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Abstract

The P22 tailspike adhesin is an elongated thermostable trimer resistant to protease digestion and to dena-
turation in sodium dodecyl sulfate. Monomeric, dimeric, and protrimeric folding and assembly intermediates
lack this stability and are thermolabile. In the native trimer, three right-handed parallel �-helices (residues
143–540), pack side-by-side around the three-fold axis. After residue 540, these single chain �-helices
terminate and residues 541–567 of the three polypeptide chains wrap around each other to form a three-
stranded interdigitated �-helix. Three mutants located in this region — G546D, R563Q, and A575T —
blocked formation of native tailspike trimers, and accumulated soluble forms of the mutant polypeptide
chains within cells. The substitutions R563Q and A575T appeared to prevent stable association of partially
folded monomers. G546D, in the interdigitated region of the chain, blocked tailspike folding at the transition
from the partially-folded protrimer to the native trimer. The protrimer-like species accumulating in the
G546D mutant melted out at 42°C and was trypsin and SDS sensitive. The G546D defect was not corrected
by introduction of global suppressor mutations, which correct kinetic defects in �-helix folding. The
simplest interpretation of these results is that the very high thermostability (Tm � 88°C), protease and
detergent resistance of the native tailspike acquired in the protrimer-to-trimer transition, depends on the
formation of the three-stranded interdigitated region. This interdigitated �-helix appears to function as a
molecular clamp insuring thermostable subunit association in the native trimer.
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clamp

The stabilities of fibrous proteins such as coiled-coils and
collagen triple helices are associated with the coiling and
intertwining of their polypeptide chains. Among globular
proteins, the assembly of a number of oligomeric proteins is
mediated through the formation of hybrid �-sheets with

strands contributed by two or more subunits. Examples in-
clude the assembly intermediates formed between the FimC
periplasmic chaperone and the FimH adhesin (Choudhury et
al. 1999), the tailspike protein of phage P22 (Steinbacher et
al. 1994), the adenovirus tail fiber (van Raaij et al. 1999),
and numerous 3D domain-swapped dimers (Schlunegger et
al. 1997). Various models of protein assembly and aggre-
gation incorporate interchain �-sheet formation, including
the polymerization of Escherichia coli pilin subunits
(Choudhury et al. 1999) and the polymerization of amy-
loidogenic proteins in the formation of amyloid fibrils
(Sunde and Blake 1997).

The P22 tailspike protein (Fig. 1) is a homotrimer of
polypeptide chains, each 666 amino acids long. Each sub-
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unit contains an active site that binds and hydrolyzes the
O-antigen lipopolysaccharide of Salmonella typhimurium.
The active site is located on the surface of the right-handed
parallel �-helix domain, an elongated structure of 400
amino acids tightly packed in 13 stacked coils (Baxa et al.
1996). In the trimer, these domains are packed side-by-side
and associated through predominantly polar and hydrophilic
contacts (Steinbacher et al 1994; Seckler 1998). At the C-
terminal end of this threefold region, the three polypeptide
chains are intertwined and coiled around a single central
axis, forming the braid-like structure shown in color in Fig-
ure 1A (Steinbacher et al. 1994). An axial view of this triple
�-helical domain (Seckler 1998), is presented in Figure 1B.

In the walls of this interdigitated region, the three poly-
peptide chain backbones are hydrogen bonded to each other,
forming parallel sheets (Steinbacher et al 1994). Each sub-

unit contributes one strand to each of three sheets (Fig. 1B).
The side chains pointing in from the interdigitated strands
form a single buried hydrophobic core. Thus, in this region
of the molecule, its structure moves from having three �-he-
lices, each with their own buried cores, to the interdigitated
region with a single buried core formed from side chains
contributed by all three chains (Fig. 1C). The pattern of
side-chain packing within the core of this three-chain struc-
ture is very similar to that observed within the core of the
left-handed parallel �-helix, a single-chain conformation
found in acyltransferases and other proteins (Kreisberg et al.
2000).

After the interdigitated region, the tailspike strands stop
coiling around a central axis and switch to folding back on
themselves into anti-parallel �-sheets. In this �-prism struc-
ture, the �-strands remain transverse to the long axis of the

Fig. 1. Crystal structure of P22 tailspike protein. (A). �-carbon backbone of the C-terminal fragment (1 tsp) (Steinbacher et al. 1994).
Each chain is colored from residues 543–579 (blue, red, and green), which include the oligomeric �-helix domain. The �-carbons of
residues Gly 546, Arg 563, and Ala 575 are displayed as spheres with van der Waals dimensions. (B) Axial view of the triple �-helix
domain from the N terminus toward the C terminus. The coloring scheme is the same as in A. (C) Axial views of the three stacked
coils that form the structure in B. Isoleucine and leucine side chains from each subunit can be seen at the center of each coil forming
the hydrophobic core of the interdigitated domain. Boxed residues are the sites of substitutions studied in this work. Stars note the
positions of these mutations on each chain. Sequences in connecting loops and turns are omitted. The orientation of each view of C
is the same as in B.
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trimer, and their side chains still contribute to a single bur-
ied hydrophobic core (Kreisberg et al. 2000). This is a very
different subunit interface than is found among the single
�-helices of residues 143–540 or between the subunits of
globular proteins.

Partially folded monomeric and trimeric intermediates to
the P22 tailspike have been identified both in vivo and in
vitro (Fuchs et al. 1991; King et al. 1996; Betts and King
1999). These folding intermediates are indicated in the up-
per productive pathway in Figure 2. The earliest folding
intermediate shown is the thermolabile single-chain species
[I]. This species is partially melted or disordered at tem-
peratures above ∼35°C, which is within the upper physi-
ological range of bacterial growth (Haase-Pettingell and
King 1988, 1997). At lower, permissive temperatures, this
monomeric species folds further and associates to form the
partially folded protrimer intermediate. The protrimer is
both trypsin sensitive and SDS sensitive, in contrast to the
fully folded native conformation (Goldenberg and King
1982; Fuchs et al. 1991). The protrimer can be trapped in
the cold and resolved from the native trimer by native poly-
acrylamide gel electrophoresis (Goldenberg and King 1982
Fuchs et al. 1991; Betts and King 1998; Betts et al. 1999).
In native gels and size-exclusion columns, the migration of
the partially folded protrimer is retarded compared with the
native tailspike, suggesting that it has a greater radius of
gyration (Fuchs et al. 1991; Benton et al. 2002)

The native tailspike lacks disulfide bonds. Nonetheless,
the protrimer is stabilized by transient interchain disulfide
bonds, which are reduced in the formation of the native
trimer (Robinson and King 1997; Raso et al. 2001). The
mechanism of these coupled oxidation-reduction reactions
are not yet known, but the tailspike does contain a C-X-X-C
thioredoxin sequence motif comprising cysteines 287 and 290.

Spectroscopic observations indicate that the partially
folded monomeric intermediate [I] has a major folded �-he-

lix domain (Fuchs et al. 1991; Danner and Seckler 1993).
However, the region that will be interdigitated in the native
trimer cannot be in the native fold in the monomeric species.

At high temperatures, [I] partially unfolds or misfolds
reversibly to the off-pathway conformation denoted [I*] in
the lower part of Figure 2 (Haase-Pettingell and King 1988).
Self-association of the [I*] species results in the formation
of [I*] multimers that are the early, soluble intermediates on
the inclusion body pathway (Speed et al. 1995; Betts et al.
1999). Temperature-sensitive folding (tsf) mutations iden-
tify residues that are required for productive tailspike fold-
ing in the higher end of the temperature range for bacterial
growth, >37°C (Haase-Pettingell and King 1997; Betts et al.
1997; Schuler and Seckler 1998). They appear to act by
further destabilizing the thermolabile monomeric interme-
diate [I] and populating the [I*] aggregating species (Fig. 2).
Global suppressor mutation suppress the tsf folding defects
by inhibiting off-pathway aggregation (Mitraki et al. 1991b,
1993; Danner and Seckler 1993; Beissinger et al. 1995). All
sites of tsf mutations identified to date are restricted to the
�-helix domain between residues 143 and 540 (Haase-Pettin-
gell and King 1997; C. Haase-Pettingell and J. King, unpubl.).

Relatively little is known about the amino acid sequences
that directly control the folding and maturation of the protri-
mer to the native trimer. Schwartz and Berget (1989)
screened for mutants of the tailspike that interfered with
tailspike formation. They isolated three mutants that
mapped to amino acid residues within the interdigitated
�-helix and triangular prism domain. These mutations
blocked the formation of native, SDS-resistant tailspikes but
allowed the mutant chains to accumulate in a soluble, but
biologically inactive, conformation. The sites of these mu-
tations — G546D, R563Q, and A575T — are indicated by
the spheres in Figure 1, A B, and star in C.

The very high stability of the tailspike is only found in the
mature trimer and is acheived in the protrimer to mature

Fig. 2. Competing folding and inclusion body pathways of the P22 tailspike protein. Previously characterized mutants affected the
partially folded monomer and its partitioning to the inclusion body pathway ( King et al. 1996; Seckler 1998). The mutants described
in this work interfere with later steps. Alhough the protrimer intermediate is shown with the �-helices docked as in the native structure,
the organization of its �-helices is unclear. The ribosome-bound state of the tailspike chains is described in Clark and King (2001) and
the off-pathway intermediates in Speed et al. (1996, 1997). Reproduced from Betts and King (1999) with permission.
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trimer transition. Removal of the N-terminal domain still
permits formation of a highly stable trimer (Chen and King
1991; Danner and Seckler, 1993; Miller et al. 1998b). How-
ever, due to uncertainty over the structure of the protrimer,
it was unclear which of the four remaining domains was
conferring the high stability to the native trimer; �-helix,
interdigitated �-helix, �-prism, or caudal sheets. Character-
ization of the species accumulated by site-specific substitu-
tions in the interdigitated helix/�-prism region support a
model in which formation of the interdigitated and �-prism
regions of the trimer provide the sharply increased stability
of the native trimer (Sturtevant et al. 1989).

Results

Mutant chains accumulate as soluble
non-native species

Tailspike polypeptides containing the single amino acid
substitutions G546D, R563Q, and A575T were expressed in
E. coli using the pET vector expression system. The neutral
amino acid substitution G546N was also constructed. Cells
were grown at 30°C and harvested 2 h after induction of
gene expression with IPTG. The distribution of polypeptide
chains between the pellet and supernatant fractions of cell
lysates is shown in the SDS gel in Figure 3A. The first two
lanes show insoluble pellet and soluble supernatant proteins
(between 68 and 200 kD) from host E. coli cells containing
the pET vector only; these lanes represent the background

of host proteins. In the cells expressing the wild-type tail-
spike gene, tailspikes accumulated primarily as soluble
SDS-resistant trimers. About 12% of the wild-type chains
formed insoluble inclusion body aggregates; these dissoci-
ated in the presence of SDS and migrated as SDS/tailspike
chain complexes just above the 68-kD marker in the pellet
fraction.

A majority of mutant tailspike chains in each mutant
lysate were soluble, remaining in the supernatant after cen-
trifugation (Fig. 3A). This was in contrast to the behavior of
chains carrying tsf substitutions, which efficiently form in-
clusion bodies (Haase-Pettingell and King 1988, 1997). Al-
though the mutant chains were predominantly soluble, they
did not migrate as native trimers, but as SDS/tailspike chain
complexes. The fraction of soluble SDS-sensitive chains
was 89% for G546D, 80% for G546N, 75% for R563Q, and
60% for A575T. This indicates that the chains accumulating
within the E. coli cells, had not reached the detergent-resis-
tant trimeric state.

The conformations of soluble mutant tailspike species in
the lysate supernatants shown in Figure 3A were analyzed
by native gel electrophoresis in Figure 3B. Samples ana-
lyzed in Figure 3B are portions of the same supernatant
fractions analyzed in Figure 3A. In cells expressing the
wild-type tailspike gene, native tailspikes were the predomi-
nant soluble species (Figure 3B, wildtype).

Tailspike polypeptides containing the G546D and G546N
substitutions accumulated as a single well-resolved species
with retarded electrophoretic mobility relative to wild-type
tailspikes (Fig. 3B). The similar migration of the G546D
and G546N tailspike species shows that the mobility shift is
not due to a charge change at position 546, but is most likely
attributable to a conformational change induced by the sub-
stitutions.

As shown in Figure 3B, tailspike chains containing the
R563Q and A575T mutations formed neither native trimers
nor protrimer-like species. However, the gel lanes reveal
increased staining intensity in the region of the gel in which
unassembled, partially folded chains migrate (Betts and
King 1998). Western blot analysis confirmed that the rap-
idly migrating R563Q and A575T mutant species were tail-
spike chains (data not shown). Minor, very slowly migrating
multimeric species also appear in these two lysates, perhaps
representing an aggregated state of these chains (Speed et al.
1995).

The mobility of the G546D species is protrimer-like

The G546D species migrated with retarded mobility com-
pared with mature trimers in native gels, a property also
associated with the productive protrimer (Goldenberg and
King 1982; Goldenberg et al. 1983). To carefully compare
its mobility with the wild-type protrimer, wild-type tailspike
was refolded in vitro to generate the protrimer intermediate.

Fig. 3. In vivo expression of tailspike mutants. Recombinant tailspike
chains were expressed in E. coli for 2 h at 30°C. Pellet and supernatant
fractions of cell lysates were analyzed by SDS-PAGE and stained by
Coomassie blue. (A) SDS gel (7.5% acrylamide) showing pellet (P) and
supernatant (S) fractions. Vector fractions are from culture containing pET
vector without gene 9 insert. (B) Native gel of the supernatant samples
(7.5% acrylamide) stained with Coomassie blue.
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Wild-type and 546D lysates without reducing agent were
electrophoresed through the same native gel as the refolded
samples (Fig. 4).

The left lanes of the gel display the wild-type refolding
samples at various times after dilution out of denaturant.
These gels resolve both productive intermediates and mul-
timeric intermediates along the aggregation pathway (Speed
et al. 1996, 1997). Early during refolding, the most promi-
nent bands were partially folded monomers and dimers.
These bands disappeared with time as they folded and as-
sembled into productive protrimers and native tailspikes, as
well as nonproductive higher molecular weight multimeric
intermediates along the aggregation pathway.

The four right lanes have the G546D lysate, wild-type
lysate, the pET lysate control, and native wild-type standard
(100 �g/mL). The native tailspike trimer was the most
prominent band in the wild-type (wt) lysate. The lane con-
taining the G546D lysate lacks the native trimer, but dis-
plays a prominent band of retarded mobility. The mobility
of this major G546D band corresponds very closely to that
of the wild-type protrimer, seen most clearly in the 10 and
20 min refolding samples. This indicates that the G546D
species is a trapped protrimer-like intermediate.

To be sure that the 546D species was trimeric, lysates
were centrifuged through a sucrose gradient, and the frac-
tions analyzed by native gel electrophoresis. The G546D
species did sediment similarly to native tailspikes, consis-
tent with a trimeric state (data not shown).

The G546D tailspike species did not behave like wild
type when subjected to our standard purification. The stan-
dard protocol for native tailspikes involves separation from
lysate supernatants by differential centrifugation, salting
out, anion-exchange chromatography, and a final polishing

step in which the anion-exchange fraction is passed through
a hydroxyapatite column. The G546D species, unlike wild-
type tailspikes, bound to hydroxyapatite. Elution required
denaturing conditions.

Partially purified G546D species from anion-exchange
chromotography were not stable at 4°C and converted
within hours into multiple multimeric species of different
electrophoretic mobilities as well as apparent degradation
products. Therefore, subsequent characterization was car-
ried out on the soluble protrimer-like G546D species pres-
ent in the crude lysates.

The G546D tailspike species is trypsin sensitive

The experiments in Figure 3 revealed that the G546D and
G546N tailspike species could be distinguished from wild-
type tailspikes on the basis of electrophoretic mobility as
well as stability in the presence of SDS. These two proper-
ties are characteristics of the protrimer folding intermediate.

The protrimer can also be distinguished from the native
tailspike by its susceptibility to trypsin digestion (Golden-
berg and King 1982). Therefore, we tested the trypsin sen-
sitivity of the G546D tailspike species to see whether it
shared this additional characteristic of the protrimer. Wild-
type tailspikes in lysate supernatants were resistant to tryp-
sin digestion at protease concentrations up to 1 mg/mL (Fig.
5A). In contrast, the G546D tailspike species was almost
completely degraded within 10 min at a protease concen-
tration of 100 �g/mL, and was completely degraded within
5 min at a protease concentration of 1 mg/mL (Fig. 5B).
This result showed that the G546D tailspike species, like the
protrimer, is susceptible to trypsin digestion.

The G546D tailspike species is thermolabile

Native tailspikes are thermostable and resist aggregation at
or below their melting temperature of 88°C (Sargent et al.
1988; Sturtevant et al. 1989; Thomas et al. 1990; Kreisberg
et al. 2000). The G546D tailspike species was incubated at
42°C in order to assess its stability at high temperature.
Wild-type tailspikes in lysates from cultures grown at 30°C
were unaffected by incubation at 42°C (Fig. 6A, leftmost
lanes). In contrast, G546D tailspike species from cells

Fig. 4. The G546D species has protrimer-like mobility. Samples of refold-
ing wild-type phage tailspike (left lanes) were electrophoresed through a
native polyacrylamide gel along side cell lysates to permit comparison of
the G546D species with the wild-type protrimer intermediate. These
samples were electrophoresed in the absence of added reducing agents. The
gels resolve both the productive intermediates and the off-pathway inter-
mediates leading to the aggregated inclusion body state. The right-most
lane labeled std was loaded with 100 �g/mL-purified tailspike protein. See
Materials and Methods for details.

Fig. 5. Trypsin treatment of wild-type and G546D lysate supernatants.
Samples were incubated in the presence of trypsin as indicated for up to 10
min, quenched by addition of trypsin inhibitor, and analyzed by nondena-
turing gel electrophoresis. See Materials and Methods for details. Coo-
massie blue-stained gels of wild-type digests (A) and G546D digests (B).
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grown at 30°C were depleted from lysate fractions within 10
min during incubation at 42°C (Fig. 6A,B, triangles).

The G546D tailspike chains were not degraded at 42°C
but were recovered in the pellet fraction of samples taken
during the heat treatment. Figure 6B (�) shows the loss of
total soluble G546D tailspike chains from these samples as
measured by SDS gel electrophoresis. The chains were not
degraded but partitioned into the pellet fractions. We con-
clude that the G546D tailspike species is in a non-native
conformation with increased susceptibility to thermal ag-
gregation with respect to the native conformation.

Global suppressors of tsf mutations do not suppress
G546D or A575T in vivo at 30°C

The tsf mutations appear to destabilize the junctional fold-
ing intermediate [I], resulting in increased partitioning onto

the inclusion body pathway. Genetic screens for second-site
suppressors of primary tsf mutations repeatedly isolated two
intragenic suppressor mutations, V331A and A334V, lo-
cated in the middle of the �-helix domain (Fane et al. 1991;
Mitraki et al. 1991b). These global suppressor mutations
correct the folding defects of primary tsf mutations and also
improve the folding efficiency of the wild-type protein at
high temperatures (Mitraki et al. 1991a, 1993; Beissinger et
al. 1995). The suppressors may act by stabilizing the �-helix
in the thermolabile single-chain intermediate (Schuler and
Seckler 1998).

We tested whether or not the global tsf suppressor mu-
tations could suppress the G546D and A575T mutations and
allow accumulation of SDS-resistant tailspikes. The wild-
type protein and four double mutants (G546D/V331A,
G546D/A334V, A575T/V331A, and A575T/V334A) were
expressed in E. coli for 3 h at 30°C, and soluble and in-
soluble fractions of the cell lysates were analyzed by native
gel electrophoresis. The results are shown in Figure 7.

The double mutant chains G546D/V331A and G546D/
A334V did not form native trimers, but accumulated as
soluble SDS/tailspike chains (Fig. 7A, middle lanes), simi-
lar to the G546D mutant chains lacking the suppressors. The
double mutant A575T/V331A and A575T/A334V chains
also failed to form native tailspikes, similar to the A575T

Fig. 6. Heat-induced aggregation of G546D tailspike chains. Lysate su-
pernatants from cultures expressing wild-type and G546D chains were
incubated at 42°C for 10 min. Portions of the reaction were chilled at
intervals and either directly analyzed by native gel electrophoresis or fur-
ther fractionated by centrifugation into pellet and supernatant fractions.
The chains partitioned from the supernatant to the pellet with time of
heating. (A) Coomassie blue-stained native gel (9% polyacrylamide) of
chilled samples showing the disappearance of the G546D species over
time. (B) Quantitative analysis of the loss of the G546D species due to
aggregation . (�) The disappearance of G546D species from native gels at
42°C measured by monitoring the staining intensity of the G546D gel band
indicated in A. (�) Loss of total SDS soluble tailspike chains due to
aggregation of the G546D species monitored by SDS-PAGE analysis of
pellet and supernatant fractions (see Materials and Methods).

Fig. 7. Global tsf suppressor mutations (su V331A and A334V) do not
rescue chains containing the G546D and A575T mutations. Recombinant
tailspike chains were expressed in E. coli for 3 h at 30°C. Samples were
processed as described in Materials and Methods and the supernatant frac-
tions of cell lysates were analyzed by (A) SDS-PAGE, and (B) native
PAGE.
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substitution alone (Fig. 7A, right lanes). The mutant lysates
were also analyzed by native gel electrophoresis. The
G546D chains accumulated as protrimer-like species inde-
pendently of the presence of the suppressors (Fig. 7B,
middle lanes). The A575T chains accumulated as unas-
sembled species, seven also independently of the presence
of the suppressors (Fig. 7 B, right lanes). The misfolding of
the double mutants in vivo shows that the global tsf sup-
pressors do not correct the defects of these chains contain-
ing primary mutations in the triple �-helix domain.

Discussion

The interdigitated �-helix as a molecular clamp

Tailspike maturation involves the conversion of the SDS-
sensitive and trypsin-sensitive protrimer folding intermedi-
ate to the heat-stable, SDS-resistant, and trypsin-resistant
native trimer. The single amino acid substitutions examined
here are residues in the triple �-helical domain of the tail-
spike trimer. In this region, the three polypeptide chain
strands are interdigitated so as to be hydrogen bonded to
each other and to form a single buried core. The mutants
presumably prevent formation of the native trimer structure
by interfering with chain association (A575T and R563Q)
and protrimer maturation (G546D).

The G546D species had a retarded electrophoretic mo-
bility compared with wild-type tailspikes, dissociated in
SDS at room temperature, and was degraded by trypsin.
These properties have each been reported previously for the
protrimer tailspike folding intermediate (Goldenberg and
King 1982). The G546D species also aggregated at 42°C
with a half-time of ∼4 min. In contrast, wild-type tailspikes
resist aggregation at this temperature, as shown in Figure 6,
and at temperatures up to 40°C higher (Sturtevant et al.
1989). The existence of single amino acid substitutions in
this region that block the formation of the thermostable
native trimer suggests that the intertwined region of the
trimer acts as a molecular clamp, sharply increasing the
stability of the native trimer with respect to the protrimer
(Steinbacher et al. 1994; Miller et al. 1998a; Seckler 1998;
Kreisberg et al. 2000).

The single buried interfaces between the three chains in
this region of the trimer are very different from the hydro-
philic interactions at the three �-helix subunit–subunit in-
terfaces. The hydrophobic core of this domain consists of
extensive side-chain interactions along the buried surfaces
of the subunits as shown in detail in Figure 1C. In the upper
rung, the side chains of I545 and I548 from each chain form
a six-residue isoleucine ring. In the middle rung, the side
chains of I560 and L562 from each subunit are closely
packed, and in the lower rung the side chains of L576 from
each subunit appear to interlock to form a tight ring.

The strands containing G546 and R563 hydrogen bond
with the strands from the other subunits and are clearly part
of the interdigitated �-sheet region. The strand containing
A575 has folded back to form the antiparallel intrachain
�-sheet just below the interdigitated sheet (Fig. 1). As noted
above, the single buried core is continuous through this
�-prism region.

All three of the mutant sites have their side chains on the
solvent-associated surface of the triple �-helix. G546 occurs
within a turn in the upper rung, and R563 and A575 occur
within �-strands in the middle and lower rungs, respec-
tively. In globular proteins, it is unusual for single amino
acid substitutions on the protein surface to have such dis-
ruptive effects on folding and/or subunit assembly. In fact,
the affect of these substitutions is more likely to be on the
monomeric precursor chains, whose conformations in the
540–580 residue region must be quite different from the
native trimer.

The N-terminal 1–100 amino acid domain of the tailspike
contributes some stability to the native trimer (Chen and
King 1991). However, truncated chains with the N terminus
removed still form thermostable trimers (Chen and King
1991; Danner and Seckler 1993; Miller et al. 1998b). Seck-
ler and coworkers have characterized isolated �-helix re-
gions. These domains trimerize, but are not thermostable
and are in equilibrium with the monomers under all condi-
tions (Miller et al. 1998b).

The interdigitated regions of the chains cannot partner
with each other until they are associated correctly in the
protrimer. Because the isolated �-helix domain can trimer-
ize, albeit not stably, the protrimer presumably forms
through these interactions (Miller et al. 1998b; Schuler and
Seckler 1998). The protrimer has a significantly larger mo-
lecular radius than the native trimer (Benton et al. 2002).
This is most simply explained if the 540–580 regions of the
chains have not yet wrapped around each other in the protri-
mer. If the subunits in the protrimer have already formed the
interdigitated �-prism domain, it is difficult to account for
the very significant differences between the properties of
the protrimer and the stable native trimer.

The partially folded monomeric precursors cannot have
their 540–580 chain regions in the native conformation.
They must be in some partially folded conformation, per-
haps with these regions folded on themselves. In this model,
the protrimer-to-trimer transition would involve breaking
bonds, as well as forming them, accounting for the high
enthalpy of this transition (Danner and Seckler 1993; Seck-
ler 1998).

The polarity of subunit assembly

As shown in Figure 3, the mutations R563Q and A575T
each had the same effect on tailspike folding in vivo; mo-
nomeric partially folded mutant tailspike chains accumu-
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lated in cell lysates. Such species do not accumulate in cells
infected with tsf mutants, or to any significant extent in
wild-type lysates. The two substitutions allowed folding to
proceed to an aggregation-resistant single-chain conforma-
tion, but prevented chain association. This result suggests
that R563Q and A575T either block or destabilize an early
subunit–subunit interaction critical for stable chain associa-
tion.

The mutations G546D and G546N caused accumulation
of an oligomeric tailspike species with conformational prop-
erties in common with the protrimer folding intermediate.
This substitution thus appears to act after the subunit–sub-
unit interaction that is affected by the R563Q and A575T
mutations, blocking conversion of the protrimer to the na-
tive conformation. In this model, the protrimer-to-trimer
transition represents a wrapping or twisting reaction to gen-
erate the interdigitated regions in the native trimer.

One interpretation of these findings is that protrimer as-
sembly does not initate through �-helix association as sug-
gested above, but initiates from the C-terminal end of the
chain and proceeds towards the N terminus, in the direction
of the subunit �-helix domains. In this model, the R563Q
and A575T substitutions would prevent initiation of subunit
association. The more N-terminal G546D substitution
would not prevent the association reaction, but interfere
with the completion of the interdigitation to form the native
trimer. The parallel-helix domain appears to be folded in the
earliest tailspike intermediates. In this model, the subunit
�-helix domains would remain free and not docked with
each other until completion of the subunit association.

The partially folded monomer may not be as extended as
it is in the native trimer. For example, the C-terminal re-
gions could be docked against the �-helix domain in the
partially folded monomer. In this case, the R563Q and
A575T substitutions might affect the conformation of such
monomeric intermediates, thus blocking productive chain
assembly. The N- and C-termini of monomeric �-helix pro-
teins fold back onto their �-helix surfaces in this manner.
For example, the last 40 amino acids of pectate lyase C
forms a large loop that partially covers the �-helix (Yoder et
al. 1993). Similar folded-back termini are observed in other
�-helix structures, including pectate lyase E (Lietzke et al.
1994) and rhamnogalacturonase A (1RMG) (Petersen et al.
1997).

The role of disulfide bonds

The protrimer uses temporary disulfide bonds for its stabi-
lization, at least in the higher temperature range of phage
growth (Haase-Pettingell et al. 2001). Evidence to date sug-
gests that the most likely candidates for the interchain di-
sulfide bonds in the protrimer are between the C613 and
C635 residues that form a ring of six cysteines, with cys-
teine 613 of one chain closest to cysteine 635 of the neigh-

boring chain (Robinson and King 1997; Haase-Pettingell et
al. 2001). Chains carrying serine substitutions at both these
cysteines are unable to form native tailspikes (Haase-Pet-
tingell et al. 2001) or protrimer-like species (C. Haase-Pet-
tingell and J. King, unpubl.). In the model described above,
disulfide bonds would stabilize the protrimer prior to actual
interdigitation and clamp formation.

Unambiguous determination of whether the G546D tri-
mer contains interchain or intrachain disulfide bonds re-
quires additional analysis. However, a protrimer-like spe-
cies, clearly differentiable from wild type, was recovered
independently of the presence of exogenous reducing agent.

An alternate role of the transient disulfide bonds may be
to stabilize the conformation of the partially folded mono-
meric precusor prior to subunit assembly and interdigiata-
tion. The disulfide bonds between the registration domains
in procollagen play a similar role in stabilizing precursors
prior to triple helix formaiton (Fessler and Fessler 1982;
Engel and Prockop 1991; Baum and Brodsky 1999). In this
model, the disulfide role may be to keep the precursor
strands from interacting incorrectly prior to the correct
docking and registration needed for the interdigitation rear-
rangement.

It is not clear why interchain disulfide bonds are reduced
in the maturation to the native trimer. It may be that the
interdigitation motions require somewhat extensive rear-
rangement reactions in the protrimer. Alternatively, the
complex interactions between the phage and the cell surface
needed for docking and DNA injection may require further
molecular motions of the tailspike, which would be con-
strained by interchain disulfide bonds.

Thermolabile intermediates to a thermostable protein

One of the distinctive features of the tailspike is the contrast
between the thermolability of its folding intermediates and
the thermostability of its native state (Sturtevant et al. 1989;
Miller et al. 1998a, 1998b; Seckler 1998). The interdigitated
structure provides a rationale for this, as this feature cannot
be formed in early intermediates. In particular the formation
of a buried core with contributions from three separate poly-
peptide chains raises the question of the state of these resi-
dues in the partially folded intermediates.

Materials and methods

Materials and DNA sequencing

Gene 9, which encodes the tailspike protein, was amplified from
P22 phage DNA by PCR and cloned using the pNOTA vector
(5�–3�). The DNA sequence was as reported by Sauer et al. (1982).
The clone was designated pNOTA(gene9). The full-length gene 9
insert was subcloned into the expression vector pET11 (Novagen).
The resulting construct was designated pET(gene9) and encoded
the full-length tailspike polypeptide chain without any extensions
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or deletions. Plasmid DNA was purified using QiaFilter Miniprep
and Midiprep kits (QIAGEN). DNA sequences were determined
using the Sequenase Version 2 plasmid sequencing kit (Stratagene)
or by automated DNA sequencing at the M.I.T. Biopolymers Lab.

Gene 9 cloning and mutagenesis

The sequences of the oligonucleotides used for site-directed mu-
tagenesis are shown in Table 1. A silent endonuclease restriction
site was introduced with each mutation. All mutations were intro-
duced using the pNOTA9(gene9) vector as mutagenesis template
and the QuikChange mutagenesis kit (Stratagene). Mutant clones
were identified by restriction mapping and confirmed by DNA
sequencing. The NheI–HindIII fragment containing the mutated
sequence and encoding tailspike residue 275 through the stop
codon was subcloned into pET(gene9), replacing the correspond-
ing wild-type sequence. The complete sequence of the subcloned
fragment, from NheI through the stop codon, was confirmed for
pNOTA(G546D) and pNOTA(A575T). The DNA sequence of
pNOTA(G546N) was confirmed from codon 452 through the stop
codon, and the sequence of pNOTA(R563Q) was confirmed from
codon 454 through the stop codon. The double mutants G546D/
V331A, G546D/A334V, A575T/V331A, and A575T/A334V were
constructed using pNOTA(G546D) and pNOTA(A575T) as mu-
tagenesis templates. To ensure that the suppressor was present, the
plasmids were sequenced from the NheI site (residue 375) through
the following residue: Ser 597 for G546D/V331A, Leu 419 for
G546D/A334V, the stop codon for A575T/V331A, and Pro 409
for A575T/A334V. The presence of each primary mutation was
confirmed by restriction mapping.

Tailspike expression in E. coli

Recombinant tailspike polypeptides were overexpressed in E. coli
BL21(DE3) using the pET vector system (Novagen). Cultures in
LB broth supplemented with 50 �g/mL ampicillin (LB-Amp) were
inoculated either with colonies or frozen cells and grown overnight
at 37°C with shaking. A portion of the overnight culture was
diluted 50-fold into fresh LB-Amp medium and incubated at 28 or
30°C with shaking (250 rpm). Recombinant protein expression
was induced by addition of IPTG to 400 �M when cultures
reached an optical density at 600 nm of ∼0.6.

After 2 h of further shaking at 30°C, the cells were harvested by
centrifugation (7 min, 8000g, 4°C) and placed on ice. Cells were
resuspended in ice-cold lysis buffer (50 mM Tris-HCl at pH 8.0,
25 mM NaCl, 2 mM EDTA) and stored at −20°C. Frozen suspen-
sions were thawed at room temperature and immediately supple-
mented with PMSF (1 mM final concentration from 100 mM stock
in ethanol) and DTT (2 mM final concentration from 1 M aqueous
solution). Lysis was initiated by addition of freshly prepared ly-
sozyme (100 �g/mL final concentration from 2 mg/mL aqueous
solution) and incubated at room temperature for 30 min with oc-
casional mixing. Lysed cells were incubated for an additional 20–
30 min at room temperature after addition of DNase I (Sigma) (25
�g/mL final concentration from 0.5 mg/mL stock in 0.5 M
MgCl2).

Soluble and insoluble fractions of the cell lysates were separated
by centrifugation at 4°C for 5 min at 17,000g for volumes <1.5 mL
and 12,000g for higher volumes. Lysate pellets were resuspended
in lysis buffer. Lysate fractions were kept on ice and either ana-
lyzed immediately or stored at −20°C.

Gel electrophoresis and laser densitometry

The protocol for native gel electrophoresis was as described in
Betts et al. (1999). Lysate fractions were prepared for electropho-
resis by dilution in one-half volume ice-cold native gel sample
buffer (14 mM Tris base, 109 mM glycine, 30% glycerol, 50 mM
DTT, and 0.1% bromphenol blue). Samples were kept on ice and
electrophoresis was performed in a 4°C cold room using a Tris-
glycine running buffer. Samples for SDS-PAGE were mixed with
one-half volume SDS sample buffer (188 mM Tris at pH 6.8, 2%
SDS, 15% �-mercaptoethanol, and bromphenol blue) and kept at
room temperature until electrophoresis. The discontinuous buffer
system of King and Laemmli (1971) was used. Coomassie-stained
gels were analyzed using a Personal Densitometer SI (Molecular
Dynamics) and ImageQuant software. Concentrations of tailspike
chains were determined from Coomassie-stained SDS gels using
tailspike standards as described previously (Betts and King 1998).

Refolding of the native tailspike

Purified phage wild-type tailspike was unfolded at 2 mg/mL in 5
M Urea, 50 mM citrate (pH 3) for 1 h at room temperature (Seckler
et al. 1989). Renaturation was initiated by diluting to 100 �/mL by
a 1/20 dilution in 50 mM Tris (pH 7.6) and 2 mM EDTA. Because
some further refolding may occur on ice, the refolding was de-
signed so that all of the samples would terminate at 30-sec inter-
vals. At time 0, the 120-min sample was renatured, then incubated
on ice for 30 min to propagate productive intermediates (Betts and
King 1998). Samples were then shifted to 20°C to continue refold-
ing. Samples were taken out after 120, 60, 15, 10, 5, 1, and 0 min,
put onto ice at 30-sec intervals, and native sample buffer was
added. As soon as possible, the refolding samples and 1/20 dilution
of wild-type, pET, and 546D lysates were loaded and electropho-
resed in the cold through a 7-1/2% native polyacrylamide gel for
1 h at 10 mAmps and 3 h at 15 mAmps. The protein bands were
visualized by silver staining (Rabilloud et al. 1988).

Trypsin treatment of lysate supernatants

A stock solution of 10 mg/mL trypsin was prepared in 1% HCl.
Trypsin digestions were initiated by mixing 175 �L of lysate su-
pernatant fractions with 20 �L of trypsin in 1% HCl and incubat-

Table 1. Nucleotide sequences of mutagenic primers

Mutation Primer complementary to sense strand

Silent
restriction

site

G546D GCTAATTTGGCAGAAGAAGGCCTAGATAA StuI
TATCCGCGCTAATAGTTTCGG

G546N GCTAATTTGGCAGAAGAAGGCCTAAACAA StuI
TATCCGCGCTAATAGTTTCGG

R563Q GCGCAGCGATTAAACTGCAGATTCATAAG PstI
TTATCAAAGACATTAGATAGCG

A575T CAAAGACATTAGATAGCGGAACGTTGTAC BsrGI
AGCCACATTAACGGGGGGG

V331A CGAACCAGCTATGGGTCAGCCTCGAGCGC XhoI
CCAGTTTTTACG

A334V GCTATGGGTCAGTAAGTAGTGTACAGTTT BsrGI
TTACGTAATAATGGTGGC
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ing at room temperature. Portions of this reaction were quenched
at intervals by mixing 50 �L with 10 �L of trypsin inhibitor to a
final trypsin:trypsin inhibitor mass ratio of 5:2. Inhibited samples
were kept at room temperature for up to 10 min, at which time they
were mixed with ice-cold native sample buffer and stored on ice
for no longer than 1 h until the initiation of electrophoresis in the
cold.

Heat treatment of lysate supernatants

Lysate supernatant fractions (700 �L) were incubated in a circu-
lating water bath at 42°C. At intervals, 45-�L portions were
chilled on ice. After the last time point, 16 �L of each chilled
sample was mixed with 8 �L of ice-cold 3× native sample buffer
and stored on ice until electrophoresis. Additional samples (25 �L)
were separated into soluble and insoluble fractions by centrifuga-
tion at 4°C for 2 min at 16,000g. The supernatant from the cen-
trifugation step was mixed with 12.5 �L of SDS sample buffer and
stored at −20°C. The pellet was resuspended in 25 �L of lysis
buffer and mixed with 12.5 �L of SDS sample buffer and also
stored at −20°C.
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