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Introduction. Bacteriophage � contains a linear double-
stranded DNA genome enclosed within an icosahedral
capsid of triangulation number T � 7, and a flexible,
non-contractile, tail.1 It has been adapted for phage dis-
play, providing a valuable alternative to filamentous
phages. As a lytic phage,2 the phage coat is directly
assembled in the cytoplasm, and does not pass through the
secretion machinery and the oxidizing periplasm, thereby
providing a display system for proteins not suitable for
secretion. Both the head protein, gpD, and the tail protein,
gpV, have been used as fusion partners in applications of
phage display.3–5 To further develop the technology of
phage display, the structures of the proteins utilized in
this technique are of considerable interest.

The high-resolution crystal structure of gpD, the
capsid-stabilizing protein of bacteriophage �, which sits
as protrusions at trigonal sites, has been solved previ-
ously.6 It provides a structural basis for the understand-
ing of how gpD could play the role of a display platform.
Molecules of gpD were found to be arranged in non-
crystallographic trimers with substantial inter-subunit
interfaces. Their C termini are well ordered and located
on one side of the trimer, relatively far from its threefold
axis. By contrast, the N termini are disordered up to
Ser15, which is close to the threefold axis and on the
same side as the C termini.

Even though these 14 N-terminal residues are disor-
dered, they appear to have an important function, since
an N-terminal truncated version of gpD (gpD�N1) does
not complement a phage mutant devoid of gpD.6 Both
gpD and gpD�N1 are monomeric in solution, and gpD
trimerizes on the phage and upon crystallization. It was,
therefore, of interest to characterize gpD�N1 more
closely. While gpD�N1 contains all visible atoms of the
gpD trimer, it was conceivable that the N-terminal
stretch might play an important role in trimer forma-
tion, which might occur concomitant with binding to the
phage procoat. Furthermore, Pro17 and His19 form a
characteristic ring in the trimer, and this might be
compromised when the first 14 residues are absent.
Finally, we considered that if crystals of gpD�N1 isomor-
phous to those of the full-length protein could be ob-
tained, comparison of the low-resolution diffraction of

both forms might conceivably elucidate the location of
the N terminus of the molecule, even if disordered, by
applying an approach similar to the X-ray contrast
variation used to outline the protein molecules.7

We thus solved the structure of gpD�N1 at the resolu-
tion of 1.85 Å. Despite having crystallized in a larger cell
with two trimers in the asymmetric unit, the structure of
this truncated version of gpD is virtually identical to the
structure of the unmodified protein.

Materials and Methods. The N-terminally truncated
gpD (gpD�N1, residues 15–111) was expressed and puri-
fied as described.6 The protein was crystallized after
refinement of the conditions originally reported for full-
length gpD. The optimized crystallization conditions were
100 mM Tris-HCl pH 8.5, 28% PEG 4000, 200 mM Mg
acetate, and 10% glycerol. Crystals shaped as thick rhom-
bic plates were grown to a length of �0.7 mm within 10
days. Since the crystallization mother liquor could serve
directly as a cryoprotectant, crystals were directly mounted
in the loops and flash-frozen in a nitrogen stream for data
collection at 100 K.

The crystal of gpD�N1 used for data collection belonged
to the monoclinic space group P21 with unit cell parame-
ters a � 58.2 Å, b � 99.0 Å, c � 59.3 Å, � � 119.0° and with
VM � 2.54 Å3/Da. Six molecules are present in the
asymmetric unit. Data extending to 1.85 Å were collected
at 100 K using the ADSC Quantum 4 CCD detector on
beamline X9B, BNL, and were processed with HKL2000.8

Data collection statistics are summarized in Table I. These
crystals differ from the previously described crystals of
full-length gpD.6

The complete trimer of gpD (PDB accession code 1c5e)
was used as a search model for gpD�N1. A fully automated
script for AMoRe9 was run with data in the resolution
range of 12–3 Å. It resulted in a solution consisting of two
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trimers, with the correlation coefficient of 0.725 and the
R-factor of 31.1%. The model for gpD�N1 was refined
using CNS 1.010 at the resolution range of 20–1.85 Å and
rebuilt with O.11 The non-crystallographic symmetry (NCS)
restraints with an energy barrier of 300 kcal mol�1Å�2

between the two trimers were maintained during refine-
ment. In addition to protein atoms, 685 water molecules
have been added to the model. The final R for all reflections
(20 to 1.85 Å) is 19.1 % (Rfree 23.2%). The coordinates and
structure factors have been submitted to the Protein Data
Bank (accession code 1TCZ).

Results and Discussion. Although the resolution of
data used in this work (1.85 Å) is considerably lower
than for the full-length gpD (1.1 Å), the structure can
still be considered to be high-resolution and the accu-
racy of the model of gpD�N1 is acceptable, with the
mean positional errors in atomic coordinates estimated
by the Luzzati plot as 0.21 Å. The refinement statistics
and the indicators of model quality are listed in Table I.
All non-glycine and non-proline residues except for one
in each molecule lie in either the most favorable or in
the additionally allowed regions of the Ramachandran
plot. The only residue to occupy the generously allowed
region of the plot is Met34, and its non-standard torsion
angles are fully supported by very clear electron density
and agree with the previous observation from the very
high-resolution structure of full-length gpD.

While the full-length gpD contains a single trimer in the
asymmetric unit, the six molecules of gpD�N1 present in
the asymmetric unit are organized as two almost identical
trimers. Individual superpositions of the first and second
trimer of gpD�N1 with the trimer of gpD resulted in r.m.s.
deviations for all atoms of 0.58 and 0.59 Å, respectively.
These values are similar to the r.m.s. deviations between
individual molecules in the structure of gpD�N1, indicat-
ing that truncation of the N-terminal residues has not
resulted in any significant changes in the remaining part
of the molecule. The similarity also extended to the solvent
structure. After superposition of the gpD trimer on the
individual trimers of gpD�N1, the number of water mol-
ecules located within 1 Å of each other was 377 (out of 685
total). For comparison, superposition of the solvent sur-

rounding each trimer of gpD�N1 yields 220 common
solvent sites.

All main-chain atoms, with the exception of the first
visible residues on the N terminus (amino acids 15 and
16), are within 0.5 Å in the two structures. For the
side-chain atoms, only a few showed larger deviations
from the corresponding atoms in full-length gpD. Those
side chains are located in the surface region of a trimer
with high temperature factors and do not affect the
assembly of molecules. Thus the tertiary structure of
gpD�N1 is virtually the same as that of gpD (Fig. 1),
including the intermolecular contacts between the
monomers, and even the N-terminally located Pro17
and His 19. We can, thus, conclude that even though the
crystal forms for the full-length and the truncated gpD
differ, with two trimers present in the asymmetric unit
of gpD�N1 and only one in gpD, the absence of the
N-terminal 14 residues does not affect the trimeric
structure of this protein. However, the difference be-
tween the crystal forms of the full-length and truncated
protein did not allow us to use the low-resolution data
for locating the area occupied by the disordered N ter-
minus of the full-length protein.
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Fig. 1. Superposition of the trimers of full-length gpD and of the
truncated form of this protein. Ribbon tracing of the full-length gpD is
drawn in white, molecule 1 of gpD�N1 in cyan, and molecule 2 of gpD�N1
in blue.
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