tomeres, consistent with our finding that it
is the central, nonmarginal region of the
blastula that undergoes extensive cell mix-
ing during epiboly. Strehlow and Gilbert
(5) observed that the descendants of each
eight-cell blastomere gave rise to a limited
array of mesodermal tissues. These tissues
arise at the margin, where we have ob-
served limited cell mixing.

In sum, the descendants of each cleav-
age blastomere reside in a limited region of
the gastrula and, therefore, populate only a
subset of the possible cell fates. The partic-
ular subset of fates expressed depends on the
position of the original blastomere relative
to the future dorsoventral axis of the em-
bryo. Because the dorsoventral axis is not
fixed with respect to the early cleavage
planes and the scatter of clones varies from
embryo to embryo, the specific fate of any
blastomere cannot be predicted at the
cleavage stage.
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The High-Resolution Crystal Structure of a
Parallel-Stranded Guanine Tetraplex
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David M. J. Lilley, Ben Luisi

Repeat tracts of guanine bases found in DNA and RNA can form tetraplex structures in
the presence of a variety of monovalent cations. Evidence suggests that guanine tetra-
plexes assume important functions within chromosomal telomeres, immunoglobulin switch
regions, and the human immunodeficiency virus genome. The structure of a parallel-
stranded tetraplex formed by the hexanucleotide d(TG,T) and stabilized by sodium
cations was determined by x-ray crystallography to 1.2 angstroms resolution. Sharply
resolved sodium cations were found between and within planes of hydrogen-bonded
guanine quartets, and an ordered groove hydration was observed. Distinct intra- and
intermolecular stacking arrangements were adopted by the guanine quartets. Thymine
bases were exclusively involved in making extensive lattice contacts.

DNA and RNA containing runs of consec-
utive guanine bases may adopt four-stranded
conformations based on the hydrogen-bonded
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guanine tetrad, or G quartet (1-4). These
conformations may exist in a variety of iso-
meric forms, encompassing both parallel and
antiparallel conformations, all of which are
stabilized by monovalent ions such as sodium
and potassium (2, 5, 6). Such tetraplexes
have been implicated in a variety of biological
roles, including the function of chromosome
telomeres (7), the dimerization of the human
immunodeficiency virus RNA genome (8),
and the site-specific recombination of immu-
noglobulin genes (1), and their functional



importance is supported by the isolation of
proteins that bind and promote the formation
of tetraplex structures (9). Here, we have
solved the crystal structure of a parallel-
stranded tetraplex adopted by d(TGGGGT)

in the %esence of sodium ions to a resolution
of 1.2 A. The strands associate by the forma-
tion of hydrogen-bonded guanine tetrads,

generating a right-handed helix containing
four equivalent strands. The tetraplex is sta-
bilized by the coordination of sodium ions,
which can be found either between or within
the planes of the guanine tetrads. In addition,
we observed extensive ordered hydration in
the four equivalent grooves and distinctive
base-stacking contacts.

Table 1. Data quality and refinement summary. Diffraction data were collected from single crystals
at 4°C with a Rigaku R axis IIC phosphorimager area detector. Data sets were collected from two
crystals with monochromated radiation from a Cu (1.543 A) source and from one crystal with a Mo
(0.711 A) source. The crystals belong to space group P1, with cell dimensions a = 28.76 A, b =
35.47Aand ¢ = 56.77 A'and a = 74.39°, B = 77.64°, and y = 89.73°. Images were integrated with
the interactive program DENZO (26), and the data were merged, scaled, and processed with the
CCP4 suite of programs (SERC Daresbury Laboratory). The structure was solved with molecular
replacement and extensively refined (27). The final model, which has an overall deviation from
ideality of 0.016 A in bond lengths and 1.61° in bond angles, contains a total of 2453 nonhydrogen
atoms, including 9 calcium ions, 14 sodium ions, and 514 water molecules.

Resolution Noos® Percentage R
shell lower of (Wo)t
limit (A) Total Unique completeness factort

3.16 19,796 3,604 99.9 0.041 9.4
224 36,633 6,583 99.9 0.052 9.4
1.83 47,617 8,616 99.8 0.070 8.5
1.58 38,766 10,045 99.4 0.089 6.9
141 20,918 11,117 97.0 0.099 7.4
1.29 23,093 12,237 96.6 0.161 46
1.20 24,851 13,162 95.5 0.224 3.4
Total 211,674 65,264 97.7 0.056 7.0

*N,ps = Number of diffraction maxima in the corresponding resolution range.

2, 3,1 Kh); — (KA 22 K KR
where h represents unique reflection indices. (/o) = the average intensity/standard deviation ratio in each
resolution range.

tR factor =

Fig. 1. Relative orientation and pack- A
ing of tetraplexes in the crystal, and
the structure of the guanine tetrad.
(A) Schematic representation of the
strand orientation of the DNA tetra-
plex and packing in the cell. Four
parallel-stranded tetraplexes occupy
the asymmetric unit. Tetraplex pairs G3
stack with opposite polarity, with the a2
interface formed by their 5’ ends. A
second stacked pair (not shown G-2
here) is related to the first by a non-
crystallographic  translation. The
numbering of the guanine tetrad G-4
planes is derived from 5'-
TMG2)G(I)G(4)G(5)T(6)-3". Bases
of the lower tetrad have been given
negative integers for clarity. (B) A 3
stereoscopic view of one stacked

pair of tetraplexes, with the paths of the ribose-phosphate
backbones highlighted by ribbons. (C) lllustration of a repre-
sentative guanine tetrad. The map was calculated with (3F, —
2F ) coefficients. The contouring of the electron density is 1.5¢.
The central sodium ion can be seen, together with a number of
water molecules in the grooves. The map can be compared
with the proposed chemical structure for the tetrad (D).

G4

G-3

G-5
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The hexanucleotide TG,T crystallized
as the anticipated four-stranded tetraplex in
the presence of sodium ions (10, 11). Four
tetraplexes occupied the irreducible repeat-
ing unit of the crystal. We solved the
structure by molecular replacement using a
model that was generated on the basis of
information provided by nuclear magnetic
resonance (NMR) studies (I12) and refined
the model by simulated annealing and a
water structure analysis procedure coupled
with least squares refinement (Table 1).
The resulting structure had an R factor of
12.4%. The strands of the tetraplexes form
a right-handed helix and are aligned paral-
lel to each other (Fig. 1). The cell is
composed of two pairs of tetraplexes, where
members of a pair stack coaxially and with
opposite polarity (Fig. 1). The spacing be-
tween successive guanine tetrads within a
tetraplex is uniform; furthermore, the same
spacing was observed at the interface where
stacked tetraplexes join, giving the impres-
sion of a continuous helix. Within the
tetraplexes, the strands were found to asso-
ciate by means of the expected hydrogen
bonding between N1H and O6, and be-
tween N2H and N7, as first proposed by
Gellert et al. (13) (Fig. 1D). These tetrads
exhibit a high degree of planarity and are
connected to the backbones by glycosyl
bonds that are exclusively anti; this is in
contrast to the regular alternation of syn
and anti glycosyl bonds in antiparallel gua-
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Fig. 2. Location of metal ions and water molecules. (A)
The intertetrad sodium ions. Shown is a (3F, — 2F.) map
at a contouring of 1.5¢, depicting the string of sodium
ions running up the central cavity of the tetraplex. Each
sodium ion (except at G5 and at G—5) is coordinated by
eight guanine O6 atoms from the tetrad planes above
and below. Only the central sodium located at the
interface between tetrad planes is equidistantly coordi-
nated by eight carbonyl oxygen atoms, with an average
value for the two independent sites of 2.75 = 0.02 A.
The ions coordinated between tetrad planes G2 and G3
are shifted toward the G3 plane with an average value
for four independent sites of 2.89 + 0.07 A and 2.60 +
0.07 A for the G2 and G3 distances, respectively. The
displacement is more pronounced for the ion located
between the G3 and G4 planes, where the average
distances are 3.32 = 0.10 A and 2.43 = 0.03 A for the
G3 and G4 distances, respectively. The distances be-
tween G2 and G3 and between G3 and G4 pairs were
averaged over four independent examples occurring
within the asymmetric unit. Finally, there is no ion
situated between the G4 and G5 planes because the
sodium ions are located coplanar with the G5 tetrads.
(B) The intratetrad sodium ions, occupying the tetrad
planes at G5 and G-5. There are four independent
examples of the sodium ion coplanar with the G5 tetrad.
Each ion is coordinated by four guanine O6 atoms, with
an average distance of 2.34 = 0.02 A, and by a water
molecule at the axial position with an average distance
of 253 = 0.03 A (the error represents the standard
deviation of the mean). (C) The spine of hydration in the
groove. W, water.

nine tetraplex structures (14, 15).

The four independent tetraplexes are not
entirely equivalent structurally, and the differ-
ences occur principally at the interface be-
tween coaxial tetraplexes. Most of the gua-
nine sugars exhibit a B DNA character, hav-
ing a pseudorotation angle of 158.5° + 11.3°
and an average phosphate separation of 6.63
+0.14 A. However, at the tetraplex interface
all of the G2 sugars of one of the coaxial
tetraplex pairs switch to a conformation re-
sembling that of A DNA (for example, with
an averaged pseudorotation angle of 45.6° +
8° and a phosphate separation of 6.93° + 0.15
A). This switch is apparently required to
avoid steric clash at the tightly packed inter-
face. Elsewhere in the molecule, where the

sugars are uniformly like B DNA, the helical
structure has a repeat corresponding to 10.4
tetrads per turn. This conformation of the
crystal structure tetraplex is in reasonable
agreement with that determined for the same
molecule in solution by NMR (12), except at
the 5’ end; this discrepancy appears to arise
from the interaction of tetraplexes in the
crystal.

The electron density map was of sufficient
quality at early stages of the refinement pro-
cedure to identify sodium ions lying along the
axis of the tetraplex. Seven sodium ions were
observed per stacked pair of tetraplexes, in-
cluding one located at the tetraplex interface
(Fig. 2). Most of the ions are located between
consecutive tetrads and are coordinated by
the tetrad’s eight buried O6 atoms. The sodi-

um ion that is located between the tetrad
planes of G2 and G-2 satisfies a nearly
petfect bipyramidal coordination geometry.
However, the ion between the G2 and G3
bases is partially displaced toward G3, where-
as the ion between G3 and G4 exhibits an
even greater displacement toward G4. This
general outward displacement of sodium ions
away from the central pair G2 and G-2
tetrad step is probably the result of electrostat-
ic repulsion between cations. The displace-
ment continues until at the 3’ end of each
tetraplex the sodium ions actually lie in the
plane of the tetrad formed by the four G5
bases. This coplanar sodium ion is coordinat-
ed by the four O6 atoms and by a water
molecule that is bound at the fifth position. A
similar pentacoordinated sodium geometry
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has been observed in crystallographic studies
of small molecules (16). The axial water
molecule forms hydrogen bonds with two
thymine bases from a symmetry-related mole-
cule and another water molecule to satisfy a
nearly perfect tetrahedral geometry. Because
of its larger ionic radius, it is unlikely that
potassium could adopt a position coplanar
with a tetrad.

The parallel orientation of strands in the
tetraplex generates four equivalent grooves of
essentially minor groove character, contain-
ing the N2, N3, and C8 atoms. The edge of
the guanine bases that would define the major
groove in duplex DNA lies on the interior of
the tetraplex. The relatively narrow grooves
are favorable binding sites for water mole-
cules, which form hydrogen bonds with the



Fig. 3. Stacking between tetrads. (A) Guanine tetrad stacking within one tetraplex, at tetrads G3 and
G4. (B) Stacking at the interface between tetraplexes at tetrads G2 and G—2

exposed N2 amino groups, the heterocyclic
N3, and each other, forming a well-organized
hydration network (Fig. 2C).

At the tetraplex interface where G2 and
G—2 meet, there is extensive ovetlap of the
five-membered rings of the guanine bases, but
the six-membered rings have no effective
ovetlap (Fig. 3). This stacking is not possible
in a regular DNA duplex with Watson-Crick
base pairs; however, an analogous interaction
occurs at positions where the glycosyl bond
changes from the syn to the anti conformation
in antiparallel tetraplex structures (15). That
the tetraplexes studied here selected this dis-
tinctive stacking conformation might suggest
that it is energetically preferred. For all other
tetrad steps of TG,T, the adjacent guanine
bases stack such that the N2 of one is sand-
wiched between the N7 and N3 of the tetrads
above and below (Fig. 3). As the protons of
N2 are electropositive but N7 and N3 are
electronegative, it seems likely that the favor-
able overlap of partial charges contributes to
the stability of the stacking conformation.

The high crystalline order of the tetraplex
may be attributed to favorable lattice con-
tacts. In addition to the 5’ end-to-end stack-
ing of the tetraplex pairs within the cell, there
are also longitudinal contacts with molecules
in the neighboring cell, resulting in the for-
mation of a pseudocontinuous helix that runs

along the length of the crystal. The tetra-
plexes in adjacent crystal cells interdigitate
such that the thymine bases at the 3’ ends
form complementary T-T base pairs. In addi-
tion, there are lateral interactions between
the tetraplexes that are made by the stacking
of thymine bases originating from both the 3’
and 5’ termini of several molecules. Some
thymine bases are conformationally disor-
dered. A well-defined thymine tetrad of the
kind formed by uracil bases in r(UG,U) (17)
was not observed in this crystalline DNA
structure, which is in agreement with NMR
studies in solution (12, 18). Calcium ions
were included in the crystallization solution,
and nine ions are well ordered, each with a
well-defined hydration sphere. The ions do
not directly contact the phosphate groups of
the DNA, as expected, but interact by means
of the water molecules.

This tetraplex structure has been solved to
one of the highest resolutions ever achieved
for a nucleic acid. This species is parallel-
stranded, but the information on metal ion
coordination and tetrad-tetrad interaction
that is obtained at this resolution may pro-
vide insight that is relevant to all guanine
tetraplexes, including both parallel and
antiparallel foldback structures. Such
structural detail is likely to be important
in the analysis of tetraplex-protein inter-
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actions and thus in understanding the
biological function of these structures.
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of the Catalytic Core of Cellobiohydrolase |
from Trichoderma reesei
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Cellulose is the major polysaccharide of plants where it plays a predominantly structural
role. A variety of highly specialized microorganisms have evolved to produce enzymes that
either synergistically or in complexes can carry out the complete hydrolysis of cellulose.
The structure of the major cellobiohydrolase, CBHI, of the potent cellulolytic fungus Tri-
choderma reesei has been determined and refined to 1.8 angstrom resolution. The mol-
ecule contains a 40 angstrom long active site tunnel that may account for many of the
previously poorly understood macroscopic properties of the enzyme and its interaction with
solid cellulose. The active site residues were identified by solving the structure of the
enzyme complexed with an oligosaccharide, o-iodobenzyl-1-thio-B-cellobioside. The
three-dimensional structure is very similar to a family of bacterial -glucanases with the
main-chain topology of the plant legume lectins.

Cellulose is the most abundant renewable
resource on Earth, accounting for about
half of the organic material in the bio-
sphere. In addition to its ecological and
commercial importance, the high degree of
crystallinity of the substrate makes cellulose
degradation a problem of fundamental in-
terest. Cellulolytic fungi produce exogluca-
nases or cellobiohydrolases (CBH, 1,4-8-D-
glucan cellobiohydrolase, E.C. 3.2.1.91)
that hydrolyze crystalline cellulose by cleav-
age from chain ends (1). They act synergis-
tically with endoglucanases (EG, 1,4-B-D-
glucanohydrolase, E.C. 3.2.1.4) that pri-
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marily hydrolyze the disordered, amorphous
regions of cellulose, cutting at internal gly-

cosidic bonds (1).

A. The free R factor (21) was 17.6% for 1 out of 10
of the reflections being excluded from the refine-
ment procedure. Even after anisotropic refinement,
there was no clear density for the five missing
thymine bases, presumably because of high ther-
mal disorder, and these were excluded from the
final model.
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The cellobiohydrolase CBHI is probably
the key enzyme needed for the efficient
hydrolysis of native crystalline cellulose. It
is the most abundant cellulase produced by
the filamentous fungus Trichoderma reesei,
and the removal of its gene reduces overall
activity on crystalline cellulose by 70% (2).
It exhibits the strongest synergy with other
T. reesei and bacterial cellulases (3). Be-
cause CBHI acts synergistically with the
other cellobiohydrolase (CBHII) produced
by T. reesei (4), it has been suggested that
one or both of the enzymes may possess
endoglucanase activity (5). Cellobiohydro-
lase I has been classified on the basis of its
amino acid sequence as a family C enzyme
(6). This family includes both exo- and
endoglucanases which cleave the (1 — 4)
glycosidic bond by a double-displacement
mechanism, resulting in retention of con-
figuration of the product, cellobiose (7).

Cellobiohydrolase I is a two-domain en-
zyme, consisting of a large catalytic core
linked to a small cellulose-binding domain
by a heavily glycosylated linker region (8).
The structure of the core was solved by the
standard method of multiple isomorphous

Flg. 1. Electron density of the active site residues. The map was calculated with 2|F .| — |Feacl
amplitudes, and phases were calculated from the final model. The ligand, o-iodobenzyl-1-thio-B-
p-glucose, is labeled IBTC and hydrogen bonds are indicated by dashed lines.
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