obligatorily moved from high to low chemi-
cal potential with each turn of the conforma-
tional cycle. Indeed, this model shows a
strong resemblance to a conventional solute
transport system, such as the glucose carrier,
in the presence of a large gradient for the
transported solute, if it were possible to
distinguish the various conformational
states of single transporter molecules. Of
course, with a single-pore channel operating
in this way, we would not actually be able to
observe a time-asymmetric single-channel
record; it is the channel “substates™ arising
from the double-barreled nature of the CI™
channel that reveal the time asymmetry.

Although useful in rationalizing our re-
sults qualitatively, this simple picture is un-
realistic. The model does not predict the
vastly different asymmetry ratios observed
with different CI™ concentrations (Fig. 2).
We have elaborated the basic model in sever-
al ways to introduce more realism. First, we
have considered a double-barreled model
(Fig. 3B), in which the two protochannels
always inactivate together, as in the Cl™
channel. Second, we have relaxed the con-
straint that the “upper” and “lower” gates
can simultaneously close only when Cl™ is
bound. With these two twists on the simple
model, Monte Carlo simulations show that
the asymmetry depends on the many rate
constants in the model, and that efficiency of
coupling between ClI™ movement and gat-
ing asymmetry varies with the absolute con-
centration of Cl™. We are currently investi-
gating whether these more complex models
can be used to understand quantitatively the
variations in coupling efficiency we have
observed under different CI™ gradient con-
ditions.

The Torpedo CI™ channel provides an op-
portunity to explore nonequilibrium chan-
nel gating driven by electrochemical gradi-
ents. Previous investigations on nonequilib-
rium gating, based on current flow through
open channels, are either wholly theoretical
(6) or have been described only anecdotally
(7). The ClI™ channel studied here provides a
crisp example of a gating process with a
clear, manipulable dependence on electro-
chemical potential of the permeating ion. It
is worth noting that a well-documented
and puzzling property of a different channel,
the inward rectifier K" channel of excitable
membranes, is the ability of its gating ma-
chinery to “follow” the electrochemical gra-
dient for K*, opening only when net
K* movement is inward (8). The mecha-
nism presented here, which provides a con-
crete example of the coupling of ion-channel
gating to the transmembrane gradient of
the conducting ion, may therefore have a
wider relevance than to the CI™ channel
alone.
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Conserved Residues Make Similar Contacts in Two
Repressor-Operator Complexes

CARL O. PaBO, ANEEL K. AGGARWAL,* STEVEN R. JORDAN,
LEsA J. BEAMER, UruL R. OBEYSEKARE, STEPHEN C. HARRISON

Comparison of a N repressor-operator complex and a 434 repressor-operator complex
reveals that three conserved residues in the helix-turn-helix (HTH) region make
similar contacts in each of the crystallographically determined structures. These
conserved residues and their interactions with phosphodiester oxygens help establish a
frame of reference within which other HTH residues make contacts that are critical for
site-specific recognition. Such “positioning contacts” may be important conserved
features within families of HTH proteins. In contrast, the structural comparisons
appear to rule out any simple “recognition code” at the level of detailed side chain—base

pair interactions.

HE \ AND 434 REPRESSORS, WHICH

are produced by related Escherichia

coli phages (1), recognize very dis-
tinct operator sites, but both use the HTH
unit for recognition (2-4). Alignment of the
amino acid sequences reveals significant sim-
ilarities (5), and there also are clear structur-
al similarities between the proteins: Helices
1 to 4 of \ repressor correspond to helices 1
to 4 of 434 repressor (4). In each case,
helices 2 and 3 form the conserved HTH
unit that participates in operator recogni-
tion and 7 of the 20 residues in the HTH
unit are identical (Fig. 1). The NH,-termi-
nal domain of \ repressor (92 residues) is
somewhat larger than the NH,-terminal do-
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main of 434 repressor (69 residues), and
434 repressor lacks an NH,-terminal arm or
any region that corresponds to helix 5 of A
repressor.

Comparing the HTH units from the two
cocrystal complexes (residues 33 to 52 of A
repressor and residues 17 to 36 of 434
repressor) shows that these regions are ex-
tremely similar (Fig. 2). The a-carbons of
these units can be superimposed with root-
mean-square (rms) deviations of 0.48 to
0.59 A (6) depending on which subunits are
used. These values are similar to the devi-
ations observed when comparing the two
halves of the same repressor (0.31 A rms for
\ and 0.59 A for 434). In this region, the
polypeptide backbones of the two proteins
are essentially indistinguishable, consistent
with previous observations that the HTH
units of the A Cro protein, the E. coli CAP
protein, and the M\ repressor are almost
identical (7, 8).

Although the structures of the A and 434
repressors are similar in the HTH regions,
there are significant differences if one com-
pares the other helices or compares the
relative orientation of the protein dimers.
When superimposing helices 1 to 4 of the
tWO repressors, it seems most appropriate to
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33

Lambda GInlou ser val Ala Asp Lys Met Gly Met Gly
434 GInjaia Glu Leu Ala Gn Lys vai Gly Thr Thr
Trp GiIn |Arg Glu Leu Lys Asn Gu Leu Gly Ala Gly

Helix

Turn

M 44 52

Ser Gly Val Gly Ala Leu Phe|Asn

Gin Ser le G Gn Leu Gu [Asn

lie Ala Thr Leu Thr Arg Gly Ser|ASn

Helix

Fig. 1. Alignment of the HTH units from the X, 434, and Trp repressors. Conserved residues are shown
in boldface, and boxes enclose the conserved residues that contact the DNA.

treat residues 26 to 29 of N repressor, which
occur in the loop between helix 1 and helix
2, as an “insertion.” Structural comparison
(9) also confirms the original suggestion (5)
that \ repressor has an additional residue in
the loop between helix 3 and helix 4. These
alignments for helices 1 to 4 allow 41 a-
carbons to be superimposed with an rms error
of 2.39 A. There are even larger differences
when comparing the protein dimers. Such
differences are not surprising, however, since
the spacing of the operator halfsites is one
base pair different in the two complexes, and
the HTH units must therefore be about 3.4 A
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further apart in the \ repressor dimer than in
434. Thus, superposition of the individual
HTH units gives the best frame of reference
for comparing detailed interactions with
DNA. This superposition allows us to align
the half-sites accurately and to compare the
contacts made by individual residues.

The aligned sequences of the HTH units
(Fig. 1) and the structures of the complexes
show that almost all of the conserved resi-
dues in the HTH region make similar con-
tacts with the operator or play a similar role
in the packing of the protein interior. The
conserved Ala and Gly (residues 37 and 41

Fig. 2. (A) Sterco photograph of the superim-
posed A and 434 half-sites obtained by aligning a-
carbons of the HTH units. The DNA sites are
blue and the backbones of the HTH units are
yellow. Side chains, shown in red and purple, are
included for the conserved residues that contact
the DNA, and residue numbers refer to the A
complex. Hydrogen bonds with the DNA back-
bone are shown as dotted green lines; hydrogen
bonds with the base pairs are not shown in this
figure. (B) Sketch of a halfsite in the same
orientation as (A). Helices 2 and 3 are shown as
cylinders; side chains are included for residues
that make analogous contacts in the A and 434
complexes; and a conserved AT base pair is
shown. Hydrogen bonds are indicated with dot-
ted lines. The residues hi%hlighrcd in this sketch
correspond to GIn**, GIn**, and Asn*? of X repres-
sor or to GIn'”, GIn*®, and Asn*® of 434 repressor.
The phosphates shown in this figure (P) corre-
sponds to P4 and Pp in the lambda complex (2)
and P_, and P, in 434 (4).

in X repressor) are characteristic of the HTH
unit (10) and seem to stabilize the folding of
this bihelical unit. The conserved Leu (resi-
due 50 in \ repressor) stabilizes the packing
of the HTH unit against the rest of the
protein. The conserved Lys (residue 39 in A
repressor) does not contact the DNA and
may be favored because a positively charged
residue tends to stabilize the COOH-termi-
nal end of an a-helix (11). The conserved
residues involved in folding of the HTH
unit have already been discussed in detail
(10), and the cocrystal structures now allow
us to compare conserved residues that con-
tact the DNA.

The first residues in the HTH unit, Gln3®
and Gln}l,, each make two hydrogen bonds
with the DNA backbone. The peptide -NH
hydrogen bonds to one phosphodiester oxy-
gen near the outer edge of the operator site,
and the side chain -NH, hydrogen bonds to
an oxygen of a neighboring phosphate
group (Fig. 2). In each case, the contact
made by the side chain is on the 3’ side of
the contact made by the peptide
—NH. We presume that this is a particularly
stable steric and electrostatic arrangement,
and it is clear that the partial positive charge
on the NH,-terminal end of the a-helix will
give a favorable electrostatic interaction
with the negative charge on the phosphate
oxygen (12).

The first residues in the second helix of
the HTH unit are Gln}* and GInZ3,. In each
complex these glutamines contact an ade-
nine near the ends of the operator site, and
these contacts provide a useful way of align-
ing the sequences of the A and 434 half-sites.
The glutamine and adenine make a pair of
hydrogen bonds and allow for specific rec-
ognition of the AT base pair (13). The pair
of hydrogen bonds can only be formed if
adenine is present at this position. A similar
interaction has also been observed in the
434 Cro complex (14) and has been predict-
ed to occur in the N Cro complex (15).
Studies of mutant repressors confirm that
GIn#* makes a major contribution to the
stability of the A repressor-operator complex
(16). Gln$* and Gln33, also hydrogen bond
to the glutamines at the start of the HTH
unit. This hydrogen-bonding network di-
rectly correlates phosphate and base pair
contacts, and appears to be critical for site-
specific recognition.

The last residues in the HTH unit are
Asny?and Asn3$s. In each complex, the as-
paragine forms a hydrogen bond with the
same phosphodiester oxygen that is contact-
ed by the side chain —-NH, group of the first
glutamine in the HTH unit. This asparagine
also forms a hydrogen bond to a carbonyl
oxygen from a preceding turn of the a-helix.

These critical residues at the beginning
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and ends of the helices provide a conserved
framework for recognition and help posi-
tion the HTH unit in the major groove of
the DNA. The conserved phosphate con-
tacts seen in the cocrystal structures and also
detected by ethylation interference experi-
ments (17, 18) establish an alignment of the
two operators (Fig. 3). Within this frame-
work, there is an approximate correlation
between the position of a residue in the
HTH unit and the particular base that it
contacts in its operator, but the precise
pattern of interaction depends on the size of
the amino acid side chain and the chemical
identity of the necarby base pairs. We take
the adenine contacted by the first residue of
helix 3 (GIn}* or GIn#®) as a reference. The
second residue of helix 3 (Serf or Glnf3,

interacts with the next nearest base on the
opposite strand, but GIni3; also contacts
two other bases on this strand. More specifi-
cally, Sery’ forms a hydrogen bond with a
guanine, while GIn3; makes van der Waals
contacts with two thymine methyl groups
and two hydrogen bonds with a guanine
base. There are even fewer analogies among
the contacts made by other residues. In
general, there is a tendency for the proteins
to contact the 5’ strand near the outside of
the operator site and to contact the 3’ strand
closer to the center of the operator—a sim-
ple consequence of fitting a cylindrical ob-
ject (an o-helix) against a “helical saddle”
(the major groove).

In each complex, the first, second, third,
fifth, and sixth residues of helix 3 contact
base pairs in the operator site. The fourth
residue is the only one that is completely
buried on the back side of the a-helix, and
this residue (Valy’ or Ile3}s) makes critical
hydrophobic interactions with helix 2 (10).
It secems that this azimuthal orientation of
helix 3 may be optimal for recognition, and
this may help explain why the HTH unit is
so precisely conserved. Almost any other
orientation of helix 3 would bury two resi-
dues, leaving only four residues available to
make site-specific contacts.

The HTH unit in the Trp repressor-
operator complex has a somewhat different
arrangement (19). The second helix of the
HTH unit has a nearly end-on orientation
with respect to the DNA, and several water
molecules that hydrogen bond to peptide —
NH groups at the end of the a-helix also
hydrogen bond to the base pairs. These
differences in the base contacts have led to
extensive discussion about the differences
between Trp repressor and the phage repres-
sors. However, there are interesting analo-
gies between the Trp repressor-operator
complex and the phage repressor-operator
complexes. Sequence alignments of the
HTH units of \, 434, and Trp (Fig. 1) show
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that GIn§, corresponds to GIn}® or Glnl,
and Asnf?, corresponds to Asn 3> or Asnj3s.
GIn§}, hydrogen bonds to two phospho-
diester oxygens near the outside edge of the
operator site, as do the Gln residues of the
phage repressors. That is, its peptide -NH
hydrogen bonds to an oxygen of one phos-
phate group and its side chain —-NH, to an
oxygen of the 3’ neighbor. Asn¥l,, like the
corresponding Asn residues of the phage
repressors, also hydrogen bonds to a phos-
phodiester oxygen. Instead of sharing the
oxygen bonded to the ~NH, of GInf},
however, Asn{/,, contacts an oxygen of the
neighboring phosphate on the 3’ side. This
difference is a result of differences in the
orientation of the second helix of the HTH
motif.

Another similarity between the HTH
units of the Trp and \ repressors is a hydro-
gen bond from the last peptide -NH in the
turn (residue 43 of X and residue 78 of Trp)
to a phosphodiester oxygen. Although the
homologous hydrogen bond is absent in the
434 repressor complex, because of a local
shift in the DNA backbone at this location,
it is present in complexes of 434 Cro with
DNA (14, 20). This bond may be another
conserved feature of the way many HTH
units interact with the DNA backbone.

Comparison of the closely related N and
434 repressor-operator complexes, the 434
Cro operator complex, and the distinctly less
similar Trp repressor complex, demonstrates
that there is no simple “code” describing the
contacts made with base pairs. The diversity
of these interactions is shown by the range
of hydrogen-bonding and nonpolar interac-
tions, and it is clear that there is no one-to-
one correspondence between amino acid
side chains and base pair contacts. However,
the comparison does suggest that certain
interactions may be particularly important
in positioning the HTH unit against the
DNA backbone and hence in establishing a
frame of reference for base pair recognition.
The residues at the NH,-terminus of the
first helix and the NH,- and COOH-termini
of the second helix (positions 1, 12, and 20

Fig. 3. Sketch showing alignment of the N\ and
434 operator sites used in the cocrystal studies.
Solid triangles mark the phosphate contacts that
are detected by ethylation interference experi-
ments and seen in the cocrystal structures; open
triangles mark phosphate contacts that are seen in
the structures but not detected by ethylation
interference experiments. The center of approxi-
mate twofold symmetry in each site is marked ()
and indicated with the dashed arrow. Arrows
relate corresponding base pairs and contacts in the
two half-sites. This figure includes an additional
base pair on each end of the conventional (14—
base pair) 434 operator site, and shows that the
operator site is effectively just one base pair longer
than the 434 site.

of the conventional HTH alignment) play
key roles in the known structures. A number
of other HTH proteins have related residues
at some of these positions. For example, of
the 21 sequences compiled by Pabo and
Sauer (10), 8 have Gln at the start of the
HTH unit and 7 have Asn at its end. These
conserved interactions, which help position
the HTH unit in the major groove, may
provide a useful guide for thinking about
contacts made by homeodomains. Recent
nuclear magnetic resonance studies (21)
confirm the suggestion that homeodomains
also contain a HTH motif (22, 23). In 73 of
the 86 homeodomain sequences listed by
Scott and co-workers (24), there is an Arg at
the position corresponding to GIn}® or
Glnjl4 and there is a Glu corresponding to
Gln#* or GInZ%,. These two residues could
hydrogen bond to each other as well as to
the DNA in a pattern analogous to that seen
for the two glutamines in the phage repres-
sors. Our observations may also have impor-
tant implications for studies of other DNA-
binding motifs such as zinc fingers. In gen-
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eral, it seems reasonable to expect that the
members of such large families of DNA-
binding proteins may have several conserved
contacts with the DNA backbone, and that
closely related members may also have con-
served contacts with one or more bases.
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An Intron in the Genes for U3 Small Nucleolar
RNAs of the Yeast Saccharomyces cerevisiae

EVELYNE MYSLINSKI, VERONIQUE SEGAULT, CHRISTIANE BRANLANT*

The origin of the intervening sequences (introns), which are removed during RNA
maturation, is currently unknown. They are found in most genes encoding messenger
RNAEs, but are lacking in almost all small nuclear (sn)RNAs. One exceptional snRNA
(U6) is part of the spliccosomal machinery that is involved in messenger RNA
maturation. It has been suggested that its intron arose as a result of incorrect splicing
of a messenger RNA precursor. This study revealed the presence of an intron, with the
characteristic features of nuclear introns from precursors to messenger RNA, in the
two genes coding for Saccharomyces cerevisiae U3 snRNA. The branch point was
GACTAAC instead of the TACTAAC sequence found in all yeast introns examined so
far. As U3 is a nucleolar snRNA required for maturation of ribosomal RNA, its intron
could not have been acquired from aberrant messenger RNA processing in a spliceo-

some.

HE NUCLEI OF VERTEBRATE CELLS

contain metabolically stable small

nuclear RNAs (snRNAs). Five of
the major ones, denoted U1, U2, U4, U5,
and U6 snRNAEs, are involved in the splic-
ing of pre-mRNAs (7). The small nuclear
ribonucleoproteins (snRNPs) correspond-
ing to these five RNAs react with antisera of
the Sm serotype from patients with the
autoimmune rheumatic disease lupus ery-
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thematosus (2). Another major snRNA spe-
cies, denoted U3, is located in the nucleolus
(3). Domain A (4) containing the binding
site for Sm-antigen proteins is absent in U3
snRNA, and so U3 snRNP does not react
with Sm antibodies. Observation of hydro-
gen bonding between U3 snRNA and nu-
cleolar 28S pre-ribosomal RNA (pre-
rRNA) suggested an involvement of U3
snRNA in pre-rRNA maturation (3, 5), and
several models of base-pairing have been
proposed (1).

Yeast nuclear genes with intervening se-
quences (introns) interrupting the coding
regions are rare and most of them encode
ribosomal proteins. Although the pre-

mRNA splicing pathway in yeast is similar
to that in higher eukaryotes, some features
of introns are significantly different in yeast.
First, all known yeast pre-mRNA introns
contain the sequence TACTAAC in which
lariat formation occurs. Second, the se-
quence at the 5’ end of introns is significant-
ly more variable in mammalian than in yeast
mRNA, the 5’ sequence GTATGT being
highly conserved in yeast introns.

The yeast Saccharomyces cerevisiae contains
a large variety of snRNAs (6). Two of them,
snR17A and snR17B, correspond to verte-
brate U3 snRNA (7). Unlike other yeast
snRNAs, which are encoded by single-copy
genes, snR17 is encoded by two genes hav-
ing similar nucleotide sequences (7). Before
starting a study of snR17 function by site-
directed mutagenesis, we sequenced Saccha-
romyces cerevisiae snR17 at the RNA level
and discovered that both snR17A and
snR17B genes contain an intron.

The nucleotide sequence of S. cerevisiae
snR17 from the strain named by the Ameri-
can Type Culture Collection ATCC 28383
(8) was determined by both the chemical
method for RNA sequencing (9) and the
enzymatic method based on primer exten-
sion with reverse transcriptase (10). The
RNA extracted from mechanically disrupted
cells was separated by ultracentrifugation on
a sucrose gradient. The reverse transcriptase
sequencing was performed with the 45-8S
RNA mixture recovered from the gradient,
by means of synthetic deoxyoligonucleo-
tides (Fig. 1a). The chemical method was
used on 3’ end-labeled, purified snR17
RNA (11). SnR17B RNA was not detected
by either method. Nevertheless, the pres-
ence of two distinct snR17 genes in our
strain was confirmed by Southern blot anal-
ysis of total DNA (Fig. 2). The size of the
two hybridizing bands observed with Eco
RI restriction endonuclease digestion fits
with the physical map established for
snR17A and snR17B genes (7). Therefore,
as previously observed (7), snR17B gene is
only poorly expressed in this strain.

There was good correlation between our
RNA sequence and that for the snR17A
gene, except for the 5’ end of the molecule,
where the sequence obtained by reverse
transcriptase was completely different from
that deduced for the gene (Fig. 1). Thus,
either snR17A had a different sequence in
our strain or snR17A gene had an intron.
According to this second hypothesis, the 5
terminal  sequence CGACGUACUUCA
found by reverse transcriptase analysis (Fig.
1b) should belong to a first exon.

We isolated an snR17 gene from an S.
cerevisiaee ATCC 28383 genomic library, us-
ing 3’ end-labeled snR17 as a probe, and
determined the nucleotide sequence of the
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