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Crystal Structure of P22 Tailspike Protein: 
lnterdigitated Subunits in a Thermostable Trimer 

space group P2,3 with one monomer in the 
asvmmetric unit. Thus. the three subunits of 
thk hamotrimer are reLted by threefold ays- 
tallommhic svmmetrv. The structure was 
solv& Ly mul;iPle isdnorphous replacement 
(MIR) techniques (Table 1) (12). The mol- 
ecule is 133 A in length and between 35 and 
80 A in diameter (Fig. 1A). Each monomer 

Stefan Steinbacher,* Robert Seckler, Stefan Miller, Boris Steipe, has the overall shape of a fish and is composed 
Robert Huber, Peter Reinemer* of six segments ~ n e p d i n g  to the main 

bodv. the mouth. the dorsal fin. and the first. 
The tailspike protein (TSP) of Salmonella iyphimurium phage P22 is a part of the apparatus 
by which the phage attaches b the bacterial host and hydrolyzes the 0 antigen. It has 
sewed as a model system for genetic and biochemical analysis of protein folding. The x-ray 
structure of a shortened TSP (residues 109 to 666) was determined to a 2.0 angstrom 
resolution. Each subunit of the homotrimer contains a large parallel f3 helix. The interdig- 
itation of the polypeptide chains at the carboxyl termini is important to protrimer formation 
in the folding pathway and b thermostability of the mature protein. 

T h e  tailspike protein of sdmmeIla typhklu- of the TSP gene (8). (ii) Global suppressor 
rkan phage P22 is a homotrimeric structural mutations of the tsf phenotype increase the 
protein of 666 amino acid residues, which is folding yield at high temperature and map to 
noncovalently bound to the neck of the only a few sites in the gene (9). We deter- 
virus capsid and essential for phage adsorp- 
tion to the bacterial host (I). It displays 
endorhamnosidase enzymatic activity, hy- 
drolyzing the a-1,3-0-glycosidic linkage be- 
tween rhamnose and galactose of Sabnonella 
0-antigen plysaccharide (2). 

The tailspike protein has served as a 
model system for the folding and assembly of 
large, multi-subunit proteins. The folding 
pathway comprises several consecutive steps, 
such as subunit folding and the formation of 
a protrimer, in which the chains are stably 
associated but not fully folded, and a rate- 
limiting folding reaction from the protrimer 
to native TSP (3). The native aimer is 
thenuatable beyond 8 W ,  resistant to pro- 
teases. and not dissociated bv SDS. Howev- 
er, even late intermediates'in the folding 
pathway are thermolabile (4), and the fold- 
ing e6hciency decreases strongly with in- 
creasing temperature, both in vivo (5) and 
in v im  (6). 

Folding of the TSP has been the subject 
of detailed genetic analysis, yielding a num- 
ber of lethal mutations (7) and two types of 
point mutations aifecting the folding effi- 
ciency at high temperature. (i) Tempera- 
ture-sensitive folding (tsf) mutations (8) re- 
duce the folding yield and enhance aggrega- 

&d, and thi& segments of ;he caudal finl 
respectively (Fig. 1B). The secondary struc- 
ture, which was analyzed with the program 
DSSP (13). isdominatedbythreeparallel (A 
toC) andtwoantipdelpsheets (DandE). 
In addition, the dorsal fin contains a smmgly 
twisted a n t i p d e l  p sheet F. There are only 
five short a helices, a 1  to a5. No disulfide 
bridges are present in the structure. 

The main body of each subunit is formed 
by a parallel p helix, comprising 13 com- 
plete turns (residues 143 to 540), in which 
parallel p strands are coiled into a large 
right-handed helix. The p helix is collapsed 

-- - 
tion (5). t he; are at least 60 different tsf 
mutations distributed over the central third 
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Table 1. Data collection and phasing statistics (24). 

Parameter Native l Native I I  HGCR HGME CMNP UOSO PTL4 CMPT 

Total observations 62380 1 4331 2 51 196 681 03 66662 61 404 87673 60060 
Unique reflections 1 1402 35321 1 1466 11430 10950 11104 1 1444 1 1363 
Completeness (%)* 94.W8.9 88.2157.9 96.4182.6 94.7190.9 90.7167.8 92.1186.3 94.6193.3 94.3/90.1 
k.~, f 0.109 0.132 0.124 0.113 0.1 76 0.128 0.106 0.110 

0.046 0.065 0.058 0.085 0.078 0.073 0.039 0.055 
:;f:g sit, 2 2# 2 3 1 3 
R,, (25.0 to 3.0 A)§ 0.170 0.207 0.157 0.187 0.100 0.157 
Phasing power11 1.25 1.22 1.27 1.10 1.26 1.72 

'For native I and derivatives, 156-3.0/3.05-3.00 A, and for native 11, 158-2.0/2.0%2.00 A. ZJi[ll(h,i)-cl(h)> I]W,ZE(h,i), where /(h,i) is the intensity value of 
the i-th measurement of h and cI(h)> is the msponding mean value of h for all i m e a s u f k =  of h; the summation is over all measurements. *Rm = Z(llF - 
cIF>I)Rb, where 4 is the averaged value of point group-related reflections and <IF> is the averaged value of a Bijvoet pair. §Rim = 21F& - Fp21W(F,2 + Fp2), where 
Fp, and Fp are the derivative and the native structure-factor amplitudes, respectively. (Fdresidual: rrns. mean heavy-atom contribution/nns. residual, defined as [(F-2 
- F ~ 2 / n ] 1 "  with h e  sum over all reflections, where F,, is the calculated structure factor and F, is the structure-factor amplitude of the heavy atom derivative, . . .- . .. 
r e t k l y .  #Same as in CMNP. 

to an approximately triangular cross section, 
with each face formed by one of the parallel 
p sheets A, B, and C (Fig. 2). The sheets 
consist of short strands of two to three, two 
to three, and three to six residues, respec- 
tively, but the hydrogen-bonding pattern 
extends into the connecting turns to gener- 
ate an almost uniform p helix. Sheets A and 
B are connected by short turns, while tums 
and loops of more variable length connect 
sheets B and C and A and C, respectively. 
In the turn regions between p sheets B and 
C in turns 5 to 13 of the p helix, two 
residues make a sharp inward bend (residues 
331 and 332 in Fig. 2) and form a long 
groove. In the turn region between p sheets 
A and C, loops with 5 to 25 residues extrude 
from tums 5 to 8 of the p helix. The 
insertions in turns 5,7, and 8 pack together 
at the solvent-exposed side of the p helix. 
The loop inserted in turn 6 is involved in an 
intersubunit contact with the neighboring 
dorsal fin of the symmetry-related monomer. 
A complete p-helix turn comprises approx- 
imately 22 residues in the NH2-terminal and 
central parts and 16 residues in the last 
COOH-terminal turn. Concornimtly, its 
diameter decreases from 26 to 11 %r at the 
COOH-terminus. 

In the trirner p sheets A and B of two 
adjacent p helices form a p sandwich. About 
66 residues are involved in the intersubunit 
contacts between the B helices: 18 are ~, - ~ 

charged and 18 are generating a hy- 
drophilic interface. The wide channel along 
the molecular threefold axis harbors about 
80 ordered water molecules. In contrast, the 
p helix is mainly filled with hydrophobic 
residues and contains only 12 ordered water 
molecules, hydrogen-bridged to polar side 
chains or carbony1 groups. The hydrophobic 
side chains often form stach of aliphatic and 
aromatic residues. Within these stacks, 
there are short reoetitive elements comsed 
of two Leu, two a;ld three Ile, two adsthree 
Val, two Ala, four Gly, two and three Phe, 
and two Asn residues. 

In the NH2-terminal mouth segment (res- 
idues 113 to 142), the p helix is extended by 

one turn formed by the first strand of p sheet 
A and the wen-residue a helix a2, which 
lies almost parallel to the solvent-e& face 
of the p helix. This motif resembles the a-p 
turn type found recently as a repetitive ele- 
ment in porcine ribonuclease inhibitor (14). 
In TSP, another wen-residue a helix, al, 
preceeds the a-p turn and forms a three-helix 
bundle in the trimer, burying hydrophobic 
residues in the intelface. 

Recently, smaller p helical structures have 
been found in alkaline protease (AP) from 
Pseudomonus aeruginosa (1 5) and pectate lyase 
(PelC) from ERvinia dry- (1 6). Both 
the number and length of the p-helix tums 
vary greatly between these proteins. Also, the 
core ofthe p helices contains calciumin AP, 
stacks of polar side chains in PelC, and hy- 
drophobic residues in TSP. A common func- 
tional property of these molecules is not a p  
parent except for the binding of carbohydrate 
in PelC and TSP. Both Baumann et al. (15) 
and Yoder et al. (16) suggest that the p helix 
might participate in tramlocation aaoss a 
membrane. Because TSP is not secreted into 
the extracellular space as is PelC or AP, and 
because the mature trimer is very stable and 

Flg. 2. Cross section of the parallel p helices 
(residues 317 to 339) in the trimer. Amino acids 
VaP1 and Ala334 at the global suppressor sites 
and T v  are shown in bold (see also Figs. 3 
and 4). The p sheets A and C form a p sand- 
wich, and p sheets A and B enclose an angle of 
approximately 120". 

the protein shows a low folding efhciency, it is 
unlikely that the p helix is associated with 
simple unfolding and refolding. The dorsal fin 
(residues 197 to 259) is inserted into the p 
helix between p strands pB3 and w 3  and 
folded into a globular domain with mainly 
irregular structure; three very short a helices, 
d, a4, and a5 of six, five, and four residues, 
respectively; and a strongly twisted, aiple- 
stranded antiparallel p sheet F of topology 
2-1-3 and only four regular hydrogen bonds. 
The dorsal fin domain is, mediated by hydro- 
phobic residues, in close contact with six 
tums connecting p sheets B and C of the p 
helix. 

In contrast to the main body, where the 
subunits form independently folded do- 
mains, the three polypeptide chains merge 
into a single common domain in the caudal 
fin, which is composed of three segments. In 
the first segment (residues 541 to 555), a 
wide loop winds around the molecular triad 
and merges with the strands of the symmetry 
mates. The second (residues 556 to 619) and 
third (residues 620 to 666) segments of the 
caudal fin are formed, respectively, by anti- 
parallel p sheets D and E, composed of five 
and three strands, which are two to six and 
six residues long (Fig. 1B). The first caudal 
fin segments of the symmetry mates extend p 
sheet D toward the NH,-terminus by two 
parallel strands of four and two residues, 
respectively. In the trimer, the p sheets D 
and E pack against their symmetry mates. 
The strands of the slightly twisted p sheets D 
lie almost perpendicular to the molecular 

Flg. 3. Sies .of lethal 
mutations (red) are 
clustered in the caudal 
fin, whereas tsf muta- 
tions (blue) cluster in 
the main body and in 
the dorsal fin. Sies of 
global suppressors of 
the tsf phenotype 
(white) are located in 
the central part of the p 
helix. 
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Flg. 4. Stereo view of a 21F'I - IF& map contoured at 1.50 above background around T y F  and 
VaP1, which are outliers in the Ramachandran plot (5 non-Gly outliers in total). 

triad and form a nigonal prism. The strongly 
twisted 8 sheets E are rotated by about 90" 
around the molecular threefold axis with 
respect to p sheets D and tilted toward the 
axis by about 30". Each $ sheet E forms two 
six-stranded B barrels bv its three strands 
associated in their upper part with the pre- 
ceeding and in their lower part with the 
succeeding symmetry mates, respectively, 
thus forming a three-blade propeller. 

Obviously, the strongest intersubunit con- 
tacts ofthe trimer are formed in the caudal tin 
by tightly interconnected $ sheets such that 
the secondaty structure involves all three sub- 
units. The native tertiary structure cannot be 
adopted in the absence of the symmetry 
mates. This condition helps to explain why 
monomeric folding intermediates are only 
marginally stable (4, 1 7). Thus, the carboxyl- 
terminal part of the structure is likely a clue to 
the formation of a promher folding interme- 
diate with associated, but not fully folded, 
polypeptide chains. 

Two point mutations, Gln + Tyr4@ (18) 
and Gly + Arg5O5 (3, defective in endo- 
r b i d a s e  activity must dect  the 0-anti- 
gen hydrolysis indirectly because Gln* 
points into the interior of the $ helix and 
G l P 5  is located in a turn near the subunit 
interface. All sites where a single amino acid 
exchange leads to the tsf phenotype are locat- 
ed between residues 163 and 493 (1 9). A 
large pqortion (10 out of 32) of the inde- 
pendent tsf sites is located in the dorsal tin 
domain (Fig. 3). This position indicates the 
importance of the site for subunit folding and 
suggests that it might function as a folding 
nucleus. Of 32 independent tsf sites, 24 are 
exposed to solvent, with about 15 sites in 
surface turns or loops. Only three of the 
affected residues point into the interior of 
the $ helix, and another four tsf sites are 
at the subunit interface. Lethal point mu- 
tations clearly cluster in the caudal fin 
domain (9 out of 12), suggesting that the 
main body is significantly more tolerant to 

destabilizing mutations than is the caudal 
fin. 

The global suppressor sites at residues 331 
and 334 (Figs. 2 and 3) are located in the 
sixth turn ofthe $ helix. The Valf3' residue is 
partly solvent-exposed and located in the loop 
between p strands $B6 and pC6, whereas 

is the ht residue of p strand PC6 
pointing into the interior of the $ helix. 
Interestingly, Val331 as well as TyP8, which 
is the last residue of $ strand BE%, are outliers 
in the Ramachandran plot (five non-Gly out- 
liers in total) with + = - 118", JI = - 141" 
and + = 64", JI = -143O, respectively, 
clearly defined by electron density (Fig. 4). 
Alanine or Gly acts as a tsf suppressor at site 
331 (9,20) and stabilizes TSP and its folding 
intermediates (4) probably because it releases 
backbone strain. At site 334, the substitution 
of Val or Ile for Ala might improve the 
stacking of hydrophobic side chains in the 
interior of the p helix. In summary, the 
unusual x-ray structure of TSP is compatible 
with the available genetic and biochemical 
data. 
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High-Resolution Structure of the Oligomerization oligomerization domain) is still capable of 

Domain of 1353 by Multidimensional NMR 
tumor suppression. (ii) Many mutants of 
p53 exert their effects through a negative- 
dominant mechanism wherebv heterotet- 
ramers of wild-type and mutant p53 no 

G. Marius Clare,* James G. Omichinski, Kazuyasu Sakaguchi, longer bind DNA sequence specifically or 
Nicola Zambrano, Hiroshi Sakamoto, Ettore Appella, bind with much red~iced affinity. (iii) The 

Angela M. Gronenborn* transforming activity of mutants within the 
DNA binding domain of p53 can be abol- 

The three-dimensional structure of the oligomerization domain (residues 31 9 to 360) of the ished by making them incapable of forming 
tumor suppressor p53 has been solved by multidimensional heteronuclear magnetic res- oligomers as long as wild-type p53 is avail- 
onance (NMR) spectroscopy. The domain forms a 20-kilodalton symmetric tetramer with able from a non-mutant allele. These data 
a topology made up from a dimer of dimers. The two primary dimers each comprise two suggest that inhibition of p53 oligomeriza- 
antiparallel helices linked by an antiparallel p sheet. One p strand and one helix are tion may be a useful therapeutic avenue for 
contributed from each monomer. The interface between the two dimers forming the tet- cancer chemotherapy. It has recently been 
ramer is mediated solely by helix-helix contacts. The overall result is a symmetric, four-helix established that a 42-amino acid peptide 
bundle with adjacent helices oriented antiparallel to each other and with the two antiparallel comprising residues 3 19 to 360 of p53 con- 
p sheets located on opposing faces of the molecule. The tetramer is stabilized not only by stitutes the minimal unit required for tet- 
hydrophobic interactions within the protein core but also by a number of electrostatic ramerization (6). Here, we present the 
interactions. The implications of the structure of the tetramer for the biological function of three-dimensional (3D) solution structure 
p53 are discussed. of the tetramerization domain (residues 3 19 

to 360) of p53 by means of multidimension- 
al heteronuclear NMR spectroscopy. 

Because of the complexity of the system 
T h e  p53 protein is a sequence-specific merization dbmain may play a key role in and the necessity to distinguish intra- from 
transcriptional activator that has a key cell transformation (5). (i) Although wild- intersubunit nuclear Overhauser effects 
function in tumor suppression (I). Inacti- type p53 is a tetramer, monomeric p53 (NOEs), the structure determination was 
vation of its tumor suppressor activity, ei- (obtained by deletion or mutation of the carried out on samples of uniformly labeled 
ther through mutation or by association 
with viral or cellular proteins, contributes 
to the development of as many as 50% of 
human cancers (1, 2). The p53 protein is T l l p  - 
believed to exert its tumor suppressor activ- 
ity by stimulating the transcription of the ~1262  - 
p21 gene product that in turn inhibits o 
cyclin-dependent kinase-4, thereby block- $ 1146 - 

L 

ing cell division (3). The p53 protein is . 
composed of'four domains: an NH,-termi- 5 R15a - 
nal transactivation domain, a central DNA # 
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7.0 6.0 5.0 4.0 3.0 2.0 1 .O 0.0 
G. M. Clore, J. G. Omichinski, A. M. Gronenborn, 
Laboratory of Chemical Physics, Building 5, National IH attached to 12C (ppm) 
Institute Of Diabetes and Digestive and Kidney Fig. 1. Composite of 13C-H strips taken from the 3D 13C(F2)-edited-i2C(F3)-filtered NOE spectrum 
eases' National institutes Of Health' Bethesda, MD (120 ms mixing time) of the tetrameric oligomerization domain of p53, comprising a 1 :1 mixture of 20892, USA. 
K, sakaguchi, N, zambrano, H, sakamoto, E, ~ ~ ~ ~ l l ~ ,  unlabeled and i3C-1SN-labeled polypeptide and illustrating NOEs between protons of the unlabeled 
Laboratory of Cell Biology, Building 37, National Can- polypeptide (attached to 12C along the F3 axis) and protons of the labeled peptide (attached to 13C). 
cer Institute, National Institutes of Health, Bethesda, The NOEs shown with asterisks involve interactions between subunits A and B (and the symmetrically 
MD 20892, USA. equivalent subunits C and D), whereas the remainder involve interactions between subunits A and C 
*To whom correspondence should be addressed. (and the symmetrically equivalent subunits B and D) (20). 
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