Specific DNA-RNA Hybrid Binding by
Zinc Finger Proteins

Yigong Shi and Jeremy M. Berg

Zinc finger proteins of the Cys,His, type represent a large class of proteins that have been
assumed to function by means of specific interactions with DNA. Experiments motivated
by structural characteristics of zinc finger protein~-DNA complexes revealed that certain
zinc finger proteins bound DNA-RNA hybrids with affinities comparable to or greater than
those for DNA duplexes. The interactions between the zinc finger proteins and the
DNA-RNA hybrids were dependent on which strand was RNA and were sequence-
specific. Thus, interactions with DNA-RNA hybrids should be considered with regard to

the biological roles of zinc finger proteins.

It has been estimated that up to 1000
proteins of the Cys,His, zinc finger type are
encoded by human and other higher eu-
karyotic genomes (I). For most of these
proteins, no biological or biochemical role
has yet been established. However, for near-
ly all zinc finger proteins that have been
studied, sequence-specific DNA binding ac-
tivity has been found in vitro. Other than
for known RNA binding proteins, such as
transcription factor IIIA (TFIIIA) (2) and
another 5§ RNA binding protein (3), the
possibility that these proteins may act by
binding other types of nucleic acids has not
been previously explored. Here, we report
that certain Cys,His, zinc finger proteins
can bind to DNA-RNA hybrids in a se-
quence-dependent manner.

Analyses of the crystal structures of zinc
finger protein-DNA complexes (4, 5) re-
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Fig. 1. A schematic view (23) of the structure of the
three zinc finger-DNA complex from Zif268 (4). The
2' carbon atoms are shown in black. The 2’ carbon
atoms shown as larger spheres are less than 4 A
from the nearest protein atom. These atoms all lie
on one strand of the DNA, which is also involved in
specific protein-DNA hydrogen bonding interac-
tions. Arrows represent B strands. The structures
of complexes with DNA-RNA hybrids have not
been determined and may be somewhat different.

282

vealed that (i) the proteins have more con-
tacts with one strand of the DNA than with
the other, and (ii) the structures of the DNA
in the complexes have characteristics of both
A- and B-form DNA (6). This is illustrated
by the Zif268-DNA cocrystal structure
shown in Fig. 1. The major distinction be-
tween RNA and DNA is the presence of 2’
hydroxyl groups and the concomitant chang-
es in conformation preferences. For more
than half of the 2’ carbon atoms on the more
contacted strand, distances to the nearest
amino acid side chains are shorter than 4 A,
whereas no such close contacts are seen for
the less contacted strand (7). On the basis of
these observations, we examined the binding
of a prototypical three—zinc finger DNA-
binding unit from transcription factor Spl
(8) to DNA-RNA hybrids. We reasoned
that no unfavorable contacts should be made
with the less contacted strand and that such
hybrids should have structures distorted to-
ward the A-form (9). The sequences of the
oligonucleotides used are shown (Fig. 2)
(10), and the results of the binding studies
are indicated (Fig. 3) (I11). The Spl unit
bound to a 19-base pair DNA fragment (D1-
D2) containing the site 5-GGGGCGG-
GG-3’ with an apparent dissociation con-
stant of 40 nM under our experimental con-
ditions (11). Binding with very similar affin-
ity was observed for the analogous DNA-

RNA hybrid (D1-R2) with the DNA strand
containing the guanine-rich site. This strand
has been strongly implicated as the more
contacted strand for Spl (12). In contrast,
binding to the alternative DNA-RNA hy-
brid (R1-D2) was approximately one-tenth
as strong, and that to the corresponding
RNA-RNA duplex (R1-R2) was approxi-
mately one-hundredth as strong. The bind-
ing data are summarized in Table 1.

To further probe the specificity of these
interactions, we examined the binding
properties of ZF-QQR, a zinc finger protein
with different site preferences (Fig. 2). This
protein is a designed consensus sequence—
based protein (13) and is known to bind
preferentially to DNA sites of the form
5'-GGGGAAGAA-3' (14). The purine-
rich strand is almost certainly the more
contacted strand (15). Binding studies (Fig.
3) revealed that ZF-QQR binds preferen-
tially to the DNA-RNA hybrid (D3-R4)
with the purine-rich site on the DNA
strand. This hybrid was bound approximate-
ly five times as tightly as the DNA-DNA
duplex (D3-D4). Moreover, it was bound
approximately 30 times as tightly as the
alternative hybrid (R3-D4) and more than
150 times as tightly as the RNA-RNA du-
plex (R3-R4) (Table 1). In addition, the
binding of this protein to these sites was at
least 100 times tighter than its binding to
the corresponding Spl sites (16). This re-
sult directly demonstrates that the protein—
DNA-RNA hybrid interactions are quite
sequence-specific as well as strand-specific.

Two additional experiments were per-
formed to explore the sequence-specific na-
ture of the protein-DNA-RNA hybrid inter-
actions (Fig. 4). First, a methylation interfer-
ence assay (17) revealed that methylation of
any of the guanines within the 5'-GGG-
GAAGAA-3' site on the DNA strand
strongly interfered with binding, whereas
methylation of guanines outside this site did
not. This finding suggests that the specifici-
ty-determining contacts in the complexes
with the DNA-RNA hybrids are very similar

to those observed in zinc finger protein—

A B Sp1

D1 5 ' -TCACTGGGGCGGGGTCCTC-3"

RL U U U U MEKLRNGSGDPGEKEKEK -~
QHICHIQGCGKVYGKTSHLRAHLRWHTGER -

. Ca PFMCTWSYCGKRFTRSDELQRHKRTHTGEK -

gg S'GAGGACCCCGCCCCAGEGA3 KFACPE--CPKRFMRSDHLSKHIKTHQNEKEK

D3 5'-TCACTGGGGAAGAAGAATCCTC-3' ZF-QQR

R3 u U Y MEKLRNGSGDPGEKEKEK -
QHACPECGKSFSQSSNLQKHQRTHTGEK -

D4 5'-GAGGATTCTTCTTCCCCAGTGA-3' PYKCPECGKSFSQSSNLQKHQRTHTGEK -

R4 UU UU UU u PYKCPECGKSFSRSDHLQRHQRTHOQNRKEK

Fig. 2. Oligonucleotide and zinc finger protein sequences. (A) The binding sequence is 5'-
GGGGCGGGG-3' for Sp1 and 5'-GGGGAAGAA-3' for ZF-QQR. In our nomenclature, D denotes DNA,
R denotes RNA, 1 and 3 correspond to the more contacted strand, and 2 and 4 correspond to the less
contacted strand. (B) Amino acid sequences of the DNA binding domains of Sp1 and ZF-QQR. Metal-
chelating residues are in boldface; presumed specificity-determining residues are underlined. Abbrevia-
tions for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys;
L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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DNA complexes. Second, a ribonuclease H
(RNase H) footprinting experiment (18) was
performed. This experiment revealed that 80
nM ZF-QQR completely and specifically
protects the binding site region of the RNA
strand of the hybrid from cleavage by Esch-
erichia coli RNase H. In addition to providing
data about binding specificity, this observa-
tion reveals that zinc finger binding is capa-
ble of blocking RNase H action in vitro.
The sequences we used had been opti-
mized for DNA duplex binding, and it is
possible that the requirements for optimal
DNA-RNA hybrid binding are somewhat
different. With fully optimized sequences,
even greater DNA-RNA hybrid specificity
might be realized.

To determine whether DNA-RNA hy-
brid binding was a property common to oth-
er classes of DNA binding proteins, we ex-
amined the behavior of the homeodomain
protein Ubx (19). This protein exhibited no
detectable binding either to a DNA-RNA
hybrid or to an RNA duplex under condi-
tions where tight DNA binding was seen
(20). This finding indicates that the prefer-
ence of Ubx for DNA duplexes is more than
1000 times as great as for DNA-RNA hy-
brids or RNA duplexes, and it is consistent
with the observation that nearly all classes of
structurally characterized DNA binding pro-
teins (except Cys,His, zinc finger proteins)
interact strongly with both nucleic acid
strands. This property increases the likeli-
hood that the introduction of 2’'-hydroxyl
groups, which are associated with converting
either strand to RNA, will lead to significant
steric clashes.

TFIIIA, the first member of the Cys,His,
zinc finger protein family to be discovered,
binds both 58 RNA and the internal control
regions of 5§ RNA genes specifically (2).
Subsequent studies (21), however, have re-
vealed that TFIIIA is best regarded as a
fusion protein between a specific DNA bind-
ing protein (zinc finger domains 1 to 3) and
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an RNA binding protein (domains 4 to 7).
The DNA-RNA binding activity described
here appears to be a general property com-
mon to many (although not necessarily all)
members of this protein class. At present, we
do not know of any specific biological system
for such activity. Nonetheless, such hetero-
duplexes do occur during a number of bio-
logical processes, including gene transcrip-
tion, DNA replication, and the reverse tran-
scription of retroviruses and retrotrans-
posons. In addition, our observations provide
further experimental support for the sugges-
tion that these proteins may prefer to bind to
nucleic acids that can adopt conformations
distinct from the canonical B-form (6). The
structures of DNA-RNA hybrids are not well
understood, although these hybrids appear to
adopt structures along the A-B continuum
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Fig. 4. (A) Methylation interference for ZF-QQR
binding to a DNA-RNA hybrid. Lane 1, control, no
ZF-QQR; lane 2, unshifted signal with 100 nM
ZF-QQR; lane 3, shifted signal with 100 nM ZF-
QQR; and lane 4, unshifted signal with 20 nM
ZF-QQR. (B) RNase H footprinting for ZF-QQR
binding to a DNA-RNA hybrid. Lane 1, control, no
ZF-QQR,; lane 2, 80 nM ZF-QQR; lane 3, 8 nM
ZF-QQR; and lane 4, 0.8 nM ZF-QQR.
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‘Table 1. Dissociation constants (K,) of Sp1 and

ZF-QQR binding to DNA duplexes, to DNA-RNA
hybrids, and to RNA duplexes (estimated stan-
dard error, +15%). The sequences of the nucleic
acids used are given in Fig. 2.

Binding Ky

sequence (nM)
Sp1

D1-D2 40

D1-R2 40

R1-D2 400

R1-R2 >3200

ZF-QQR

D3-D4 15

D3-R4 2.8

R3-D4 76

R3-R4 >5000

(9). Finally, regardless of the occurrence of
any natural zine finger-heteroduplex interac-
tions, our results suggest that such proteins
could be used intentionally to target specific
DNA-RNA hybrid structures in vivo.
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Killing of Trypanosomes by the Human
Haptoglobin-Related Protein

Andrea B. Smith, Jeffrey D. Esko, Stephen L. Hajduk*

African trypanosomes cause disease in humans and animals. Trypanosoma brucei brucei
affects cattle but not humans because of its sensitivity to a subclass of human high density
lipoproteins (HDLs) called trypanosome lytic factor (TLF). TLF contains two apolipopro-
teins that are sufficient to cause lysis of T. b. brucei in vitro. These proteins were identified
as the human haptoglobin-related protein and paraoxonase-arylesterase. An antibody to
haptoglobin inhibited TLF activity. TLF was shown to exhibit peroxidase activity and to
be inhibited by catalase. These results suggest that TLF kills trypanosomes by oxidative

damage initiated by its peroxidase activity.

T'rypanosomes are protozoan parasites of
medical and veterinary importance. In hu-
mans, T. brucei gambiense and T. brucei rho-
desiense cause African sleeping sickness. In
animals, the disease nagana is caused by the
parasite T. b. brucei. These three subspecies
of trypanosomes are morphologically indis-
tinguishable and differ only in their host
range and pathologic presentation. The dif-
ference in host specificity is caused by a
nonimmune killing factor in human serum;
the African sleeping sickness trypanosomes
are resistant to this factor (1).

The trypanocidal activity of normal hu-
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man serum has been localized to a minor
subset of HDLs called TLF, with the majority
of serum HDL being nontoxic (2). TLF dif-
fers from nonlytic HDLs in that it has a
higher density (1.21 to 1.24 g/ml) and con-
tains two characteristic apolipoproteins, LI
(94.5 kD) and LIII (45 kD) (2). LI is com-
posed of three subunits that are 45, 36, and
13.5 kD in size, whereas LIII consists of two
apolipoproteins that comigrate, one a 45-kD
protein and the other composed of 36- and
13.5-kD subunits. Reconstitution studies
have shown that LIII is required for lysis in
micellar form in combination with either LI
or Al, a major apolipoprotein found in HDLs
(3).

To establish the identity of LI and LIII,
we determined their NH,-terminal sequenc-
es. The subunits of TLF were isolated by
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two-dimensional gel electrophoresis (4) and
the individual bands were analyzed by Ed-
man degradation. The LI and LIII 45-kD
subunits yielded sequences that were identi-
cal to the uncleaved leader sequence of hu-
man paraoxonase-arylesterase. The NH,-
termini of the LI and LIII 36-kD subunits
were identical to the B subunit of both
haptoglobin and the haptoglobin-related
protein. The LI and LIII 13.5-kD subunits
yielded sequences that were identical (al-
lowing for one sequencing ambiguity) to
the uncleaved leader sequence of the «
subunit of the haptoglobin-related protein
(Fig. 1). Haptoglobin has a similar signal
sequence that is normally cleaved at matu-
ration. Haptoglobin is initially translated as
a precursor containing the o and B sub-
units; cleavage at Arg® occurs after a disul-
fide bond has formed between the two sub-
units (5). By analogy, it is likely that the
36-kD protein is the B subunit of the hap-
toglobin-related protein.

Human serum paraoxonase—arylesterase
associates with HDL, and HDL, (6) and is
known to hydrolyze aromatic esters, al-
though its physiological role is unknown. It
was an unlikely candidate for the TLF toxin
because it is found in HDL,, which has
been shown to be nontoxic (2). Haptoglo-
bins are serum glycoproteins that bind free
hemoglobin and decrease the loss of iron
from the body; however, overloading of the
cell with haptoglobin-hemoglobin com-
plexes can cause iron toxicity with the for-
mation of reactive free radicals (7). Al-
though it is expressed in amounts that are
one-thousandth those of haptoglobin (8),
the haptoglobin-related protein is predicted
to have functional domains that are similar
to those of haptoglobin (9). Because the
haptoglobin-related protein appeared to be
a potential toxin, we focused our studies on
this protein.

To investigate whether the haptoglobin-
related protein was a component of TLF, we
measured TLF activity (2) in the presence
of rabbit polyclonal antibodies to human
haptoglobin that cross-react with the hap-
toglobin-related protein (Fig. 2A). These
antibodies inhibited TLF-mediated lysis in
a concentration-dependent fashion; this ob-
servation implies that the haptoglobin-re-
lated protein is part of the lytic molecule. In
contrast, nonspecific rabbit polyclonal an-
tibodies had no effect (10).

To determine whether the haptoglobin-
related protein retained the ability to bind
hemoglobin, we assayed for hemoglobin in
purified TLF by means of size exclusion chro-
matography. Total protein absorbance at 280
nm (A,g,), heme protein absorbance at 407
nm (A,y;), and TLF lysis activity all co-
eluted with an apparent molecular mass of
500 kD (Fig. 2B). Hemoglobin was also de-
tected in TLF fractions by immunoblot anal-





