffer, pH 7. Spectra were obtained 
with a spectral width of 5682 Hz, with 4096 
complex data points, a 70" observe pulse of 8 
psec, a delay of 2.5 seconds between pulses, and 
64 scans per spectrum. 

straints and distances in the model of <0.3 
A (with only two interresidue distances vio- 
lating experimentally determined values by 
more than 0.2 A). The protrusion of methvl 
groups and th; aminLrnethy1 side chain 
from the drug, and the altered geometry of 
methvls in the photoadducted T residues. 
cause stacking distortion of the adenine 
bases flanking the cross-link, which propa- 
gates to the neighboring base pairs through 
steric interactions. However, excluding the 
bases immediately flanking the drug, the 
basic stacking of B form DNA is still ob- 
served. The G o  T residues, which are cova- 
lently attached to the drug, protrude up- 
wards into the neighboring bases signifi- 
cantly. These constraints result in a 53" bend 
of the DNA double helical axis into the 
major groove. In addition, the DNA is 
unwound by 56" (assuming an average rota- 
tion of 36" between base pairs for normal 
DNA), and there is a displacement of about 
1.5 A of the helix axis bv the covalent 
addition of the drug. ~ h e s ;  values are in 
qualitative agreement with those derived 
from model building (1 1 ) : 4S0, 63", and 1.7 
A for the helix axis kink angle, unwinding 
angle, and heliv axis displacement, respec- 
tively, when calculated by the same method 
of defining helical vectors as used here (20). 
The angle of bend in the helix axis is in 
qualitative agreement with the observations 
of Griffith et  d. (21) from electron micros- 
COPY. 

0 20 40 60 80 100 

Temperature ("C) 
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Fig. 6. Stereo picture of the NMR-derived model for DNA octamer duplex cross-linked with psoralen. 
All of the methyl groups and the amino group of AMT are indicated by circles. 

The model-based structure presented here 2. J. A. Parrish, T. B. Finpatrick, L. Tanenbaum, M. 
A. Pathak, N. Engl. J. Med. 291, 1207 (1974). started as a "regu1arized" structure with 3. T.  R. Cech and K. M. Karrer, 7. Mol. Biol. 136, 395 

Darts of the structure about which NMR 119801: I. O. Carlson. O. ~ferkineer. R. R. sinden. 
brovides no direct information near the J. M '~ihman,  D. E: Pettijohn, k k e i c  Acids ~ e s :  

10, 2043 (1982); J. F. Thompson and J .  E. Hearst, 
idealized form (for sugar C5'3 Cell 32, 1355 (1983); B. Van Houten, H .  Gamper, 
C5", and phosphates). Because NMR pro- S. R. Holbrook, J. E. Hearst, A. Sancar, Pvoc. Natl. 

Acad. Sci. U.SA.  83, 8077 (1986). direct distance 'On- 4. S. T. Isaacs, C. J. Shen, J. E. Hearst, H .  Rapoport, 
straints, these atoms will remain near the Bhchem* 16.1058 (19771. 
starting conformation during refinement 5. D: ~anne :  K. ~ t r a u b , ' ~ .  ~apopor t ,  J. E. h ear st, 

tbJ. 21, 861 (1982). are influenced through 6. D. Kanne, K. Straub, J. E. Hearst, H. Rapoport, J. 
van der Waals contacts or rotations of cova- Am. Chem. SOC. 104, 6754 (1982). 

lendy attached groups. Distance geometry- 7. H. Gamper, J. Piette, J. E. Hearst, Photochem. 
Photobiol. 40, 29 (1984); W. Zhen, 0 .  Buchardt, H. 

derived structures (I9, 22, 23) this Nielsen. P. E. Nielsen, Biochemist?? 25, 6598 
plex, which started with no assumptions 
about the DNA conformation except the 
covalently bonded structure, show proper 
base geometries and have approximately the 
same helix axis bend as the structure present- 
ed here. but with tv~ical distortions of base 

i l 

pairs and backbone due to incompleteness 
of the bounds matrix. 

The distortion of DNA structure de- 
scribed here provides a structural basis for 
understanding the results of earlier studies 
that showed changes in DNA sedimentation 
coefficient (24), circular dichroism (25), 
thermal denaturation behavior (26), and 
sensitivity to nucleases (27) and chemical 
reagents (28). Our findings are in conflict 
with those of Sinden and Hagerman (29), 
who concluded from gel migration of 80- to 
589-base-pair fragments that were randomly 
reacted that psoralen cross-linked DNA is 
not significantly bent. NMR melting results 
suggest significant flexibility on one side of 
cross-linked DNA. Studies on the effects of 
cross-link flexibility on gel mobility may be 
needed to resolve this discrepancy. 
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