
Structural plasticity of the phage P22 tail
needle gp26 probed with Xenon gas

Adam S. Olia,1 Sherwood Casjens,2 and Gino Cingolani1*

1Department of Biochemistry and Molecular Biology, SUNY Upstate Medical University, Syracuse, New York 13210
2Department of Pathology, University of Utah School of Medicine, Salt Lake City, Utah 84112

Received 3 October 2008; Revised 25 November 2008; Accepted 1 December 2008
DOI: 10.1002/pro.53

Published online 11 January 2009 proteinscience.org

Abstract: The tail needle, gp26, is a highly stable homo-trimeric fiber found in the tail apparatus of
bacteriophage P22. In the mature virion, gp26 is responsible for plugging the DNA exit channel,

and likely plays an important role in penetrating the host cell envelope. In this article, we have

determined the 1.98 Å resolution crystal structure of gp26 bound to xenon gas. The structure led
us to identify a calcium and a chloride ion intimately bound at the interior of a-helical core, as well

as seven small cavities occupied by xenon atoms. The two ions engage in buried polar interactions

with gp26 side chains that provide specificity and register to gp26 helical core, thus enhancing its
stability. Conversely, the distribution of xenon accessible cavities correlates well with the flexibility

of the fiber observed in solution and in the crystal structure. We suggest that small internal

cavities in gp26 between the helical core and the C-terminal tip allow for flexible swinging of the
latter, without affecting the overall stability of the protein. The C-terminal tip may be important in

scanning the bacterial surface in search of a cell-envelope penetration site, or for recognition of a

yet unidentified receptor on the surface of the host.
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Introduction

P22 is a Salmonella infecting phage of the Podoviri-

dae family, which is characterized by a short noncon-

tractile tail.1 The proteins in the tail apparatus, which

is roughly 2.8 MDa in size,2 participate in packaging

the viral genome into the virion during replication,

and in injecting the viral DNA into the host during

infection. Five P22-encoded proteins are present in

various stoichiometries in the P22 tail, which is far

simpler than the tail from other bacteriophages, such

as long-tailed phage like T43,4 or even most other

short-tailed phages like T7.5 This simplicity has made

it considerably easier to assign distinct functions to

each of the components of the tail. At the ‘‘top’’ of the

tail, most proximal to the capsid head, is the portal

protein, which forms the DNA conduit through which

DNA is translocated during packaging and injection.6

Surrounding the inner hub of the tail are six tailspike

homotrimers that enable the phage to adsorb to the li-

popolysaccharide (LPS) protruding from the host cell

surface.7 The portal protein channel extends as a hol-

low tube formed by the tail accessory factors gp4 and

gp10.8–11 Gp4 binds to portal protein and is reported

to have murein hydrolase activity, which may be impor-

tant in digestion of the peptidoglycan layer of the Salmo-

nella cell wall during infection.12 Directly below the do-

decamer of gp4, a hexamer of gp10 extends channel to

the tail needle gp26,11 which forms a strikingly elongated

protein fiber.8,9,13,14 Gp26 serves as the plug for the portal

protein channel and thus stabilizes DNA within the cap-

sid by preventing its leakage out of the capsid.15 After

infection, gp26 is found inside the host, suggesting the

protein is ejected to allow delivery of viral genome into

the Salmonella cell.16 It remains unknown if the ejection

of gp26 into the host is mediated by a direct penetration

of gp26 through the host cell envelope or by interaction

with a yet unidentified receptor.
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The crystal structure of the P22 tail needle was

recently determined to 2.1 Å resolution.14 The protein

folds into a homo-trimeric triple stranded coiled-coil

fiber �240 Å in length. Gp26 is composed of four

domains: an extended N-terminal domain presenting a

310 helix between residues Pro4 and Asn7 responsible

for binding to gp10,17 a �100 residue long triple

stranded coiled-coil (Domain II) followed by a triple

stranded beta-helix (Domain III), and a C-terminal heli-

cal domain termed the lazo-domain (Domain IV). The

latter represents the outermost tip of the virion and

presents a conserved tyrosine residue, hypothesized to

be important for lipid puncturing.14 Biophysical investi-

gations of the tail needle stability have revealed some of

the extraordinary properties of gp26: the fiber is stable

up to 88�C, �6.5M guanidine hydrochloride, or 10%

SDS and remains trimeric in an anhydrous state.17 The

main determinant for gp26 stability resides in helical

Domain II, which consists of a continuous trimeric heli-

cal coiled-coil. Domain II is stabilized by a continuous

spine of hydrophobic residues stacked at the internal

helical interface, together with a network of salt bridges

latching across the outside of the gp26 helices.14 The C-

terminal Domains III and IV are not trimeric when

expressed alone but dramatically enhance the structural

stability of the gp26 helical core in the context of the

full fiber. Although the molecular basis for this stabiliza-

tion is unknown, replacing the gp26 C-terminal domain

with the short (27 residues) foldon domain of the phage

T4 fibritin results in a fully stable and self-refolding

protein fiber,18 suggesting the foldon rescues the role

played by Domains III and IV in the full length fiber.

Almost counterintuitive to its remarkable stability,

gp26 appears to have intrinsic structural flexibility. The

asymmetric unit of the gp26 crystal contains two tri-

meric gp26 fibers, which show dramatic structural dif-

ferences in the C-terminal tip (Domains III and IV).14

This region of the fiber swings up to 18� with respect to

the helical core, suggesting the existence of a hinge

between the C-terminal tip and the stiff fibrous Domain

II.14 This flexibility in a protein that melts at 88�C is

likely to have profound biological implications, and

raises the question of how the tail needle forms a simul-

taneously ultra-stable and flexible fiber. In this report,

we investigated the structural basis for gp26 flexibility

using crystallographic analysis of gp26 crystals pressur-

ized under xenon gas. We show that xenon gas identifies

a network of internal cavities at the internal trimeriza-

tion interface, whose distribution and location fit well

with the C-terminal flexibility previously observed both

in solution17 and in the crystal structure.14.

Methods

Protein expression, purification, and
crystallization

The expression, purification, and crystallization of

gp26 were carried out as previously described.14,19 To

obtain larger, single crystals of gp26, powdered borosi-

licate glass (1.5–2.5 lm particle size) was added to the

protein to a final concentration of 0.0067% (w/v), just

before setting up the crystal drops. The presence of

the glass shards aided in crystal nucleation, resulting

in fewer, larger crystals in the drop. Crystals appeared

within 1 week, and continued to grow for �1 month.

Crystals were transferred to cryo-solution (mother liq-

uor plus 27% ethylene glycol) before flash freezing in

liquid nitrogen.

Xenon derivatization, data collection, and

structure determination

Gp26 crystals were harvested in cryo-protectant with a

0.5 mm cryo-loop and derivatized with xenon gas

using a Hampton Research Xenon derivatization

chamber. Crystals were pressurized with xenon gas

between 250–550 psi for various times and immedi-

ately flash frozen in liquid nitrogen. The crystals used

for data collection (Xe-HR, Xe-High, and Xe-Low)

were derivatized for 2 h at 450 psi in cryo-protectant.

The NaBr dataset was measured using a gp26 crystal

soaked for �30 min in cryo-protectant supplemented

with 500 mM sodium bromide (NaBr) prior to freez-

ing in liquid nitrogen. Datasets Xe-HR and NaBr were

collected at the Cornell High Energy Synchrotron

Source (CHESS) beamlines F1 and F2, respectively,

while datasets Xe-High and Xe-Low were collected at

the National Synchrotron Light Source (NSLS) beam-

line X6a. Xe-HR was collected on an ADSC Quantum-

270 CCD detector, and Xe-High, Xe-Low, and NaBr

were collected on an ADSC Quantum-210. All datasets

were integrated and scaled using the HKL-2000

suite20 and analyzed further using CCP4 programs.21

The crystals belonged to space group P21 and con-

tained two gp26 homotrimers per asymmetric unit

(also referred to as Bundle A and Bundle B). The

structure of gp26 bound to xenon gas was determined

by molecular replacement with PHASER22 using the

underivatized structure of gp26 (PDB ID: 2POH) as a

search model. Initial refinement by rigid body and

positional refinement using REFMAC23 lowered the

Rfree to �35%. After manual rebuilding of misplaced

residues, the solvent was built in Coot24 and the struc-

ture further refined using SHELX, which resulted in a

final Rfactor of 23.4% and an Rfree of 26.8%. The final

deposited model has good geometry, with RMSD of

bonds ¼ 0.006 Å and RMSD of angles ¼ 1.2�, with no

disallowed Ramachandran residues. Data collection

and refinement statistics are summarized in Table I.

Analysis of cavities, fitting in the cryo-EM

structure, and illustrations
Analysis of cavities, and calculation of cavity maps was

performed with the program VOIDOO,25 using a water

molecule as the probe sphere. The structure of gp26

derivatized with xenon gas was manually fit into the

asymmetric cryo-EM reconstructions of the P22 virion
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(accession codes EMD-1220 and EMD-1222)8,9 and

the fit refined using the program Chimera.26 Sequence

alignments were generated using ClustalW27 with

default parameters and displayed using JalView.28 All

other figures were created with Pymol, using FFT

(1994) to create maps with one half the normal grid

spacing; with the exception of figures of cryo-EM

reconstructions, which were displayed using Chimera.26

Results

Investigating the structural plasticity of gp26
with xenon gas

We have studied the interaction of the noble gas xenon

with gp26. Large crystals of the tail needle were

obtained by adding 0.0067% (w/v) powdered borosili-

cate glass (1.5–2.5 lm particle size) to the protein

prior to crystallization. This procedure was found to

aid in crystal nucleation, resulting in more reproduci-

ble and larger crystals of gp26, which survived pro-

longed pressurization with xenon gas. Several datasets

were collected from gp26 crystals derivatized between

5 min and 18 h. Although short derivatization with

xenon reproducibly improved gp26 diffraction quality,

prolonged pressurization (>8 h) had a negative effect

on diffraction quality, likely due to partial dehydration

in the pressurization chamber. A complete dataset to

1.95 Å resolution was collected at the CHESS beamline

F1, at a wavelength of 0.92 Å (named Xe-HR in Table

I) using a large gp26 crystal derivatizated with xenon

for 2 h at 450 psi. The structure was solved by molec-

ular replacement using as the search model the struc-

ture of underivatized gp26 (PDB ID: 2POH).14

Although pressurization in the presence of xenon did

not change the unit cell parameter and lattice geome-

try, xenon-pressurized gp26 crystals were not pseudo-

merohedrally twinned29 as observed for all wild type

crystals.14 This remarkable improvement in the crystal

order is likely attributed to the pressurization process

itself, which has been shown to improve the diffraction

Table I. X-ray Data Collection and Refinement Statistics

Data set name Xe-HR Xe-High Xe-Low NaBr

Data collection statistics
Beam line CHESS F1 BNL-X6a BNL-X6a CHESS-F2
Wavelength (Å) 0.9179 0.9541 1.746 0.9202
Space group P21 P21 P21 P21
Ref (total/unique) 233,295/103,949 463,519/72,781 280,225/50,583 205,964/57,513
Unit cell (Å) a ¼ 40.539 a ¼ 40.135 a ¼ 40.254 a ¼ 40.19

b ¼ 114.53 b ¼ 114.30 b ¼ 114.94 b ¼ 114.71
c ¼ 172.045 c ¼ 171.38 c ¼ 171.71 c ¼ 171.39

b-angle (�) 91.014 90.477 90.628 90.65
Resolution (Å) 20.0–1.95 40.0–2.2 30.0–2.5 30.0–2.4
Completeness (%) 91.9 (74.1) 92.8 (66.9) 94.1 (68.1) 93.9 (81.2)
Redundancy 2.4 (1.9) 6.4 (4.0) 5.5 (4.1) 3.6 (3.1)
Rsym

a 8.3 (37.6) 6.5 (41.3) 8.6 (25.7) 7.6 (35.6)
hIi / hr(I) i 11.1 (1.3) 17.6 (2.3) 14.2 (3.7) 16.2 (3.4)

Refinement statistics (Xe-HR)
Resolution reflection used (Å) 20–1.98
Protein residues in the model
Bundle A 708
Bundle B 668
Water molecules 1590
Ligand atoms 18

Rfactor/Rfree
b (%) 23.4/26.8

Rmsd bond lengths (Å) 0.007
Rmsd bond angles (deg) 1.26
fw most favored (%) 90.1
fw additionally favored (%) 7.2
fw generously favored (%) 2.6
fw disallowed (%) 0

Average B-factor (Å2)
Wilson B-factor 22.4
Bundle A 37.9
Bundle B 41.8
Water 44.2
Calcium (Ca1) 21.4
Chloride (Cl1) 28.2
Xenon (Xe1, Xe2, Xe3, Xe4, Xe5, X5, Xe6, Xe7) 59.9, 34.0, 39.4, 73.9, 33.8, 31.6, 96.2

The numbers in parenthesis refer to the statistics for the outer resolution shell.
a Rsym ¼ Ri,h|I(i,h) � <I(h)> |/ Ri,h|I(i,h) | where I(i,h) and <I(h)> are the ith and mean measurement of intensity of reflec-
tion h.
b The Rfree value was calculated using 5% of the data.
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quality and lattice order of biological crystals.30 Using

phase angles from the refined model, nine potential

xenon sites were identified in a FObs � FCal electron

density difference map contoured at 4r above back-

ground [Fig. 1(a)]. All putative sites were located in

the interior of gp26, at the trimerization interface,

which spans the entire length of the fiber (�240 Å).

To confirm that the putative sites were indeed xenon

atoms, anomalous difference maps were also com-

puted. At the wavelength used for data collection, k ¼
0.92 Å (Table I), the imaginary component of the

anomalous scattering (f00) for xenon is �5 electrons,

which is comparable to that of selenium at the anoma-

lous edge. For a well-occupied site, this usually results

in an anomalous peak of density 5–15r above back-

ground. However, two of the nine potential sites in the

helical core [named Ca1 and Cl1 in Fig. 1(a)] had sig-

nificant lower anomalous signal (�1–2r) and were

only marginally visible above noise. To conclusively

determine if these sites belonged to poorly occupied

xenon sites or ions possibly bound to gp26, we carried

out a two-wavelength anomalous diffraction (MAD)

experiment using a single xenon-pressurized gp26

crystal (Xe-High and Xe-Low datasets in Table I). The

first dataset, Xe-Low, was measured in the vicinity of

xenon anomalous edge, at 7.0 keV (k ¼ 1.75 Å), where

xenon exhibits a remarkably high anomalous signal

( f 00 �10 electrons). The second dataset, Xe-High, was

a high energy remote measured at 12.7 keV (k ¼ 0.95

Å), where xenon theoretical f00 is roughly half than at

low energy (�5 vs. �10 electrons). Anomalous differ-

ence maps computed using diffraction data from the

Xe-High and Xe-Low datasets, revealed that for seven

of the nine potential sites [named Xe1–Xe7 in Fig.

1(a)], the intensity of the anomalous peaks at lower

energy was �1/3 to 1/2 greater than that at higher

energy [blue density and red density, respectively in

Fig. 1(b–d)], as expected for genuine xenon atoms.

Likewise, an underivatized control dataset collected at

low and high energy showed no density for any of these

seven sites (data not shown). Thus, seven peaks of den-

sity buried at the interior of tail needle gp26 core were

assigned to xenon atoms [Xe1–Xe7 in Fig. 1(a)].

Chemistry of xenon binding to tail needle gp26

The seven xenon sites bound to gp26 can be classified

into three categories [Fig. 1(b–d)]. The first set of xe-

non sites is composed of xenon sites Xe1, Xe2, Xe3

found in the helical Domain II of gp26, and Xe7,

which is located in the inverted helices of Domain IV.

Each of these xenon atoms resides in a ‘‘helical trap’’

[Fig. 1(b)], formed by two planes of hydrophobic resi-

dues, typically a triplet of isoleucines and a triplet of

valines (or isoleucines, as in the case of Xe7). Each

Figure 1. Three-dimensional structure of phage P22 tail needle bound to xenon gas. (a) Worm representation of tail needle

gp26 bound to seven xenon atoms, one calcium, and one chloride atom (represented as green, gold, orange spheres,

respectively). The structure was determined to 1.98 Å resolution and refined to an Rfree of 26.8% (Table I). The tail needle is

�240 Å homotrimer, consisting of four structural domains (indicated by horizontal arrows). All xenon and chloride atoms were

found in cavities at the gp26 internal trimerization interface. (b–d) Close-up view of the three classes of xenon sites observed

inside gp26 core: the orientation of gp26 shown is perpendicular to that in (a). Gp26 residues lining the binding site are

depicted as ball-and-sticks with nitrogen and oxygen atoms colored in blue and red, respectively. Only residues of protomer

A of gp26 are labeled. The blue and red densities around xenon atoms represent anomalous difference maps computed using

X-ray data measured at low energy (k ¼ 1.75 Å) and high energy (k ¼ 0.95 Å), respectively (datasets Xe-Low and Xe-High in

Table I). All anomalous maps were computed to 2.5 Å resolution and contoured at 15r above background. The refined

B-factor to 1.98 Å resolution for xenon atoms Xe2, Xe3, Xe5, and Xe6 ranges between 32 and 39 Å2, whereas Xe1, Xe4, and

Xe7 have significantly higher B-factor, between 60 and 96 Å2 (Table I).
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plane is formed by residues protruding inward from

the helices of three identical gp26 protomers (Val42

and Ile45 for Xe1; Val105 and Ile112 for Xe2; Val126

and Ile133 for Xe3; Ile205 and Ile208 for Xe7). The

xenon atom is held in the hydrophobic cavity, centered

between the two hydrophobic planes, with xenon:car-

bon distances ranging from 3.38 to 5.70 Å. This is

fairly representative of the average distances observed

in most protein crystals derivatized with xenon gas

and is consistent with xenon engaging in weak hydro-

phobic and van der Waals contacts with the amino

acid side chains.31–34 Two of these helical xenon traps,

the most N- and C-terminal, show the lowest anoma-

lous difference peak heights (Xe1: 15r, Xe7: 12r),
whereas the other two xenon helical traps, Xe2 and

Xe3, have much larger peaks of 31r and 21r for Xe2

and Xe3, respectively. Consistently, the refined B-fac-

tors of the two terminal Xe sites (59.9 Å2 for Xe1 and

96.2 Å2 for Xe7) are considerably higher than the B-

factors of the internal helical traps (34.0 Å2 for Xe2

and 39.4 Å2 for Xe3) (Table I).

The second type of xenon binding site has only

one example in gp26, Xe5, which is found in a ‘‘b-helix
trap’’ [Fig. 1(c)]. This site is located toward the base of

the b-helix of gp26, centered in the first layer of the b-
helix. Nine hydrophobic residues line the xenon trap,

three donated by each of the gp26 protomers. Val141

forms the base of the pocket, Leu151 lines the sides of

the cavity, and Leu155 caps the top of the pocket. This

site is a 31r peak in an anomalous Fourier difference

map computed using X-ray data measured at low

energy (Xe-Low dataset, Table I). The strong anoma-

lous signal is likely due to a well-occupied xenon atom

that engages in hydrophobic and van der Waals con-

tacts with nine, instead of six residues as in the ‘‘heli-

cal trap,’’ surrounding a cavity �13.4 Å3 in volume.

The highly occupied Xe5 slightly perturbs the structure

of the cavity where it is found, causing Leu155 to

swing upward to enlarge the diameter of the cavity

from 7.8 to 8.4 Å.

The last set of xenon sites observed in the gp26

structure is tapped in a novel ‘‘tyrosine basket motif’’

[Fig. 1(d)]. These motifs are built by a plane of three

leucine or valine residues protruding from each gp26

strand, and a basket of three tyrosines (Leu136 and

Tyr140 for Xe4; Val169 and Tyr161 for Xe6). The two

sites, Xe4 and Xe6, are very similar in the architecture,

with the hydrophobic side chains of leucines/valines

on one face, and the bulky aromatic rings of the tyro-

sines resembling a basket on the other face. Addition-

ally, the two xenon-occupied cavities have similar size,

with a diameter of 9.3 Å for the Xe6 site and 8.4 Å for

the Xe4 site. Despite the similarities in the two-tyro-

sine basket motifs, the xenon sites have vastly different

anomalous peak sizes. The Xe4 site, which is located

near the end of the helical core, is the second smallest

site in gp26 with a peak height of 13r, whereas the

largest site in the tail needle was Xe6, with a peak

height of 37r. The B-factors for the two sites, 73.9 Å2

for Xe4 and 31.6 Å2 for Xe6 (Table I), support the idea

that the height of a xenon peak is not linearly related

to the volume of the cavity occupied by the noble gas.

The inequality in the refined B-factor of Xe6 when

compared with Xe4 can be explained by the position

of the site in the protein. The Xe4 site is located in the

stable and rigid helical core Domain II, which is less

likely to allow the xenon gas to enter and therefore

results in a less well-defined site. On the other hand,

the Xe6 site, located in the flexible b-helix domain,

can allow the gas to readily enter the structure

between the strands of the b-helix. Consistently, the

two strongest xenon sites in the protein (Xe5 and Xe6)

are located in the b-helix domain.

Ions trapped at gp26 trimeric coiled
coil interface

In addition to the seven xenon sites, two additional

weak anomalous peaks were detected inside the gp26

helical core. These sites, named Ca1 and Cl1 in Figure

2(a), appeared as 3.5r and 2r anomalous peaks,

respectively, at low energy [Fig. 2(c,d), blue density]

but had negligible signal at high energy. However, in a

difference electron density map computed using Fou-

rier coefficient |FObs � FCal|, both sites appeared as

�5r peaks [Fig. 2(c,d), green density], which sug-

gested the weak anomalous signal was due to the pres-

ence of atoms with low anomalous signal, as opposed

to poorly occupied xenon atoms. In the previously

reported lower resolution structure of gp26,14 both

sites were erroneously interpreted as water molecules,

which gave unusually low B-factor values (�1 Å2) in

the refined deposited model. Both sites are located in

the center of gp26 helical core Domain II, between

residues 60–100. To assign chemical identities to the

two peaks of density, we carefully analyzed the size of

the binding cavity where the two peaks of density are

localized as well as the chemistry of the residues

surrounding the density.

The first site, Ca1 [Fig. 2(c)] is held in an octahe-

dral cage formed by the side chains of Asn63 and

Gln66 protruding from each of the three-gp26 proto-

mers [Fig. 2(b)]. The putative density occupies the

center of the octahedron, whose center of mass is only

2.3–2.5 Å from the side chains of Asn63 and Gln66.

Although chlorine is commonly found within the inner

core of trimeric coiled-coil structures trapped by the

e- and/or d-nitrogen of Asn/Gln side chains,35,36 ster-

eochemical considerations suggested that chloride was

too large to fit inside this region of gp26 helical core.

In fact, as chloride has a van der Waals radius of 1.81

Å, and nitrogen �1.5 Å,37 the minimal distance possi-

ble between a chloride ion and the side chains of Asn/

Gln is �3.25 Å.35,38 This was roughly 1 Å longer that

the distance between the observed peak of density and

the refined atomic positions of Asn63 and Gln66 nitro-

gens. In contrast to halogens, metals are known to
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form ionic complexes of much shorter distance. Eight

metals (M) have been observed bound to the oxygen

(O) of Asn/Gln side chains with M-O distances rang-

ing from 2.07 to 2.41 Å,39 namely Na, Mg, Ca, Mn, Fe,

Co, Cu, Zn. Although the standard deviation for the

M-O distance varies considerably (�0.05 to 0.20 Å),

and thus all of the afore mentioned metals could

potentially occupy the experimentally observed den-

sity, among them, calcium is the only element to have

significantly higher anomalous scattering at k ¼ 1.75 Å

(f 00 �1.5 electrons) compared with k ¼ 0.95 Å (f 00 �0.5

electrons). The small anomalous signal observed at

low energy (3.5r) compared with the negligible signal

at high energy was fully consistent with the presence

of an octahedrally coordinated calcium ion. Addition-

ally, when a calcium ion was placed in the density, the

refined B-factor was �20 Å2, which is comparable to

the B-factors of the surrounding atoms (�15–25 Å2).

Thus we interpret the first peak of density trapped

between Asn63 and Gln66 as calcium (Ca1) [Fig. 2(c)].

The second peak of density buried at the gp26

core is held between the side chains of Ile91 and

Asn94 protruding from each of the three protomers of

gp26 [Fig. 2(d)]. We interpret this second peak of den-

sity as a chloride atom (Cl1) based on four considera-

tions. First, the center of mass of the electron density

is �3.2 Å from the d-nitrogen of Asn94 and �4.3 Å

from the methylpropyl group of Ile91, which is in good

agreement with the distance expected for a chloride

atom interacting with a protein side chain. Second, the

greater anomalous signal observed at low energy [Fig.

2(d)] is consistent with the anomalous signal of chlo-

ride that is negligible at k ¼ 0.95 Å (f 00 �0.4 electron)

and slightly above background at k ¼ 1.75 Å (f 00 �0.8

electron). Third, the refined B-factor value for this

atom, �28 Å2, is also comparable to the B-factors of

the surrounding atoms (�15–25 Å2). Fourth, the chlo-

ride site found inside the gp26 helical core is very sim-

ilar to the chloride seen in the five-stranded coiled-coil

protein, COMP,38 which is trapped by an analogous

set of glutamines and leucines.

To determine if this chloride ion can freely

exchange with the outside, we soaked gp26 crystals in

500 mM sodium bromide for 30 min (Table I, NaBr

Figure 2. Ions trapped at the interior of gp26 trimerization interface. (a) Worm representation of tail needle gp26, with the

calcium and chlorine ions displayed as a gold sphere and orange sphere, respectively. (b) Sequence alignment of the putative

tail needle sequence from 12 P22-like phages. For simplicity, only the amino sequence spanning residues 60–103 is

displayed. Invariant residues interacting with the two ions are highlighted in dark pink, and partially conserved interacting

residues in light pink. Other conserved residues are indicated below the alignment, where an asterisk (*) indicates an invariant

residue, and a colon (:) a highly conserved residue. (c, d) Close-up view of the calcium and chloride ions observed at the

gp26 internal trimerization interface. In both panels, the green density around the ions represents a FObs � FCal difference

map computed using structure factor amplitudes from the final refined model missing the Ca1 and Cl1 ions. The density was

computed to 2.5 Å and contoured at 5r. The calcium site has a refined B-factor of �21 Å2 and the chlorine site �28 Å2,

respectively. The blue density around the ions represents an anomalous map computed using anomalous differences

measured at low energy (k ¼ 1.75 Å, dataset Xe-Low in Table I) and contoured at 2r.
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dataset) followed by a data collection at the bromide

anomalous edge (k ¼ 0.92 Å). As the anomalous signal

for bromine at k ¼ 0.92 Å is about 10 times greater

than that of chloride (f 00 �4 vs. �0.4 electrons),

exchanging the native Cl� with Br� would result in a

strong peak of density in an anomalous difference

map. Indeed several strong Br� sites were found

bound to the outside of the gp26 helical core but no

apparent exchange of bromide was seen for the Cl�

ion (data not shown). This suggests that the chloride

is specifically and tightly bound to the interior of the

coiled-coil core of gp26, where it fails to exchange

with the outside. Although the exact biological func-

tion of the two ions identified inside gp26 helical core

(Ca1 and Cl1) remains to be elucidated, the two ions

may play a structural role and stabilize the trimeric

coiled-coil helical interface by providing a register to

insure the proper alignment of the protomer helices

during assembly.35,36,40 In agreement with the idea of

a conserved biological function, gp26 residues forming

the two ion traps, Asn63/Gln66 and Ile91/Asn94 are

well conserved. Sequence alignment of 12 putative

gp26 homologues, identified based on the conservation

of the N-terminal gp10-binding domain (residues 1–

50)17 [Fig. 2(b)], revealed the calcium trap residues

Asn63/Gln66 are invariant, whereas the chloride trap

pair residues Ile91/Asn94 are conserved in at least half

of the putative gp26 homologues.

Cavities and flexibility in tail needle gp26
For xenon gas to enter a protein structure, there must

be some structural plasticity so the gas can diffuse into

the structure and occupy hydrophobic cavities, without

significantly perturbating the overall conformation of

main and side chains. In the case of proteins which

have an internal lumen or channel, such as the COMP

protein,38 the xenon gas can funnel into the structure

and is a useful indicator of possible tunnels to transfer

reaction substrates and products.41 In gp26, however,

there is no lumen to provide a channel for xenon to

travel through the needle [Fig. 3(a)]. The dense pack-

ing of hydrophobic residues at the gp26 inner core, as

well as the polar buried surfaces occupied by Ca1 and

Cl1 prevent the movement of xenon along the trimeric

axis of the protein. Rather, the xenon gas must enter

the tail needle during transient movement of the pro-

tein side chains, which occurs with higher propensity

in regions of local flexibility. The only chance for xe-

non to become trapped within the needle is for it to

occupy an existing cavity and engage in weak hydro-

phobic and van der Waals contacts with the protein

side chains of its inner surface.31–34 This idea became

readily apparent when the gross distribution of inter-

nal cavities in gp26 was analyzed using the software

VOIDOO,25 which detects cavities in protein structures

and measures their volume. In VOIDOO, cavities are

defined based on the protein accessible surface, rather

than the van der Waals radius.42 After stripping all

xenon atoms and using a probe radius of 1.4 Å,25 VOI-

DOO identified seven cavities inside gp26, which cor-

related perfectly with the distribution of xenon sites

observed crystallographically [Fig 3(a)]. Among them,

cavities occupied in our structure by xenon atoms

Xe2–Xe6 are completely surrounded by protein atoms

Figure 3. Organization of internal cavities in tail needle gp26. (a) Slice-view of the gp26 space-filling model. Xenon atoms are

represented by green spheres, calcium by a gold sphere, chlorine by an orange sphere, and waters as blue spheres. Seven

major cavities are detected at the trimeric binding interface using the program, VOIDOO25 all filled by xenon atoms in our

crystal structure. The two terminal cavities filled by Xe1 and Xe7 and shaded in pink are ‘‘invaginations,’’ which are defined as

cavities in partial exchange with the exterior of protein. Cavities occupied by Xe2, Xe3, Xe4, Xe5, and Xe6 and shaded in

white are ‘‘voids’’ completely closed off from the exterior of the protein. (b) Representation of the four cavities clustered at the

boundary between gp26 helical Domain II and the triple b-helix, Domain III. The gp26 backbone is represented as a grey tube,

with the flexible b-helix highlighted in yellow, and the volume of cavities computed by VOIDOO25 shown as a blue mesh.
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and thus isolated from the outside (defined as ‘‘voids’’).

These cavities are completely self-contained, and show

no interconnectivity. This strengthens the idea that the

xenon gas must enter the tail needle during transient

movement of the residues lining the cavities, which

then relax into place, trapping the xenon inside. In

contrast, the cavities occupied by Xe1 and Xe7 were

‘‘invaginations,’’ which show some degree of connectiv-

ity with the outside but would be closed off if the

atomic radius of the probe were to be increased.25 The

most C-terminal cavity of gp26, 17.4 Å3 in volume and

occupied by Xe7, shows a clear path to the exterior of

the protein, which likely explains why Xe7 has the

highest B-factor in the structure (�96 Å2). Likewise,

all cavities in gp26 existed as an empty void in the de-

posited, underivatized structure, with the exception of

the Xe1 site, which is at the far N-terminal tip of gp26

[Fig. 3(a)] and is occupied by a water molecule in the

native structure.14 The fact that xenon gas is able to

displace the water further confirms this cavity is an

invagination that is not closed off from the outside but

allows for water molecules to diffuse out of the struc-

ture. Overall, both invaginations and voids predicted

in gp26 and filled by xenon gas in our study, were

considerably smaller than in other deposited struc-

tures. Gp26 cavities range from a volume of 5.8 Å3 for

the extreme N-terminal Xe1, to 13.4 Å3 for the b-helix
site, Xe5. This is about one tenth to one thirtieth of

the volume occupied by well-characterized cavities

engineered in the hydrophobic core of GCN4 coiled

coil homotetramers, which measure �80–370 Å3.43

In addition to internal cavities occupied by xenon

gas in our structure, gp26 interior also hosts three

water molecules [indicated as W1–W3 in Fig. 3(a)]

which hydrogen bond polar residues. Although W1

contacts a triplet of Tyr34 and Gln38, both W2 and

W3 contact the d-nitrogen of two sets of three histi-

dines (His73 and His87, respectively), and form a

plane with the water molecule trapped in the center.

Although this type of contact is also observed for small

ions, the density coordinated by the three histidines

appears as a 3r peak in an FObs � FCal difference map

but shows no anomalous signal at any of the data col-

lection energy. Thus these two sites were assigned to

water molecules. The B-factors for the refined W2 and

W3 sites were 19.2 and 10.3 Å2, respectively, which is

consistent with well-ordered water molecules.

Discussion

It is an established concept in biology that a critical

step in the folding pathway of globular proteins is the

formation of a hydrophobic core.44 The amino acid

residues within the interior of a folded protein are

packed at very high density, analogous to the packing

density seen in a crystal of small organic molecule.42

Thus, the interior hydrophobic core of proteins should

not be thought like a liquid but rather as a crystal,

and, consequentially, it does not retain the flexibility

of liquid systems. Although the high packing density

inside the hydrophobic core of a protein enhances the

overall thermodynamic stability of the folded protein,

cavities inside proteins exert an opposite function and

typically destabilize the folded state.45 In contrast to

globular proteins, the tail needle gp26 is a homotri-

meric fiber, whose internal hydrophobic core is inter-

molecular as opposed to intramolecular. The coopera-

tive nature of the gp26 unfolding17 and the presence of

an intermolecular hydrophobic spine of 22 hydropho-

bic residues17 suggest that similar thermodynamic con-

siderations made for globular proteins can be used to

describe the folding stability of gp26. Most of the sta-

bilization energy for the gp26 Domain II is generated

by the hydrophobic trimerization interface that binds

together the three gp26 protomers. In addition to this

hydrophobic effect, the gp26 strands are latched

together by a network of nineteen intermolecular salt

bridges running along the surface of Domain II. These

electrostatic interactions shield the external charge on

gp26 surface and are responsible for the extreme sta-

bility of gp26 observed in anhydrous environment,

under which the hydrophobic effect is greatly

reduced.17

Buried polar residues in the hydrophobic core
of tail needle gp26

In this article, we have expanded the structural charac-

terization of the tail needle trimerization interface and

identified a Ca2þ and a Cl� ion tightly bound inside

the otherwise largely hydrophobic core of Domain II.

These two atoms, previously erroneously interpreted

as water molecules, engage in extensive buried polar

interactions with gp26 side chains, and thus contribute

significantly to the stabilization of the helical core. The

calcium interacts in an octahedral cage formed by

Asn63 and Gln66, whereas an Ile91/Asn94 triplet

traps the chloride ion. What is function of polar buried

interactions at the inner core of a protein fiber? The

burial of polar residues in the hydrophobic interior of

a protein is known to usually play a destabilizing

role,46 albeit buried polar residues are commonly

found in proteins.47,48 At least in the case of oligo-

meric coiled-coil proteins, one explanation for the

occurrence of buried polar residues is that they play a

role in the specificity of protein folding. In this

respect, Oakley and Kim49 showed that a single polar

interaction by an asparagine residue buried in the

interface between an heterodimeric a-helical coiled-

coil is sufficient to determine the relative orientation

of the coiled-coil. In the case of phage P22 tail needle,

which is a homotrimeric coiled coil fiber, the side

chains of residues Asn63, Gln66 and Asn94 engage in

polar contacts with Ca2þ and Cl� ions, which are

tightly bound to the gp26 core and fail to exchange

with bromide. This represents an extension of the clas-

sical Asn-Asn polar buried interface extensively char-

acterized in coiled-coil peptides.49,50 In the case of the
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calcium binding site, the metal ligand geometry

Asn63-Ca2þ-Gln66 positions the d-oxygen of Asn63

only �5 Å away from the e-oxygen of Gln66, at a dis-

tance comparable to that of a weak hydrogen bond. But

in contrast to H-bonds, which can form between folded,

misfolded and/or unfolded gp26 protomers, the octahe-

drally coordinated Ca2þ ion and the selective trapping

of Cl� are very sensitive to the correct folded state of

the fiber, as a homotrimer is the only conformation of

gp26 that yields the correct binding geometry. We pro-

pose that chelating ions at the interior of a-helical core
provides specificity and register to the otherwise purely

repetitive ‘‘Protein Velcro’’ generated by the hydropho-

bic spine of 22 residues that include the four trimeriza-

tion octads.14 These ion traps could function to prevent

any sliding of the protomer helices relative to each

other, which the array of hydrophobic interactions may

not be able to abolish. Alternatively, the ion traps may

‘‘seed’’ the trimerization of gp26 protomers by kineti-

cally bringing the helices together before formation of

octad-mediated hydrophobic interactions. In either

instance, the nonspecific assembly of fiber aggregates is

an important problem to overcome in the folding path-

way of fibrous proteins like gp26. Interestingly, neither

the previously characterized salt bridges latching gp26

protomers from the outside, nor the core of hydropho-

bic residues inside gp26 are biologically useful to dis-

criminate right versus wrong gp26 oligomers.

Conformational flexibility
Despite its great stability, the gp26 helical core is flexi-

bly connected to the C-terminal tip (Domains III and

IV). This tip is built by a short helical coiled-coil and a

triple-b helix and its flexibility with respect to the heli-

cal core has been observed in solution,17 in crystal,14

and possibly in ice-embedded particles of mature P22

virion.8,9 As the latter, the asymmetric cryo-electron

microscopic reconstructions of mature phage P22

overlaid to the crystal structure of the tail needle show

weak density for the C-terminus of the tail needle [Fig.

4(a,b)], likely due to small misalignments in the tip of

Figure 4. Xenon gas probes the flexibility of tail needle gp26. (a, b) The structure of gp26 bound to xenon gas was fit into the

cryo-EM reconstructions of P22 mature viron determined by Lander et al.9 (a) and Chang et al.8 (b). In both panels (a, b) the

seven xenon atoms, the calcium ion, and the chloride ion bound to gp26 are shown as green, gold, and orange spheres,

respectively. The C-terminal tip of gp26 has poor density in the cryo-EM reconstructions, likely indicating high flexibility or

multiple conformations. In contrast, the two ion traps (gold/orange spheres) are found in the more rigid areas of the protein,

characterized by strong density in both cryo-EM reconstructions. (c) Space filling model of gp26, indicating the flexibility

observed in the crystal structure and supported by the EM reconstructions. Domains III and IV of the tail needle are flexibly

connected the helical core Domain II, which can bend �18� relative to the rigid helical core, thus generating a putative

scanning device that interacts with the host cell envelope.
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the tail needle in each of the particles used in the

reconstructions. A comparison of the position of the

xenon sites in the structure and the density for gp26

in the cryo-EM reconstructions of the mature phage

show that six of the seven xenon sites map to regions

that have weak or no density in the cryo-EM maps

[Fig. 4(a,b)]. This data supports the strong correlation

between gp26 flexibility and xenon binding to internal

cavities. The only xenon atom that apparently contra-

dicts this is Xe1, which occupies an invagination at the

N-terminal tip of the fiber, and is in equilibrium with

the exterior. Thus, Xe1 does not directly sense the flex-

ibility of the fiber, but fills a cavity otherwise occupied

by a water molecule in the underivatized structure.14

We propose that the flexibility of the gp26 C-terminal

tip with respect of Domain II is generated by a con-

stellation of adjacent, yet noncommunicating cavities

at the inner core of gp26. These cavities, occupied in

our structure by Xe3, Xe4, Xe5, Xe6, are clustered at

the boundary between the helical core Domain II and

the triple b-helix Domain III. Small cavities in the in-

terior of gp26 allow for flexibility and multiple confor-

mations that would be otherwise impossible to attain

given the highly rigid native conformation of the gp26

helical core. Superimposition of the two gp26 bundles

in the crystallographic asymmetric unit reveals that

the C-terminal tip (Domains III and IV) can swing up

to �18� in one direction with respect to the helical

core. If we consider that the conformations seen in the

crystals are stabilized by crystal contacts, it is plausible

that in an in vivo setting, the C-terminal tip has even

greater degree of freedom and swings in all directions

like a shoulder-joint [Fig. 4(c)]. The rigid body move-

ment seen in the lazo-domain of two gp26s in the

asymmetric unit is made possible by the flexibility of

the main chain combined with the lateral compression

of side chains in the hydrophobic core, as opposed to

a global ‘‘repacking’’ of buried residues.

How can cavities in gp26 contribute to the flexibil-

ity of the tail needle? We support a model where the

partial loss of the closely packed core promotes exten-

sive dynamic motion of the protein backbone atoms,

which increase the overall breathing of the fiber. In a

crystal lattice this forces one of the two fibers in the

asymmetric unit to bend in a specific orientation, with

the lazo-domain significantly tilted with respect to the

helical core. In solution, the breathing of the fiber is

likely to be unbiased and simply result in an overall

flexibility. Similar to the cavities seen in gp26, it is

believed that cavities in enzymes increase the local

dynamic movement of the protein backbone to define

local areas of flexibility, which may be important in

establishing the path for ligand entry. In direct support

of this idea is the observation that removal of ligands

or cofactors from flavodoxin51 or intestinal fatty acid

binding protein52 that generates empty cavities inside

the protein also results in a dramatic increase in the ls-
ms time scale dynamics of the protein backbone. In

gp26, which is not an enzyme and serves a structural

role in the virion, the flexible connection between the

C-terminal Domains III and IV and the helical core

likely enables the fiber to function as a scanning tip

that probes the Salmonella cell surface for either a

point of injection or a proteinaceous receptor.

Flexibility in viral fibers used to interact with the

host has been observed for several other systems and

likely plays a critical role in the virus:host interaction.

For instance in phage SPP1, the distal tip of the tail

that binds the extracellular ectodomain of the Bacillus

subtilis receptor YueB is flexibly connected to the tail

tube by a protein, gp19.1, which allows bending of the

tip with respect to the tube at angles as high as 50�,
which enhances the ability of the virus tail to scan for

receptors on the host surface,53 and T4 tail fibers are

flexibly attached to its tail baseplate.4,54 Flexibility in

the adenovirus fiber was reported to be critical for effi-

cient interaction with the coxsackievirus and adenovi-

rus receptor. When the flexibility in the Adenovirus 5

(Ad5) shaft is reduced, both a decrease in virus infec-

tion and cell attachment is observed.55 Interestingly,

the adenovirus shaft folds as a triple b-helix similar to

the gp26 Domain III, where the largest Xenon sites

are observed. Therefore, we speculate the short triple

b-helix downstream of the gp26 Domain II interrupts

the rigidity and stiffness of the helical core and repre-

sents a useful structural adaptor to connect the sur-

face-probing moiety (Domain IV) to the helical core

(Domain II). The real challenge remaining is to under-

stand if gp26 flexibility is used by the phage to pene-

trate the lipid bilayer or to interact with a yet unchar-

acterized surface receptor.

Accession number

The structure factor and atomic coordinates for gp26

bound to xenon gas determined to 1.98 Å resolution

have been deposited in RCSB Protein Data Bank with

the accession code 3C9I.
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