Because the global mean temperature increase
is linearly proportional to the CO, forcing, a
figure similar to Fig. 1 but showing the ratio of
the temperature increase to the CO, forcing
would be far more informative because this
normalized temperature increase would re-
move forcing differences and so isolate differ-
eences caused by feedback processes (12).
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Photocrosslinking of 5-lodouracil-Substituted
RNA and DNA to Proteins

Michael C. Willis, Brian J. Hicke, Olke C. Uhlenbeck,
Thomas R. Cech, Tad H. Koch*

5-lodouracil-substituted RNA and DNA were crosslinked regiospecifically to associated
proteins in yields of 70 to 94% of bound nucleic acid. Irradiation of the iodouracil chro-
mophore with monochromatic, long-wavelength ultraviolet radiation (325 nanometers)
eliminates excitation of other nucleic acid and protein chromophores. The combination of
high crosslinking yields, excellent specificity, and elimination of photodamage to other
chromophores represents an important advance toward the precise identification of con-

tacts in nucleoprotein complexes.

During the past two decades 5-bromode-
oxyuridine (BrdU) has been incorporated
into DNA to enhance photosensitivity (I).
Photoreactions include formation of single-
and double-strand breaks, alkali labile
bonds, and crosslinks to associated pro-
teins. Of particular interest has been pho-
tocrosslinking to associated proteins to es-
tablish point contacts as a method for par-
tially defining the structure of nucleopro-
tein complexes. Low-level 5-bromodeoxy-
uridine-DNA (BrdU-DNA) photocross-
linking to associated proteins has been re-
ported (2—4), and in two cases point con-
tacts have been established (3, 4). 5-Bro-
mouridine—-RNA (BrU-RNA) photocross-
linking to associated proteins has also been
reported (5, 6), including R17 bacterio-
phage coat protein to singly BrU-substitut-
ed hairpin RNA 1 (Fig. 1) (6).

Creation of a photoreactive nucleic
acid chromophore by replacement of the
methyl group of thymine with a bromine is
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attractive because the van der Waals radi-
us of bromine (1.95 A) is similar to the
size of a methyl group (2.0 A). The van
der Waals radius of iodine is 2.15 A, only
8% larger than the methyl group. A single
substitution of IdU for T also does not
appreciably disturb the protein-DNA
complex studied here (Fig. 1). Even the
single BrU or IU for U substitution in the
binding site for bacteriophage R17 coat
protein (RNA 1 or RNA 2, respectively)
does not interfere with binding. In fact,
the bacteriophage R17 coat protein binds
RNA 2 as well as RNA 1 and better than
its uridine equivalent (RNA 3).

RNAs 1 and 2 both undergo photo-
crosslinking to the R17 coat protein; yields
as a function of time of irradiation at 308
nm with a XeCl excimer laser are compared
in Fig. 2. Crosslinking of the ITU-RNA
2-R17 coat protein complex leveled off at
80% in less than 5 min of irradiation,
whereas the corresponding BrU-RNA
1-R17 coat protein crosslinking leveled off
at 40% after 15 min of irradiation. The two
crosslinked  nucleoprotein ~ complexes
showed identical electrophoretic migration
in both SDS- and urea-denaturing poly-
acrylamide gels (7). Crosslinking to Tyr®’
of the coat protein was established with
BrU-RNA 1 (8). The lower crosslinking
yield with BrtU-RNA was a consequence of
protein damage (6). Crosslinking as a func-
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tion of photons absorbed indicated that the
quantum yield for crosslinking of BrU-
RNA 1 is actually about twice that of
IU-RNA 2 (0.014 as compared with 0.006,
respectively) (9). In spite of the lower
quantum yield with IU substitution, a high-
er crosslinking yield was obtained as a result
of the sevenfold higher absorption probabil-
ity of the IU chromophore at 308 nm.
Hence, a high level of photocrosslinking
was achieved before protein damage. Place-
ment of IU at other positions in the hair-
pin, as described previously for BrU substi-
tution (6), did not yield appreciable photo-
crosslinks or RNA damage.

Having established the superiority of
the iodouracil chromophore upon excita-
tion at 308 nm, we tried excitation at a
longer wavelength where other nucleopro-
tein chromophores do not absorb. The
photocrosslinking yield of IU-RNA 2 to
the R17 coat protein as a function of
irradiation time with monochromatic,
325-nm light from a helium cadmium
(HeCd) laser is shown in Fig. 3 (10).
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Fig. 1. Structures of the R17 bacteriophage
RNA hairpins 1, 2, and 3 (74) and the Oxy-
tricha nova telomeric DNA oligonucleotides 4
and 5 (75) (N,, represents 24 nucleotides of
nontelomeric DNA). The dissociation con-
stants of the RNA-protein complexes were
determined with a nitrocellulose filter retention
assay (716). For each experiment the data
points were fit to a noncooperative binding
curve and the dissociation constant (K,) cal-
culated. The telomeres of the ciliated protozo-
an O. nova have 3' single-stranded (T,G,),
extensions bound by a heterodimeric protein.
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Fig. 2. Photocrosslinking yields of RNA hair-
pins 1 and 2 to the R17 bacteriophage coat
protein as a function of time of irradiation with
a XeCl excimer laser at 308 nm (77). Cross-
linking of 5-bromouridine—containing RNA 1
maximizes at about 40% because of compet-
itive photodamage to the coat protein, which
inhibits binding to the RNA (8).

Crosslinking yields as high as 94% were
achieved (11). Furthermore, in a separate
control experiment the R17 coat protein
was similarly irradiated in the absence of
the RNA at 325 nm with an even higher
dose, and this resulted in no change in its
binding to the RNA as measured by a
nitrocellulose filter binding assay.

We also investigated the effect of a
single IdU substitution within a single-
stranded DNA-protein complex, the telo-
mere of the ciliate Oxytricha. A substitution
of IdU for T in DNA 4 led to enhanced,
regiospecific crosslinking at a yield of 70%
(Fig. 4). The unsubstituted (DNA 4) nu-
cleoprotein complex produced several prod-
ucts on irradiation at 308 nm; each product
represents a single, specific crosslinking
event between protein and DNA (12).
Many of the low-abundance photo-
crosslinked forms resulting from irradiation
at 308 nm are equivalent for DNAs 4 and 5
and hence result from excitation of non-
IdU chromophores.

Irradiation of the IdU-substituted (DNA
5) nucleoprotein complex at 325 nm pro-
duced a marked effect: At this longer
wavelength, where IdU is the exclusive
absorbing chromophore in the nucleopro-
tein complex, a single major photoproduct
is seen (Fig. 4). Crosslinking to His?*? of
the telomere protein a subunit was estab-
lished with the equivalent BrdU-substitut-
ed DNA (13).

The yields of photocrosslinking of
RNA 2 and DNA 5 to their respective
binding proteins are exceptionally high,
but still less than 100%. Incomplete pho-
tocrosslinking may result from the nucleic
acids existing in primary and secondary
conformations with at least one secondary
conformation unreactive and with the
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Fig. 3. Photocrosslinking of IU-RNA 2 to the R17
coat protein with monochromatic emission at 325
nm as a function of time. XL marks the photo-
crosslinked RNA. The power output of the Omni-
chrome HeCd laser (model 3074-40M325) was 37
mW, and the total beam of diameter 3 mm was
incident on the stirred sample in a 1-cm square
cuvette. To increase excitation per unit time, the
beam was reflected back through a different region
of the sample with a dielectric-coated concave
mirror. Crosslinked and uncrosslinked RNA were
separated by PAGE as shown (inset), and the
yields were quantitated with the Phosphor Imager
(Molecular Design). With monochromatic irradia-
tion at 325 nm, high-yield crosslinking occurs with-
out photodamage to the R17 coat protein (70)
(also see text). Irradiation of BrU-RNA 1-R17 coat
protein complex at 325 nm does not lead to
crosslinking, because the 5-bromouracil chro-
mophore is transparent at 325 nm.

All thymine, 308 nm
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Fig. 4. An SDS-polyacrylamide gel displaying irradiation products of reconstituted Oxytricha
telomeres as a function of irradiation time. Polypeptide subunits a and B were incubated at 3 and
6 uM, respectively, with 1 uM 33P-labeled DNA 4 or DNA 5 in 10 mM tris (pH 7.5), 20 mM NaCl
and irradiated at 308 or at 325 nm. The designation XL is for the major photocrosslink (see text).

time constant for equilibration of the con-
formations large relative to the irradiation
time. Another possible reason for substoi-
chiometric photocrosslinking is the less
than 100% IU or IdU incorporation dur-
ing nucleic acid synthesis. In fact, the
5-iodouridine triphosphate used in the
synthesis of RNA 2 was only 95% pure.
Further, in a model experiment 20% of
the iodouracil was transformed to a chro-
mophore transparent above 300 nm on
treatment with ammonium hydroxide, as
is used in the deprotection step of the
DNA synthesis protocol.

The value of a high protein—nucleic
acid crosslinking yield lies not only in the
ease of obtaining pure material for se-
quencing but also in the certainty that the
crosslink is formed within the primary
conformation of the complex. A low
crosslinking yield would be misleading if it
represented photoreaction of a minority
complex that happened to photocrosslink
efficiently. Also of concern are competi-
tive photoprocesses of the protein or the
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nucleic acid (or both) that might affect
subsequent crosslinking or sequencing (or
both).

We conclude that iodouracil substitu-
tion, coupled with HeCd laser excitation,
is a superior technique for establishing
contact points in nucleoprotein complex-
es. Because of the long wavelength light
used, it also has potential for photo-
crosslinking nucleoprotein complexes in
vivo. We further conclude that iodouracil
substitution coupled with XeCl laser exci-
tation leads to substantial crosslinking
yields after only 10 s of irradiation. Al-
though photocrosslinking at 308 nm also
gives some secondary products, the short
irradiation time might be useful for study-
ing the kinetics of complex formation or
molecular motion within the nucleopro-
tein complex.
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Genetic Relationships Determined by a
DNA Heteroduplex Mobility Assay:
Analysis of HIV-1 env Genes
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The genetic diversity of human immunodeficiency virus (HIV) is a major concern thought
to impact on immunologic escape and eventual vaccine efficacy. Here, simple and rapid
methods are described for the detection and estimation of genetic divergence between
HIV strains on the basis of the observation that DNA heteroduplexes formed between
related sequences have a reduced mobility in polyacrylamide gels proportional to their
degree of divergence. Reliable phylogenetic subtypes were assigned for HIV-1 strains
from around the world. Relationships between viruses were closest when derived from
the same or epidemiologically linked individuals. When derived from epidemiologically
unlinked individuals, the relationships between viruses in a given geographic region
correlated with the length of time HIV-1 had been detected in the population and the
number of strains initiating widespread infection. Heteroduplex mobility analysis thus
provides a tool to expedite epidemiological investigations by assisting in the classifi-
cation of HIV and is readily applicable to the screening and characterization of other

infectious agents and cellular genes.

Human immunodeficiency viruses, like
other RNA viruses, exist within their. hosts
as pools of related genetic variants, often
referred to as quasispecies (1-3). Within
infected individuals the HIV-1 surface en-
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velope (env) glycoprotein coding sequences
have been found to vary by up to 8%, with
an unusually high ratio of nonsynonymous
to synonymous mutations, indicative of
strong selection for viral surface change,
and numerous small in-frame nucleotide
deletions and insertions (4—7). The highly
variable and continuously evolving nature
of HIV-1 within individuals accounts for
the rapid emergence of viral variants resis-
tant to neutralizing antibodies, cytotoxic T
lymphocytes, and antiviral drugs (8-13),
and contributes to the high level of genetic
diversity observed between viral strains
identified worldwide. The difficulty in elic-
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