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ABSTRACT: Significant stabilization of a protein often occurs when it is assembled into an oligomer.
Bacteriophage P22 contains 420 monomers of coat protein that are stabilized by the assembly and maturation
processes. The effects of eight single amino acid substitutions in coat protein that each cause a temperature-
sensitive-folding defect were investigated to determine if the conformational differences previously observed
in the monomers could be alleviated by assembly or maturation. Several techniques including differential
scanning calorimetry, heat-induced expansion, urea denaturation, and sensitivity to protease digestion
were used to explore the effects of the amino acid substitutions on the conformation of coat protein, once
assembled. Each of the amino acid substitutions caused a change in the conformation as compared to
wild-type coat protein, observed by at least one of the probes used. Thus, neither assembly nor expansion
entirely corrected the conformational defects in the monomeric subunits of the folding mutants.

Most proteins contain sufficient information in their linear
amino acid sequence to ensure the folding into the correct
three-dimensional structure under the appropriate conditions
(1). For some time many have believed that thermodynamics,
i.e., the axiom that a protein will fold to its lowest free
energy, outweighed any kinetic considerations. In recent
studies, however, the idea of several energy minima being
available to polypeptides during folding has been empha-
sized, with the deciding factor between alternate conforma-
tions being determined by a kinetic partitioning between the
available conformations (2-5). Some proteins that are
demonstrably aggregation-prone require molecular chaper-
ones to assist in their proper folding as they are by themselves
unable to avoid pathways leading to nonnative associations
(6). The further elucidation of the mechanisms involved in
controlling the fate of newly synthesized proteins is of great
importance to the biotechnology industry, where proteins
expressed in heterologous hosts are often prone to aggrega-
tion and thus difficult to purify in their native, active
conformation (7-9). Additionally, many human diseases
are caused by the misfolding and aggregation of proteins
(10-18). For multimeric proteins, folding is often linked with
oligomerization, as subunit interactions provide additional
stability to each monomer (19-24). Here we examine P22
bacteriophage coat protein, a monomer that interacts with
other subunits to achieve increased structural integrity (25,
26). During the assembly and expansion processes, coat
protein must be able to adopt one of seven quasi-equivalent
conformations leading to at least four unique conformations
(27, 28).

P22, a bacteriophage ofSalmonella typhimurium, has been
used extensively as a source of model proteins to investigate
the folding process (29-31). Its capsid maturation process
is similar to those of other dsDNA phages, as well as
herpesviruses and adenoviruses (32-36). Approximately
150-300 copies of scaffolding protein (gp8, 33 kDa)
copolymerize with 420 copies of coat protein (gp5, 47 kDa)
and other minor proteins to form a precursor capsid, called
the procapsid (37-40). In vivo, this unexpanded procapsid
is the substrate for DNA packaging (25, 36). During the DNA
packaging process, scaffolding protein exits from the pro-
capsid intact, and the viral genome is condensed in a headful
manner accompanied by procapsid expansion that results in
several profound morphologic changes. The procapsid is a
closed spherical shell having a 580 Å diameter, while the
mature capsid is polyhedral with 603 Å× 590 Å dimensions
(41). During the expansion process, there is extensive internal
mass rearrangement, holes visible in the procapsid at the
5-fold and 6-fold axes close, and the procapsid shell wall
thins considerably, which has led investigators to conclude
that the protein folding process for P22 coat protein is not
complete until the capsid is fully matured (41-44).

Both temperature-sensitive-folding (tsf)1 and cold-sensitive
(cs) mutants in the coat protein of P22 have been isolated
(45, 46). These single amino acid substitutions allow viable
phage production at permissive temperatures, usually 30°C.
At elevated temperatures,tsf coat proteins fold improperly
and form inclusion bodies rather than assembling into
procapsids unless rescued by an overproduction of the
chaperones GroEL/S (47, 48). At lowered temperatures,cs
mutants exhibit changes in coat protein-scaffolding protein
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mutations were considered essentially silent if the mutant
phage was grown at permissive temperatures, as virion
particles produced remained stable when raised to restrictive
temperatures (50). Assembly and aggregation reactions
monitored in vitro mimic those observed in vivo (29).
Therefore, thesetsf andcs mutations, together with amber
mutations that block phage growth at various specific steps
in the maturation process, make P22 coat protein a particu-
larly useful model for the study of the folding and assembly
of large multimeric proteins.

The folded conformation of the monomers of thetsf coat
protein mutants displays changes in both secondary and
tertiary structures, as well as an increase in hydrophobicity
(29). Since enhanced stabilization of the folded conformation
occurs during assembly and capsid maturation, we investi-
gated the effect of thetsf amino acid substitutions on the
assembled state. We selected severaltsfcoat protein mutants
in which the single amino acid substitutions are scattered
throughout the sequence. Without exception, we found that
a single amino acid substitution changes the conformation
of the subunit in the procapsid and expanded capsid, even
when grown at permissive temperatures.

MATERIALS AND METHODS

Chemicals.Ultrapure guanidine hydrochloride (GuHCl)
and urea were purchased from ICN Biomedicals, Inc. Trypsin
attached to beaded agarose was from Sigma. HGT Seakem
agarose was from American Bioanalytical. All other chemi-
cals were reagent grade from common sources.

Buffer.All experiments described were carried out in 50
mM Tris base, 25 mM NaCl, and 2 mM EDTA, adjusted to
pH 7.6 with HCl.

Purification of Procapsids.Procapsids were prepared as
described previously (40, 42, 49). Briefly, S. typhimurium
was grown at 28°C to 4× 108 cells/mL and infected with
bacteriophage P22, carrying either WT or a temperature-
sensitive mutation in gene 5 and amber mutations in gene 2
or 3 and 13 that block DNA packaging and cell lysis. The
tsf mutants used substituted glutamine for tryptophan at
position 48 (W48Q), valine for alanine at position 108
(A108V), glycine for aspartic acid at position 174 (D174G),
asparagine for aspartic acid at position 174 (D174N), aspartic
acid for glycine at position 232 (G232D), aspartic acid for
glycine at position 282 (G282D), glycine for aspartic acid
at position 302 (D302G), and histidine for tyrosine at position
411 (Y411H).

The infected cells were grown for 4.5 h and then pelleted
by centrifugation. After suspension in a small amount of
buffer, the cells were lysed by one freeze/thaw cycle. The
thawed lysate was brought to a final concentration of 0.1 M
phenylmethanesulfonyl fluoride (PMSF) and treated with
RNase and DNase, and the procapsids were pelleted in a
Beckman L7-65 with a Ti60 rotor at 45 000 rpm for 35
min. The procapsid pellets were shaken overnight at 4°C in
a small amount of buffer with PMSF and purified over a
Sephacryl S1000 column (Pharmacia LKB). The procapsids
were pelleted and suspended again in buffer and stored at 4
°C. Shells were prepared by repeated treatment with buffer
containing PMSF and 0.5 M GuHCl, which extracts scaf-
folding protein while leaving the empty shells intact. After
the third extraction, the empty shells were stored in buffer
at 4 °C.

Heat Expansion of Shells.Shells at 1 mg/mL were placed
in a preheated tube in a water bath at temperatures ranging
from 48 to 73°C. The temperature was controlled by a Fisher
Isotemp immersion circulator, model 7305, which has a
temperature stability of(0.05 °C. Aliquots were removed
at timed intervals and placed in a tube held on ice containing
agarose gel sample buffer (40 mM Tris base, 1 mM EDTA,
and 20% sucrose, pH 8.3 with acetic acid). Approximately
6 µg of protein was loaded in each lane of a 1.2% Seakem
HGT agarose gel made with the same buffer except without
any sucrose and run at a constant 50 V for 3.5 h at room
temperature. The gels were stained for 1 h with 10% acetic
acid containing 0.03% Coomassie brilliant blue R-250 and
0.02% Coomassie brilliant blue G-250 and then destained
over 2-3 days with a solution of 10% acetic acid and 10%
isopropyl alcohol. The bands were quantified with a Kodak
digital science electrophoresis documentation and analysis
system. The kinetics of some expansion reactions were
analyzed by use of a first-order rate equation with Ka-
leidograph 3.0 software from Abelbeck Software.

Scaffolding Protein Extraction.Procapsids at 50µg/mL
were incubated in buffered urea with concentrations ranging
from 0.0 to 2.5 M at 20°C for 18 h. An increase in
scaffolding protein extraction corresponds to a decrease in
light scattering (49). Light scattering was monitored on an
SLM Aminco-Bowman 2 spectrofluorometer with excitation
and emission wavelengths set to 500 nm, the band-passes
set to 4 nm, and the photomultiplier voltage set to 500 V.
The fraction of scaffolding retained in the procapsid at the
end of incubation is described by the formula (Xobs- Xextract)/
(Xn - Xextract), whereXobs is the observed light scattering,
Xextract is the light scattered by fully extracted empty shells,
andXn is the light scattered by untreated procapsids (49)

Proteolysis of Expanded and Unexpanded Shells.Agarose
beads with attached trypsin were washed with cold buffer
three times, brought to a 1:1 slurry of beads to buffer, and
held on ice until use. Shells were brought to 1 mg/mL and
either held on ice or heated for 15 min at the lowest
temperature necessary to induce 100% expansion and then
held on ice. Expansion was verified on an agarose gel.
Aliquots of each mutant shell, expanded and unexpanded,
were placed in a microcentrifuge tube and treated with a
protease slurry in a ratio of 10:1. The tubes were placed on
a Nutator for 4 h at room temperature. At the end of the
incubation period, the tubes were pulsed in a microfuge for
approximately 5 s topellet the protease beads, and an aliquot
was removed from the supernatant and immediately heated
at 95°C for 5 min in SDS sample buffer. The samples were
run on Tris-Tricine SDS acrylamide gels, pH 8.45. The
separating and the stacking gel were 16.5% and 4% total
acrylamide, respectively, both with 3% cross-linker (51).
Each gel was run at 30 mA (constant) for 18 h at 4°C and
then stained with Coomassie Blue.

Circular Dichroism.Samples were prepared at a concen-
tration of 0.2 mg/mL of each shell. Half of each sample was
heated for 15 min and expansion was confirmed on an
agarose gel as described above. The spectra, an average of
three scans, were collected in a Jasco J-715 spectropolarim-
eter thermostated at 20°C with a Jasco PTC-348W1. The
system was set to scan from 250 to 200 nm at 50 nm/min,
with a response time of 8 s, a bandwidth of 2 nm, a step
resolution of 0.5 nm, and a path cell length of 2 mm.
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Differential Scanning Calorimetry.A 900 µL aliquot of a
1 mg/mL solution of shells of each shell stock was placed
in an ampule in a CSC Model 4100 multicell differential
scanning calorimeter. The samples were scanned from room
temperature to 98°C at a 10.0 deg/h scan rate. Data were
analyzed with PeakFit software from SPSS, Inc. Enthalpies
of denaturation were calculated from the sum of the areas
of the endothermic denaturation and the concomitant exo-
thermic aggregation curves.

Urea Denaturation of Shells.Shells at a final concentration
of 0.5 mg/mL were incubated in buffered urea with final
concentrations ranging from 0.0 to 8.0 M urea at 20°C for
18 h. Each sample was run on an agarose gel as described
above.

RESULTS

P22 bacteriophage carryingtsf amino acid substitutions
in the coat protein form viable progeny when infections are
carried out at permissive temperatures (47, 50). At elevated
temperatures, procapsids are unable to assemble and coat
protein is instead shunted to off-pathway reactions leading
to aggregation and inclusion body formation (47, 50). These
mutants were originally characterized as folding, not as-
sembly, mutants (42, 45). On the basis of their phenotype,
it does not immediately follow that capsids made oftsf coat
protein should differ in any way from capsids composed of
WT coat protein, as long as they have successfully assembled
into procapsids at permissive temperatures, rather than
aggregated into inclusion bodies. Many proteins with only
single amino acid substitutions are phenotypically indistin-
guishable from WT proteins (52, 53). However,tsf and WT
coat protein monomers are not identical even when folded
at permissive temperatures (29); perhaps through interactions
between subunits the oligomeric structures can correct any
conformational defects to allow maturation from procapsids
to viable phage. To investigate the extent of the effects of
the single amino acid substitutions ontsf coat proteins,
procapsids containing either WT ortsf coat protein were
grown at permissive temperatures in vivo, harvested, pro-
cessed, and probed in vitro using a variety of biophysical
and biochemical techniques.

The Process of Expansion Is Altered by Tsf Amino Acid
Substitutions.If WT and mutant coat proteins are able to
assemble into procapsids and then eventually form infectious
particles in vivo, the procapsids must be able to undergo
the expansion process (38, 54). To determine if the coat
protein monomers bearingtsfamino acid substitutions caused
changes in the procapsid expansion process, the expansion
rates were monitored when shells were treated with heat
(Figure 1) (49, 55). The heat-treated samples were run on
agarose gels, the bands in each lane were quantified, and
the percentage of expanded shells was calculated.

The kinetics of the expansion process for WT, A108V,
and G282D shells were readily described by first-order
kinetics (Figure 2A), while the expansion kinetics of the other
six tsf mutants were more complicated (Figure 2B). For
W48Q, D174G, D174N, G232D, D302G, and Y411H shells,
a lag phase was apparent at lower temperatures (Figure 2B).
If the incubation temperature was raised, eventually enough
thermal energy was present to overcome the energy barrier,
and the lag phase was no longer observed (Figure 2B). The

subpopulation of procapsids that did not expand at the lower
temperature was easily expanded if the sample was shifted
to a higher temperature (data not shown). W48Q shells have
previously been reported to be thermolabile and incapable
of heat-induced expansion. We attempted to reproduce the
experiments as described but were unable to replicate the
results (56, 57). The gene that codes for coat protein was
sequenced from a phage stock derived from the few residual
phage in our W48Q procapsid preparation, and the mutant
used here was indeed W48Q. We remain uncertain of the
reason for the differences between our results and those of
de Sousa et al. (57).

To quantify the extent to which the amino acid substitu-
tions were exerting effects on the expansion process by
generating an Arrhenius plot from which the energies of
activation could be calculated, the first-order rates of
expansion were needed (57). It was not possible to math-
ematically fit six of the tsf mutants to first-order rate
equations (Figure 2b), and so they could not be considered
for such analysis. However, the validity of the application
of Arrhenius behavior to those shells that were fit well by
first-order rate equations must be carefully examined. Since
only a portion of the population of WT, A108V, or G282D
shells expanded even after extended incubation periods at
lower temperatures, a heterogeneity was clearly present in
the samples which indicated that the shells were in an
ensemble of states, and thus classic Arrhenius behavior could
not apply. Consequently, we have decided that our analysis
must remain qualitative, rather than quantitative. The het-
erogeneity of populations seen during the expansion of the
shells suggests that not all coat proteins reached the same
conformation even given the same conditions for folding and
assembly. Since more than one conformation was acquired
during folding, this indicated a high degree of conformational
flexibility in coat protein. When the rates of expansion of
the mutant shells were compared to WT shells, it was clear
that each mutant displayed expansion behavior that was
distinct from that of WT shells. For instance, if we compared
the temperature range required to expand the shells, D174G,
D174N, and D302G showed a narrow range of temperature
(∼3-6 °C) where the transition from 20% of the capsid
population expanded to 100% expanded occurred as com-
pared to WT shells. A108V had a 17°C range for expansion,

FIGURE 1: Heat expansion of WT andtsf shells. Shells at 1 mg/
mL were incubated for 2, 3, 4, 5, 10, 15, 20, 25, and 30 min. In
the examples shown, the incubation temperature was 63°C. The
samples were run on 1.2% HGT agarose gels as described under
Materials and Methods. The percent of shells expanded was
calculated for each time point by dividing the intensity of the
expanded shell band by the sum of the intensities of the expanded
and unexpanded shell bands.
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which was equal to WT; however, the entire range was
shifted down 3°C, from 50-67 °C as opposed to 53-70
°C for WT shells. Conversely, G282D had both an extended
and a higher temperature range of 20-100% expansion from
53 to 73°C. Additionally, the presence of a lag phase in the
kinetics of expansion of some mutant shells, but not in others,
suggests that that rate-limiting step in the expansion of those
mutants changed, indicating that there must be intermediates
in the expansion process. Taken together, these data indicate
that the conformation oftsf coat protein remained altered
from that of WT even when assembled into procapsids.

Scaffolding Protein Extraction Is Modified in Procapsids
with Tsf Amino Acid Substitutions.In order for expansion to
proceed, scaffolding protein must first be released (38, 46,
55). Observing that the expansion processes of thetsfmutant
shells differed from WT, we suspected coat protein-coat
protein interactions were somehow altered. To determine if
tsfcoat protein interactions with WT scaffolding protein were
also altered, scaffolding protein release from the procapsids
was monitored by the decrease in light scattering caused by
exit of scaffolding protein as a result of incubation in urea
of varied concentrations (49). While capsids have been shown
to expand with denaturant (44, 58), little to no expansion
occurs from 0.0 to 2.2 M urea, which is the range of
concentrations where these experiments were carried out (49).
Even when observing W48Q procapsids, where some expan-
sion does occur prior to 2.2 M urea (data not shown), no
increase in light scattering due to expansion was observed
(Figure 3). This result would indicate that when scaffolding
protein is present, the signal from scaffolding protein exiting
the procapsid overwhelms any contribution to the light
scattering from small populations of expanded procapsids.

FIGURE 2: Kinetics of expansion of WT andtsf shells. Heat expansion data, such as those shown in Figure 1, were used to determine the
percent of expanded shells at each time point for a given temperature. The temperatures, which are indicated on the right side of the graphs,
were chosen to best illustrate the various kinetics observed. In panel A, the lines show the fit of the data to first-order kinetics. In panel B,
the lines were drawn to aid the eye and are not meant to represent the fit of the data to any model.

FIGURE 3: Release of scaffolding from WT andtsfprocapsids. WT
(2, solid lines) andtsf (b, dashed lines) procapsids at 50µg/mL
were incubated in urea. The fraction of scaffolding remaining within
the procapsids at each urea concentration was determined by light
scattering as described under Materials and Methods. The lines
drawn are to aid the eye and are not meant to represent the fit of
the data to any model. The curve for the release of scaffolding
protein from WT procapsids is shown in each panel for comparison.
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Three of thetsf mutant procapsids required a lower urea
concentration for release of 50% of their scaffolding protein,
while five tsf mutants required a higher concentration as
compared to WT procapsids (Table 1). Since W48Q, A108V,
and D174G required less than 1.10 M urea to reach the
midpoint of extraction, scaffolding protein must bind less
tightly to the interior of these mutant procapsids than to WT
procapsids, which required 1.16 M urea. D174N, G232D,
G282D, and Y411H all reached the midpoint of scaffolding
release at a urea concentration from 1.04 to 1.43 times that
of WT. D174N is particularly interesting because even
though it is at the same location as D174G, D174N did not
bind scaffolding less tightly than WT. The changes in
conformation caused by the glycine or asparagine substitution
at position 174, which is likely to be located at the surface
of the capsid (59), must be propagated throughout the mutant
coat protein for the capsid interior to be affected, and the
asparagine must cause a different conformational change than
the glycine substitution. The extraction of scaffolding protein
from D302G was markedly different from WT, as well as
all of the other seventsf mutants, because not only did it
require 1.87 M urea to release 50% of the scaffolding protein,
1.61 times as much as WT, but also D302G was much closer
than any other procapsid to total dissociation prior to the
release of 50% of the scaffolding protein. This may indicate
that scaffolding protein was tightly bound to D302G coat
protein at the inner procapsid surface, or it may indicate that
a change in conformation of the coat protein caused a
reduction in the diameter of the holes located at the center
of the hexameric capsomeres. What is clear is that since all
of these experiments were performed with WT scaffolding

protein, every perturbation in the release of scaffolding
protein must be attributed to changes in the coat protein.

Exteriors of WT and Tsf Capsids Are Dissimilar before
and after Expansion.One reason for altered scaffolding
protein release from procapsids would be a change in the
conformation of the coat protein in the unexpanded pro-
capsids. This change could alter the interior surface of the
procapsid by eliminating or adding additional binding sites
for scaffolding protein, or it could block the exit holes present
in the procapsids at the quasi-6-fold positions (41). To probe
the extent of changes on the exterior surface, limited
proteolysis with trypsin attached to agarose beads was
performed on unexpanded and expanded shells. The pro-
teolytic pattern of all of the shells showed many similarities,
but there were no shells composed oftsf coat protein whose
proteolytic patterns were identical to that of WT shells
(Figure 4). For instance, band 2 in the digestion of G232D,
G282D, D302G, and Y411H shells was much darker in
comparison to band 2 of WT shells, and band 3 was entirely
missing from the proteolysis pattern of W48Q shells. All of
the peptide bands seen in lanes containing D174G and
D174N shells were much less intense than the bands seen
in the lanes with WT protein. In addition, all of the mutant
shells except W48Q contained at least one additional band
that was not present in the digestion of WT shells.

Once expanded, WT, shells have fewer sites available for
proteolytic digestion (55, 59), and most of the mutants also
followed this pattern (Figure 4). However, the digestion of
expanded G232D and G282D was somewhat different as
band 4 in the digestion pattern of these mutants was more
intense than band 4 of expanded WT shells. Conversely, band
4 was less intense in the digest of expanded D302G shells
than band 4 in the digest of expanded WT shells and was
entirely absent from the digests of expanded D174G and
D174N shells. D174N and D174G were radically different
from WT shells; there was no noticeable change in pro-
teolytic pattern from unexpanded to expanded D174N and
D174G shells. Thus, the conformation of thetsfcoat proteins
remained different from that of the WT conformation even
after expansion.

FIGURE 4: Proteolysis of unexpanded and expanded WT andtsf shells. Unexpanded (un) and heat-expanded (ex) shells at 1 mg/mL were
incubated with trypsin attached to agarose beads for 4 h. The resulting peptides were run on Tris-Tricine 16.5% polyacrylamide gels. The
major products of digestion were numbered 1-3 in the WT unexpanded sample lane and 4 in the WT expanded sample lane.

Table 1: Release of Scaffolding Protein from Procapsids

shell c1/2
a (M) shell c1/2

a (M)

WT 1.16 G232D 1.57
W48Q 1.04 G282D 1.31
A108V 0.94 D302G 1.87
D174G 1.09 Y411H 1.21
D174N 1.35

a Thec1/2 is the concentration of urea required to release 50% of the
scaffolding protein from the procapsid.
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Secondary Structure Change Caused by Expansion Differs
in Shells with Tsf Amino Acid Substitutions.The differences
observed betweentsf and WT capsid lattices during heat
expansion, scaffolding extraction, and proteolytic cleavage
could be due to changes in secondary structure. Therefore,
the secondary structure was investigated by circular dichro-
ism. Spectra of unexpanded and expanded WT andtsfshells
were taken and difference spectra were generated (data not
shown). Changes were seen in secondary structure, as
expected (60, 61). To quantify the extent of the structural
changes, the ratio of the magnitude of the signal at 222 nm
in relation to the signal at 209 nm for the difference spectra
of each of the shells was calculated and compared to the
same ratio for WT shells (Figure 5). It was clear that the
degree of change in secondary structure was not identical
for all of the shells examined. Again, these results indicated
that even expansion does not correct changes in the
conformation of coat protein due to thetsf amino acid
substitution.

Stability of the Shells Is Changed by Tsf Substitutions.
Because changes were observed in protein-protein interac-
tions, protease resistance, and secondary structure, we
suspected the stabilities of the shells made oftsfcoat protein
would differ from the stability of WT shells. To probe the
differences between the various shells, WT andtsf mutant
shells were observed by DSC at 10.0 deg/h from 15 to 98
°C. The main transition seen corresponds to capsid dissocia-
tion and irreversible denaturation (55). Prior to the main
transition, the shells have expanded. The scan rate was
reduced 10-fold compared to Galisteo and King (55) in order
to shift theTm low enough to ensure the instrument could
return to baseline after the final transition because we were
using a CSC Model 4100 multicell differential scanning
calorimeter, which does not have a pressurized chamber (55).
The much reduced scan rate uncovered a transition not visible
at the higher scan rate. This transition, which was a sharp

exotherm indicative of aggregation (62), occurred concomi-
tantly with the endothermic denaturation transition. To
ascertain whether the three peaks were in fact two concomi-
tant processes or three separate processes, these scans were
repeated but halted prior to the exotherm, cooled, and then
heated beyond the exotherm. If there were three processes
involved, then one peak would be visible in the first cycle
and the other two in the second cycle (63). However, this
was not the case. The first endotherm was present in the
first cycle, and the exotherm was present in the second cycle
(data not shown), indicating that the second endotherm seen
was the end of a single endothermic process interrupted by
the exothermic process.

During the exothermic aggregation process none of the
mutants precipitated identically to WT (Figure 6). For
example, D174G and D174N were almost completely
denatured prior to aggregation as seen by the minimal
remaining endotherm following the exotherm. Both transi-
tions occurred over a smaller temperature range for A108V
as compared to WT. For G282D, the denaturing process
initially had a broader transition than WT, followed by a
broader exotherm during which aggregation occurred, and
then completed with the second half of the endotherm similar
to WT shells. Melting temperatures of the expanded shells
of severaltsf mutants were similar to that of expanded WT
shells at 82.2°C (Figure 6). The melting temperatures for
W48Q, A108V, G282D, and D302G expanded shells varied
from 77.8 to 82.8°C, while D174G, D174N, G232D, and
Y411H shells were noticeably less stable (Table 2). The area
of the exotherm was subtracted from the sum of the areas
of the endotherm to calculate the change in enthalpy for the
main transition of each of the expanded shells (Table 2).
Here again, none of the expanded shells containingtsf coat
protein were identical to WT, although A108V and D174G
were quite similar. Y411H shells exhibited the greatest
increase in enthalpy compared to WT shells, while G232D
shells had the largest decrease.

As another method to observe changes in shell stability,
WT and tsf shells were treated with various concentrations
of urea for 18 h. Capsid dissociation could be followed via
changes in light scattering, but a fraction of shells treated
with urea expand prior to dissociation, as visualized on
agarose gels (data not shown). Since the light scattering
signal of a sample is the average of the scattering of all of
the molecules present, an endpoint analysis based on agarose
gels was chosen to avoid the errors that would be introduced
in the light scattering of samples containing multiple species
of different diameters. As seen in Figure 7, 6.0 M urea was
required to completely denature WT shells. When subjected
to chemical denaturant, notsf shell was as stable as that
composed of WT coat protein. Of the mutants, shells of
A108V were the most resistant to denaturation, which
occurred at 5.25 M urea, and the rest of the mutant shells
were completely dissociated at concentrations lower than 5.0
M urea. D302G shells were dramatically different from WT
shells, dissociating entirely with only 3.0 M urea. Thus, each
mutant shell showed changes in stability as monitored by
chemical denaturation and DSC.

DISCUSSION

Proteins reach the correct three-dimensional structure via
a folding pathway directed by the amino acid sequence (1).

FIGURE 5: Secondary structure differences probed with circular
dichroism. The ratio is equal to [(I222 tsfshellsun - I222 tsfshellsex)/
(I209 tsf shellsun - I209 tsf shellsex)]/[( I222 WT shellsun - I222 WT
shellsex)/(I209 WT shellsun - I209 WT shellsex)], where I denotes
the intensity of the signal at the wavelength indicated, un denotes
unexpanded shells, and ex denotes expanded shells. Thus, numbers
greater than 1 indicate that the mutant had a greater change in signal
at 222 nm with respect to 209 nm from unexpanded to expanded
than the WT shells. Numbers less than 1 indicate that the change
for the tsf mutant was less than for that of WT.
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Studies have shown that proteins are remarkably accom-
modating to amino acid substitutions, particularly those that
are on the surface of the native protein (3, 52, 64). In some
proteins, however, a single amino acid substitution is
sufficient to seriously impair or even totally undermine the

folding, structure, and function of the protein (13-15, 17,
29, 65). Further, many proteins require additional modifica-
tion such as oligomerization to reach the native conformation.
Association of subunits in multimeric proteins may facilitate
or even be required to attain the native conformation (19-
21, 66, 67). In the coat protein of P22 bacteriophage, 18
single amino acid substitutions have been identified that
cause defects in folding (45, 50). Here we have investigated
the extent of the influence oftsf single amino acid substitu-
tions on the folding process through to capsid maturation.

Criteria by Which the Tsf Mutants Were Chosen.In
preliminary experiments, we found that each of the 18tsf
amino acid substitutions caused differences as compared to
WT shells, regardless of the property of the amino acid side
chain or the location of the substitution in the primary amino
acid sequence. Thus, we needed some criteria to limit the
number of mutants with which we worked. We selected
amino acids substitutions throughout the linear sequence so
that the probability of all the substitutions being located in
proximity to one another in the folded coat protein would
be minimized. Five of thetsf mutants we chose had
substitutions that involved a charge change, which allowed
confirmation that thetsf amino acid substitutions were
distributed throughout the three-dimensional structure since
charge changes in the protein core or on the interior face of
the capsid are not observable on a native agarose gel, while
charge changes on the shell surface are seen as shifts in
mobility (68). D174N and D174G, which each lose a
negatively charged residue, and G232D, which gains one,
exhibited a reduction and an increase in mobility, respectively
(data not shown), which indicated that amino acids 174 and
232 were situated on the outside surface of the shells. G282D
and D302G, which also each have a charge change, showed
a mobility identical to WT shells and totsf mutants without
charge changes, and so amino acids 282 and 302 must be

FIGURE 6: Thermograms of WT andtsfshells. Protein concentration
was 1 mg/mL. The scan rate of the calorimeter was 10.0 K/h, and
the baseline was corrected for instrumental baseline and chemical
baseline using PeakFit. The data were normalized for protein
concentration. The bar corresponds to 200 kJ/K‚mol, and the arrow
shows the direction of heat absorption.

FIGURE 7: Urea denaturation of WT andtsf shells. WT andtsf
shells at 0.5 mg/mL were incubated overnight in buffered urea.
The samples were run on an agarose gel as described under
Materials and Methods. The number above each bar indicates the
lowest concentration of urea at which total dissociation of shells
occurred.

Table 2: Differential Scanning Calorimetry of Shells

shell Tm (°C)
∆H

(kJ‚mol-1) shell Tm (°C)
∆H

(kJ‚mol-1)

WT 82.5 1651 G232D 75.7 559
W48Q 79.4 2747 G282D 82.5 2066
A108V 82.5 1854 D302G 77.8 1239
D174G 69.5 1501 Y411H 74.9 3080
D174N 67.4 1060
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located either in the interior of the capsid, in the interior of
the coat protein monomer, or in a site of coat protein-coat
protein interaction. As the detailed structure of coat protein
is not known, the spatial placement of the amino acid
substitutions in the remainingtsf mutants cannot be deter-
mined. The varied locations of thetsf amino acids are in
contrast to P22 tailspike protein, where virtually all of the
tsf residues reside in the central domain, a large parallel
â-helix (22, 24).

In addition to having thetsf substitutions scattered
throughout the linear sequence, the mutants used in this study
were chosen from parents of various categories of second-
site suppressors that we have identified (69). These suppres-
sors are single amino acid substitutions that suppress the
folding defect in the parenttsf coat protein mutants. Global
suppressors, amino acid substitutions at a second site that
correct the defect of severaltsfmutants, have been identified
for A108V, D174G, D174N, and G282D. Y411H has a
second-site suppressor that is likely to be involved in the
local structure, D302G has a same-site suppressor, and W48Q
reverts consistently to the WT sequence, having no known
second-site suppressor. G232D has been shown to have a
suppressor mutation that is not identifiable anywhere in the
coat protein sequence and is thought to be extragenic.
Characterization of the mutants chosen here, which also carry
a second-site suppressor, is currently underway (Aramli and
Teschke, unpublished results). Therefore, by use of several
criteria, a broad spectrum oftsf mutants was chosen to
develop a comprehensive picture of the extent of the effects
of single amino acid substitutions on protein folding and
oligomeric assembly.

Folding Defects Are Not AlleViated by Assembly.In vivo,
tsfcoat proteins are assembly-competent and can form viable
phage at permissive temperatures, but at elevated tempera-
tures, destabilized folding intermediates form inclusion
bodies (50). While WT coat protein does not employ the
molecular chaperone complex GroEL/S to fold properly,tsf
coat proteins utilize GroEL/S to fold into an assembly-
competent conformation, rather than forming aggregates (47,
48). However, the rate of assembly oftsf mutant procapsids
is reduced when compared to WT procapsids (47). In vitro,
conditions have been found wheretsf mutants, which fold
into conformations different from that of WT coat protein,
aggregate and assemble, mimicking the in vivo phenotype
(29). If the successful assembly of procapsids forced coat
protein to adopt the correct native WT conformation, either
through interactions with scaffolding protein or through coat
protein-coat protein interactions, then as soon as procapsids
were formed, defects in the coat protein conformation should
no longer be apparent. However, this was not the case. For
example, scaffolding protein interacted differently withtsf
mutant coat proteins as compared to WT coat protein. Since
D174G, D174N, and G232D are mutants withtsfamino acid
substitutions on the outside surface of the procapsid, there
cannot be a direct correlation between the charge change
and a change in interaction with scaffolding protein. There-
fore, a more global conformational change must be propa-
gated by local changes in the polypeptide fold. As another
example, procapsids comprising D302G needed to be
incubated in a higher urea concentration than WT procapsids
in order to release scaffolding, as though, perhaps, this amino
acid substitution is on the interior of the capsid and more

tightly bound to the scaffolding than WT coat protein.
However, D302G shells also dissociate more readily than
WT shells, whether treated with a chemical denaturant or
with heat, which implicates monomer-monomer interactions
as the cause for D302G having atsf phenotype. Again, the
conclusion that a single amino acid substitution affects only
its local environment would be erroneous. These differences
in the coat protein conformation are readily apparent in the
proteolytic digestion patterns, as well. Some of thetsfmutant
shells have different sites available for cleavage than WT
shells and so are not identical even after successful assembly.

The Expansion Process Does Not Correct Folding Defects.
If the assembly of the procapsids had locked thetsf mutants
into WT conformation, then there should not have been
differences in the expansion kinetics of thetsfmutants when
compared to the WT shells. Yet five of the single amino
acid substitutions caused a prominent change in the rate-
limiting step of the expansion process as evidenced by the
lag phase apparent at lower temperatures. The rate-limiting
step was changed for mutants with both buried and external
tsf amino acid substitutions and for mutants withtsf amino
acid substitutions that added or removed a negative charge.
In these expansion experiments, the reorganization caused
by intramolecular movements that occur during expansion
were probed, as the coat protein does not need to be cleaved
or to form covalent bonds with its neighboring monomers
in order for expansion to proceed (44). Our results suggest
that the single amino acid substitutions continue to perturb
the conformation of the monomers during the expansion
process, as well as during folding and assembly. Additionally,
if the tsf coat protein mutants had been constrained in the
native WT conformation after expansion occurred, then
differences betweentsfmutant and WT shells would not have
been visible in the secondary structure, the trypsin cleavage
sites, or in stability of the expanded shells, suggesting
significant plasticity remains present in the monomers after
expansion. Hence, there appear to be altered conformations
of the folding intermediates of coat protein and also changes
in the final conformation and stability achieved by thetsf
monomers. Coat proteins with thetsfamino acid substitutions
are able to form monomers that are capable of producing
viable phage at permissive temperatures without identically
matching WT folding. Still, regardless of the properties of
the side chain or its location in the primary sequence, thetsf
single amino acid substitutions altered the conformation of
coat protein throughout the folding process to the mature
capsid.

Comparison of Effects of Amino Acid Substitutions in
Folding and Assembly of SeVeral Proteins.We have shown
that plasticity in coat protein persists throughout folding and
assembly. Such malleability is necessary for the monomers
to attain the various conformations needed throughout the
phage life cycle and has the added benefit of conferring
tolerance to at least some degree of conformational differ-
ences. This not unlikeVibrio harVeyi luciferase. When
refolded in nonnative conditions, such as separate monomers,
each monomer retains enough similarity to the native
conformation to exhibit bioluminescence, albeit with greatly
reduced intensity. Both the luciferaseR andâ subunits and
the tsf coat protein subunits are altered from the native
conformation, yet similar and still at least partially active.
Akin to coat protein assembly, luciferase mutations affect
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subunit association kinetics (29, 70). In terms of stability,
coat protein does not resemble luciferase mutants, which have
stabilities comparable to WT luciferase (70, 71).

Tsf mutants have also been identified in P22 tailspike
protein (72, 73). Like tsf coat protein mutants, tailspike
protein mutants were isolated as exclusively folding mutants
since early studies showed no influence on the stability of
the native protein (23). Newer, more detailed studies
disclosed an increase in the rate of unfolding at a higher
temperature and that the transition midpoints of urea
denaturation curves were shifted to significantly lower urea
concentrations, revealing the tailspike mutants have a reduced
stability as compared to the WT tailspike protein (22, 74).
For two truncated versions of tailspike protein, spectroscopic
data showtsf tailspike protein mutants retain nativelike
conformation, and binding assays show reasonable activity
also present (75, 76). However, there are thermolabile folding
intermediates generated by thetsf amino acid substitutions
that are responsible for kinetic partitioning between produc-
tive and nonproductive pathways.

Interleukin 1â also partitions between productive folding
and inclusion bodies because of an aggregation-prone kinetic
folding intermediate (77). Unlike coat protein, interleukin
1â need not assemble as it is a monomeric protein. But
similarly to coat proteintsf mutants, D174N and D174G,
interleukin 1â has multiple aggregation-prone mutants with
an amino acid substitution at the same site, Lys97, that confer
various phenotypes. An arginine substitution does not
stabilize the native protein, but it does reduce inclusion body
formation, while a valine substituted at position 97 actually
increases inclusion body formation even though it stabilizes
the native monomer (78, 79). Likewise, the coat protein
mutants D174G and D174N differ in some respects. We
found that the thermal denaturation and stability to denaturant
of these mutants were similar, though not identical. However,
Gordon and King (45) showed that the D174N mutation is
a dominant phenotype, while D174G is not.

In addition to interleukin 1â, Wetzel et al. (80) also worked
with γ-interferon. Using randomized cassette mutagenesis,
they produced mutants that were prone to inclusion body
formation. Also, the stability of the mutants to intracellular
proteolysis was altered from that of WTγ-interferon.
Surprisingly, two regions were identified that yielded mutants
which routinely increased folding efficiency (80). Alber et
al., (81) identified 25 different single amino acid mutations
in the lysozyme of bacteriophage T4 that presented a
phenotype of temperature-sensitivity. Mutations were induced
in a significant fraction of the lysozyme gene, and like P22
tsf coat protein mutants, no simple pattern in the properties
of the amino acid substitutions that conferred the tempera-
ture-sensitive phenotype was identified. Additionally, many
of the substitutions affected the stability of lysozyme, as is
the case in coat protein (82, 83). Unlike P22tsf mutants, the
T4 lysozyme mutations all occurred at sites with low solvent
accessibility in the folded protein (81). Thus, generally
substitutions that cause a temperature-sensitive folding
phenotype are likely to alter both the stability and the folded
conformation of proteins. Sincetsf substitutions can switch
a protein from productive to nonproductive pathways by a
simple increase in temperature, they are a powerful tool in
elucidating folding and assembly pathways.

Here we have shown that thetsf amino acid substitutions
in P22 coat protein do not perturb only the folding process,
as their effects are not mitigated by capsid assembly or
subsequent expansion. Despite the property of the side chain
of thetsfamino acid substitution or its placement in the linear
and subsequent tertiary structure, thetsf mutant shells differ
from the WT shells when observed with a variety of probes.
Still, tsf coat protein monomers, despite having altered
conformation from WT monomers, are able to assemble and
expand, demonstrating a remarkable tolerance and flexibility.
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