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Abstract
Assembly of bacteriophage P22 procapsids has long served as a model for assembly of spherical
viruses. Historically, assembly of viruses has been treated as a non-equilibrium process. Recently
alternative models have been developed that treat spherical virus assembly as an equilibrium process.
Here we have investigated whether P22 procapsids assembly reactions achieve equilibrium or are
irreversibly trapped. To assemble a procapsid-like particle in vitro, pure coat protein monomers are
mixed with scaffolding protein. Here we present data that show that free subunits can exchange with
assembled structures, indicating that assembly is a reversible, equilibrium process. When empty
procapsid shells (procapsids with the scaffolding protein stripped out) were diluted so that the
concentration was below the dissociation constant (~5 μM) for coat protein monomers, free
monomers were detected. The released monomers were assembly-competent; when NaCl was added
to metastable partial capsids that were aged for an extended period, the coat subunits were able to
rapidly re-distribute from the partial capsids and form whole procapsids. Lastly, radioactive
monomeric coat subunits were able to exchange with the subunits from empty procapsid shells. The
data presented here illustrate that coat protein monomers are able to dissociate from procapsids in
an active state, that assembly of procapsids is consistent with reactions at equilibrium and follows
the law of mass action.
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Introduction
The amino acid sequence of viral capsid subunits must contain information about the structure
of the subunits and the self-assembly process. The process of subunit assembly is strictly
controlled through protein:protein interactions such that icosahedral structures are formed,
rather than aberrant non-icosahedral structures. In addition, dsDNA viruses commonly
assemble by first forming a precursor capsid that serves as a DNA packaging machine1; 2; 3.
DNA packaging is accompanied by a conformational transition of the small round precursor
capsid into a larger polyhedral DNA-containing capsid.

Phage P22 is an established model for the understanding of virus assembly where the assembly
pathway involves a procapsid4; 5; 6; 7; 8. The morphogenic pathway of the dsDNA T=7
Salmonella bacteriophage P22 involves the co-assembly of 420 molecules of coat protein
(product of gene 5; gp5) with 60–300 molecules of scaffolding protein (gp8) as well as some
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minor injection proteins (gp7, 16 and 20) and the portal protein complex (gp1) into a
procapsid9; 10. Scaffolding protein directs procapsid assembly but is not found in mature phage.
The dsDNA is actively packaged into the procapsid through the unique portal vertex11,
concomitant with DNA packaging, scaffolding protein exits from the procapsid to take part in
additional rounds of assembly, and the capsid matures12; 13. None of the proteins are covalently
modified or proteolyzed during folding, assembly or maturation.

An important advantage of phage P22 as an assembly model is the simplicity of the system.
The proteins needed for assembly of P22 procapsid-like particles can be purified and are active
for assembly14. In vitro, only coat and scaffolding proteins are required to assemble a
procapsid-like particle, which we will refer to as a procapsid for simplicity6; 15. Both in vivo
and in vitro, the number of scaffolding protein molecules incorporated into a procapsid varies,
depending on the conditions of assembly5; 16. In vitro assembled procapsids have the same
morphology and size as in vivo generated procapsids6. In addition, the product of the assembly
reaction can be altered by changing the buffer conditions of the reaction17. In buffers with
some salt added normal procapsids are assembled, while in the absence of salt metastable partial
capsids form. We hypothesized that these are formed because the low salt solution increases
the affinity of the interaction between coat and scaffolding protein, leading to over-nucleation.
Over-nucleation causes depletion of the free coat protein so that complete capsids cannot be
formed. The metastable partial capsids represent a true kinetic trap; the partial capsids are easily
converted to normal procapsids by the addition of the appropriate concentration of salt.
Therefore, in vitro assembly of P22 procapsids represents a simple yet elegant model for the
in vivo assembly process.

Mathematical modeling of virus assembly has become a very active field. Some models focus
on assembly of an individual particle18; 19; 20; 21. Other investigators are more interested in
large populations, describing assembly in terms of micelles22, crystals/filaments23; 24 or
spheres25; 26. All of these models agree on a few experimental observations of in vitro capsid
assembly reactions: assembly kinetics are sigmoidal, there is unincorporated protein remaining
at the end of the reaction, and capsids are very stable.

P22 procapsid assembly was described some years ago in terms of a classical polymerization
reaction8. The experimental approach was groundbreaking and represented the first time such
an effort was undertaken for capsid assembly. Prevelige et al., 19938, described P22 procapsid
assembly reactions as unidirectional or irreversible, and therefore not at equilibrium. In
classical polymerization, the protein left at the end of an assembly reaction marks the “critical
concentration” in stochastic equilibrium with the polymer, and is required to maintain it8; 23;
24; 27. Diluting the polymer results in dissociation to maintain this critical concentration23;
27. However, models of polymerization that are specific to spherical polymers of defined size
(i.e. capsids) have since been developed. For spherical particles of defined size (n), the law of
mass action, K=[capsid]/[subunit]n, implies that below some concentration there will be little
or no capsid, and above that concentration almost all additional protein will assemble leaving
behind a pseudo-critical concentration28; 29. In simulations, assembly reactions of spheres
closely approaches the equilibrium calculated from the known affinity of subunit-subunit
interactions of capsids19; 28; 29; 30, suggesting that analysis of capsid assembly based on the
law of mass action is a reasonable method for understanding these complex reactions.

There is a current dispute over whether a capsid assembly reaction reaches equilibrium and is
therefore able to dissociate, or if the reaction is irreversible. In some cases, a reversible reaction
can appear irreversible when the dissociation reaction is slow compared to the forward
association reaction, a phenomenon called hysteresis. Hysteresis is relatively common in
folding and unfolding reactions of multi-subunit assemblies31. Generally, hysteresis in protein
folding is observed as the requirement for high concentrations of denaturant to unfold a
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complex but that urea concentration completely inhibits reassembly; a much lower denaturant
concentration is required to refold and assemble the complex. However, if a reaction displays
hysteresis, it does not mean that such a reaction is not at equilibrium32; 33. Often if the reaction
is incubated for long enough times, the apparent hysteresis disappears, with unfolding
transitions eventually converging with those of refolding. Hysteresis for capsid dissociation,
which is caused by the high kinetic energy barrier to disassembly, occurs because capsids do
not have any frayed ends to initiate dissociation34. For capsids, this means dissociation in an
experimentally convenient time frame usually requires high amounts of a denaturant or high
pressure34; 35; 36. Here we directly test the idea of whether P22 procapsid assembly reactions
can equilibrate with free subunits, even in the face of the hysteresis of assembly reactions.

Results
Coat protein dissociates from procapsids

We recently determined the approximate average subunit dissociation constants for coat and
scaffolding protein to be 5 μM and 28 μM, respectively37. Previous investigators have
established that scaffolding protein is readily able to equilibrate between free and procapsid-
bound pools38; 39. If assembled coat protein can also equilibrate with free subunits as expected
for reactions at equilibrium, then when the assembled particles are diluted below the Kd values
for monomer association, monomers should be present by the law of mass action. In this
experiment, empty procapsid shells were used. Empty procapsid shells are procapsids stripped
of most of their scaffolding protein. Since empty procapsid shells have only a residual amount
of scaffolding protein, quantification of small amounts of coat protein monomers was made
easier, while still allowing us to observe that scaffolding protein equilibrates as previously
observed (data not shown).

Solutions of empty procapsid shells comprised of WT coat protein were diluted to ~5 and 0.5
μM (in monomer concentration; 0.012 and 0.0012 μM shells) and incubated at 4, 20, 37, and
41 °C for increasing times. In addition, a ~ 5 μM solution of shells comprised of a coat protein
variant, F353L, was also investigated. We chose to include the F353L variant in this study
since it dissociates more readily than WT. In this experiment, no significant loss of protein due
to precipitation or non-specific adsorption was found even after 7 days incubation (data not
shown). Data for F353L shells incubated at 41 °C are not shown because the protein was
aggregation-prone at the longer incubation times. Aliquots of each sample were applied to a
linear 5–20% sucrose gradient to separate shells from monomeric subunits. After centrifugation
the gradients were fractionated and the fractions analyzed on SDS gels, which were silver
stained. A representative pair of gels for the F353L variant are shown in Figure 1A. The top
panel shows that prior to incubation, all of the coat protein migrates as shells, with no free
monomer apparent. In the bottom panel, monomeric proteins are easily visualized even after
one day of incubation at 37 °C.

The amount of coat protein in the position of monomer and shells for each type of protein and
for each sample was quantified by densitometry (Figure 1B). The fraction of WT or F353L
coat protein that sediments in the monomer position is shown as a function of time at four
temperatures, from two separate experiments. Even after one day, coat monomers were easily
visualized in each of the protein concentrations for shells of WT and F353L coat proteins,
especially at temperatures above 20 °C. At a tenfold lower protein concentration, a greater
fraction of WT coat protein monomers was released and also followed a similar temperature-
dependence (data not shown). The destabilizing amino acid substitution, F353L, caused a
greater release of coat protein monomer as compared to WT coat protein. Although in this
experiment we have not achieved complete dissociation, consistent with the hysteresis
observed in capsid assembly reactions8; 34, the observable dissociation of the shells followed
concentration, time-, and temperature-dependence, which are characteristic of reactions that
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can reach equilibrium. These data are consistent with the hypothesis that these particles follow
the law of mass action.

The entire population of coat protein monomers is assembly-competent
Above, we demonstrated that coat subunits dissociated from empty procapsid shells. Next we
determined if these free coat protein subunits are assembly-competent or if they remain as free
subunits simply because they were not able to re-assemble.

Because the concentration of the monomeric subunits is below the critical concentration for
assembly, we used an alternative technique to determine if released subunits are assembly-
competent. In low concentrations of NaCl and when scaffolding protein is in excess to coat
protein, assembly results in metastable partial capsids17. These partial capsids remain in this
metastable state until either NaCl is added or more coat protein. Partial capsids were used here
to determine if coat protein held for extended periods could remain assembly-competent.

In Figure 2A, partial capsids were assembled with WT coat protein and the products were run
on sucrose gradients and quantified as described above. We found that >95% of coat protein
in the sample was consumed in a reaction that generates partial structures, whereas in an
assembly reaction performed with salt present at the start of the reaction, only ~35 % of the
coat protein is consumed as procapsids (Figure 2B). If salt is added to partial structures after
~20 hours, the partial structures rapidly redistribute and a greater number of procapsids are
produced when compared to reactions that had salt present at the start. These data show that
essentially all of the coat protein in our assembly reactions is competent. Although we cannot
conclusively show that the released subunits from the partial structures are able to nucleate,
they are clearly competent for elongation. Therefore, it is likely that the residual coat protein
monomers left after a normal procapsid assembly reaction is due to the pseudo-critical
concentration, below which assembly does not occur28, and not due to the inability of the
remaining monomers to assemble.

When NaCl is added to partial capsids, there is a rapid increase in the light scattering in response
to the formation of complete procapsids (Figure 2C). Note that there is no decrease in the light
scattering intensity prior to the rapid rise in intensity upon addition of NaCl. This observation
suggests that all of the partial capsids do not need to completely dissociate in order to form
whole procapsids. Rather, some partial capsids dissociate while concomitantly other partial
capsids assemble to procapsids. Negative stain electron micrographs taken at varying times
during re-distribution of the subunits are consistent with this result (data not shown). These
data indicate that once released from partial capsids, coat protein monomers are still able to
assemble, even after extended aging in the partial structures.

Partial capsids have similar stability to procapsids
An argument could be made that the coat subunits released from partial capsids are assembly-
competent monomers because partial capsids must be less stable than procapsids or empty
procapsid shells, or have a different conformation. In order to determine the relative stabilities
of partial capsids to procapsids, urea titrations of partial capsids and in vitro assembled
procapsids were done.

Each type of particle was incubated in 0 – 7.6 M buffered urea. The samples were incubated
for ~ 20 hours and the resulting light scattering at 500 nm was measured (Figure 3). Shown is
data that were normalized so that the highest signal was set to 1 and the lowest to 0. In the inset
panel is the raw light scattering data. There are two transitions seen in the data. From 0 – ~2
M urea, scaffolding protein is extracted from the particles40. Another transition is observed
between ~3 – 6 M urea, which represents the disassembly and denaturation of coat protein
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from the particles35; 40. The midpoint (C1/2) of the first transition is ~ 1.2 M urea for procapsids
and ~ 1.1 M urea for partial capsids, which are not significantly different. This result suggests
that within these particles, scaffolding protein is bound with about the same affinity, i.e., to
about the same interaction site. Our data indicate that during nucleation, the binding between
scaffolding and coat proteins is tight in low salt, but during elongation, the affinity may be
similar in high and low salt.

The C1/2 of the second transition is ~ 4.8 M urea for in vitro assembled procapsids and ~ 4.4
M urea for partial capsids, indicating that the partial capsids dissociate at a marginally lower
urea concentration than procapsids. Urea titrations of in vivo assembled procapsids showed
similar stability in urea as the in vitro assembled procapsids (data not shown). The slight change
in transition midpoint between partial capsids and complete procapsids suggests that the
strength of coat protein subunit interaction in the two types of particles is not significantly
different.

Urea titrations of empty procapsid shells of the F353L coat protein were compared to shells
comprised of WT coat protein (data not shown). The midpoint of the transition for the F353L
curve occurred at ~ 3.6 M urea, which is significantly destabilized when compared to the
C1/2 for shells comprised of WT coat protein, which occurred at ~ 4.8 M urea. These data are
consistent with the data presented in Figure 1, where shells assembled with F353L coat protein
dissociate more readily under native conditions when compared to shells comprised of WT
coat protein.

Monomeric subunits exchange with shells
Our data suggest that coat protein subunits can dissociate from assembled structures in an
assembly-competent conformation. If this is the case and capsids are in stochastic equilibrium
with free coat protein monomers, then these free subunits should exchange with assembled
structures. Radioactively labeled coat protein monomers at ~ 0.5 μM final concentration were
mixed with non-labeled empty procapsid shells at 0.006 or 0.012 μM and were incubated at
either 20 or 41 °C for one day. Monomeric subunits were separated from shells via sucrose
gradient sedimentation, as described above, and the fractions were analyzed by liquid
scintillation counting. The percent of radioactively labeled proteins in monomers or assembled
structures in the sucrose gradient was determined and is shown in Figure 4. When the
concentration of shells was higher, a greater fraction of the labeled coat protein monomers
transferred as compared to the lower concentration of shells. This result shows the expected
concentration dependence of the dissociation reaction, and is consistent with the law of mass
action. That is, when the shells are more dilute, they dissociate more readily leading to less
exchange. Also, a higher percent of transfer was seen at 20 °C, as compared to 41°C. This
result is consistent with our earlier experiments (Figure 1) where a greater dissociation of
subunits occurs at higher temperatures. The observation of subunit exchange is consistent with
a reaction that equilibrates, where free subunits are in exchange with assembled structures.

Discussion
Here we have asked if capsid assembly reactions reach equilibrium, using phage P22 procapsid
assembly as our model. P22 procapsid formation is an excellent model to answer this question
because there are no covalent modifications to the proteins once assembled. Indeed, we have
recently characterized the thermodynamics of the assembly reaction and found that procapsid
assembly is driven by weak subunit interactions but the assembled structure is stable because
of the large number of multivalent subunits that comprise a procapsid37.
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In vitro assembly of P22 procapsids
P22 procapsid assembly was previously described in terms of a classical polymerization
reaction for filamentous structures8. Using this model, Prevelige et al., 1993 described P22
procapsid assembly reactions as irreversible (kinetically trapped) and not at equilibrium. In
contrast, here we have observed that procapsids will disassemble when at low enough
concentrations and given enough time, an observation incompatible with irreversible procapsid
assembly and consistent with assembly reactions that are able to achieve equilibrium. The
observation that free subunits can exchange with assembled structures is consistent with the
ability of viral capsid subunits to breathe34; 41 and ultimately could be related to capsid
expansion. Subunit exchange also suggests that prior to assembly completion, dissociation of
subunits is possible, which would allow for thermodynamic proofreading to ensure that only
correctly folded subunits are incorporated42.

A true kinetic trap can be observed for P22 assembly in low NaCl solution conditions17. These
reactions consume all of the subunits. If NaCl is added to the trapped partial capsids, the
subunits rapidly re-distribute to form procapsids; thus, the released subunits are assembly-
competent, even after incubation for weeks. Importantly, the high reversibility suggests that
dissociation and assembly reactions follow similar paths. This experiment also indicates that
the subunits not consumed at the end of a normal assembly reaction are not incompetent, but
remain because there are not enough subunits left to support continued assembly, perhaps
because the concentration of free subunits may fall below the concentration required to form
a nucleation complex. Thus, proper procapsid assembly produces the predicted pseudo-critical
concentration for reactions at equilibrium25;43.

Hysteresis in assembly reactions
Capsid assembly reactions are characterized by a few key observations28. One is that the
reactions display hysteresis between assembly and disassembly because of the high energetic
barrier to disassembly34. Hysteresis is often seen in association reactions of large, multi-
domain proteins such as bacterial luciferase33, transthyretin32, creatine kinase44, and
collagen45. All of these examples are marked by high kinetic energy barriers to complex
dissociation, which prevent coincidence of unfolding/folding transitions in experimentally
convenient time scales; e.g., ~ a million years for the dissociation of bacterial luciferase.

Hysteresis has been observed for P22 procapsid assembly in previous experiments35; 46. We
again observed hysteresis in the experiments described here; i.e., the expected dissociation of
shells, based on the coat protein Kd

37, did not occur within the times examined.

Traditionally, capsid assembly reactions have been treated using classic nucleation theory8;
23; 24; 27. The nucleation model is inconsistent with the observation of hysteresis in capsid
assembly reactions28 because when equilibrium for a filamentous protein is reached, the rate
of association of free subunits equals the rate of dissociation of subunits from the filament.
Here we present data that indicates that P22 assembly is consistent with the more recent
descriptions of capsid assembly reactions based on assembly of spheres25 and molecular
dynamics simulations of capsid assembly reactions, both of which predict hysteresis19; 30. The
simulations displayed hysteresis even when the disassembly reaction was constrained to follow
the same pathway as the forward reaction, a requirement of true equilibrium.

Virus assembly as a rule has been suggested to be irreversible31, or in other words, the
dissociation reaction does not occur. The concept of irreversibility will to some extent depend
on the observation timescale. Here we see that capsids are able to dissociate on a long time
scale; if one looked for subunit dissociation to occur on the scale of minutes, then capsid
assembly might appear irreversible. Nevertheless, in the absence of irreversible post-assembly
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transitions, such as seen with the cross-linking of capsid subunits in phage HK973,
irreversibility is inconsistent with a pseudo-critical concentration, which is predicted from
simulations, and is observed experimentally for phage P22 procapsids and the assembly of
other viruses37; 47; 48. A pseudo-critical concentration is expected from capsid assembly
reactions at equilibrium; in an irreversible assembly reaction all of the subunits would be
consumed in the reaction.

A recent computer simulation method developed by Zhang and Schwartz (2006)43 showed that
capsid yield increases with the initial concentration of subunits. Conversely, the existence of
kinetic traps significantly altered the concentration dependence for assembly so that capsid
yield no longer showed any concentration dependence on initial subunit concentration. Results
from this computer modeling support the observed P22 experimental data where procapsid
production varied with input protein concentration, once above the pseudo-critical
concentration37. Thus, the predicted concentration dependence directly supports P22 assembly
as an equilibrium process, and not as an irreversible, kinetically trapped process, which would
not show concentration dependence43.

Comparison of in vivo versus in vitro assembly pathways
The in vivo assembly pathway of bacteriophage P22 has two major steps. The first step involves
the co-polymerization of viral subunit proteins to form the precursor procapsid. The second
step involves maturation of the procapsid upon DNA packaging. Maturation is considered to
be an irreversible process, occurring as a result of a large energy input derived from DNA
packaging, which is obligatory to overcome the high stability of the procapsid40; 49. In vivo,
the entire phage biogenesis process is rapid, and occurs on a reasonable scale considering the
life cycle of the host cell. For example at 30 °C, the protein synthesis, procapsid assembly and
maturation steps occur in less than 70 minutes to produce a burst of infectious particles and
lyse the host cell50. In vivo, the hysteresis that is apparent in an in vitro assembly reaction is
not critical because of the irreversible nature of the capsid completion steps. However, since
incorrect assemblies as well as coat protein aggregates are seldom observed during in vivo
infections with wild-type phage16; 51, thermodynamic proofreading is likely occurring, and
would not be possible without subunit exchange.

During in vitro assembly, capsid maturation does not occur. Therefore, we can easily visualize
whether or not procapsids dissociate and exchange with free subunits, given long enough time.
The data presented here validate our recent work that characterized the thermodynamic
contribution of the individual subunits37 to procapsid assembly. Molecular modeling and a
comprehensive biophysical characterization of the protein:protein interactions necessary for
understanding the virus assembly process would not be possible studying the comparatively
complicated in vivo pathway.

Collectively, our experimental data and the simulations of other investigators suggest that
proper capsid assembly reactions do indeed reach equilibrium, albeit one with a high energy
barrier to dissociation. The observed subunit exchange is inconsistent with the idea that
procapsids are irreversibly trapped, but is consistent with procapsid assembly reactions that
are able to equilibrate. In total, our findings suggest that equilibrium analysis37; 52 based on
the products of forward capsid assembly reactions provides a reliable methodology for
understanding viral capsid assembly, even in light of the observed hysteresis in these reactions.
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Materials and Methods
Refolded coat protein monomers

Purification of coat protein shells was performed as previously described35. Coat protein
monomers were obtained from urea-denatured empty procapsid shells, as described previously,
using dialysis at 4° C against 20 mM sodium phosphate buffer, pH 7.6. Monomers were spun
at 175,000 x g at 4° C for 20 minutes to remove any aggregated or associated structures prior
to in vitro assembly reactions. The assembly-competence of the monomers was evaluated using
assembly reactions, described below.

Assembly reactions
To assemble partial structures, refolded coat protein monomers at a final concentration of 0.5
mg/mL (~11 μM) were mixed with scaffolding protein at 0.5 mg/mL (~18 μM) final
concentration in 20 mM sodium phosphate buffer. Procapsids were assembled at the same
protein concentrations, but the 20 mM sodium phosphate buffer was supplemented with 60
mM NaCl. The presence of partial or procapsid-like structures was confirmed by negatively
stained electron micrographs as described previously53; 54. The progress of the reaction was
followed by light scattering.

Light Scattering
Assembly reactions were monitored in a SLM Aminco-Bowman 2 spectrofluorometer at 20 °
C. The reaction was monitored by the increase in 90° light scattering at 500 nm with the
bandpasses set to 4 nm. Two assembly reactions were done: 1) 60 mM NaCl final added ~20
hours after formation of the partial structures 2) extra 20 mM sodium phosphate buffer added
~20 hours after formation of the partial structures (to achieve the same final volume).

Dissociation reaction of shells
Empty procapsid shells composed of WT coat protein were diluted to 0.25, or 0.025 mg/mL
(~5 and 0.5 μM monomer concentration, or 0.012 μM or 0.0012 μM shells, respectively) and
shells composed of F353L coat protein were diluted to 0.25 mg/mL. The shells were diluted
in 20 mM sodium phosphate buffer containing 1 mM PMSF, 10 μg/mL A-protinin, 10 μg /mL
leupeptin, and 5 μg mg/mL pepstatin, and were incubated at 4, 20, 37, and 41 °C for up to 10
days in 5 mL polystyrene tubes (Fisherbrand) pretreated with Sigmacoat (Sigma). A sample
of each reaction was applied to linear 5–20% sucrose gradients. The sedimentation was done
at the experimental temperature, as described below. After centrifugation, the gradients were
fractionated from the top into 100 μl fractions. The fractions were run on a 10% SDS-
polyacrylamide gel and silver stained55. The coat protein bands were quantified using a Kodak
EDAS system.

Sucrose gradient sedimentation
A sample of each reaction mixture was applied to the top of a 2.2 mL, linear 5 – 20% (w/w)
sucrose gradient, prepared using a BioComp Gradient Master. The gradients were centrifuged
in a Sorvall RCM120EX centrifuge with an RP55S rotor at 35,000 rpm for 55 min for samples
at 4 °C, 35 min at 20 °C, 27 min at 37 °C, and 25 min at 41 °C. The protein content of each
fraction was determined as described for each experiment.

Assembly-competence of released monomers
Assembly reactions were performed as described above to generate partial structures and
procapsids, and were allowed to incubate at 20 °C for ~ 20 hours. The reactions were split,
buffer was added to one sample, and NaCl was added to the other sample to a final concentration
of 60 mM. 100 μl of each reaction mixture was applied to the top of a linear 5 – 20% sucrose
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gradient, After centrifugation, the gradients were fractionated from the top into 100 μl fractions.
The fractions were run on a 10% SDS-polyacrylamide gel and Coomassie stained. The coat
protein bands were quantified using a Kodak EDAS system.

Urea titrations
Partial structures and procapsids were generated as described above, and held for ~48 hours at
20 °C. Samples were then diluted 1:5 into buffered urea, ranging 0 – 7.6 M and incubated at
20 °C for an additional ~ 20 hours. Light scattering of the resultant samples was monitored
using a SLM Aminco-Bowman 2 spectrofluorometer, at 20 °C, using 90° light scattering at
500 nm with the bandpasses set to 4 nm. Fraction of signal was calculated by normalizing the
light scattering at 0 M urea to a fraction remaining of 1, and setting the signal at 7.6 M urea to
a fraction remaining of 0.

Analysis of subunit exchange
Radiolabeled coat protein was generated as described below and coat protein monomers were
made as described above. The monomers at ~ 0.5 μM final concentration were mixed with
non-labeled empty procapsid shells at ~ 0.006 μM or ~ 0.012 μM final shell concentration, and
were incubated at either 20 or 41 °C for one day. Monomeric subunits were separated from
shells via sucrose gradient sedimentation, as described above, and the fractions were analyzed
by liquid scintillation counting. The difference of radioactivity sedimenting in the position of
shells from two gradients, one with radioactive monomers that included the non-labeled shells
and one with radioactive monomers alone, was used to calculate the percent transfer. The
percent transfer was the fraction of total radioactivity that sedimented in the position of shells.

Purification of radiolabeled coat proteins
Overnight cultures were grown in minimal media (from a single isolated colony of DB7136
(hisC525−am leu414−am sup0) at 37°C. Minimal media contains M9 plus 1 mM MgSO4, 1
μM FeCl3 and CaCl2, 1.2% glucose, 0.008% leucine, 0.003% histidine. M9 media contains
1.28% NaHPO4, 0.3% KH2PO4, 0.05% NaCl, and 0.1% NH4Cl. The overnight cultures were
used to inoculate a culture in minimal media, grown at 37°C. The cells were grown to a density
of 3 x 108 cells/mL, and then infected with a multiplicity of infection of 17 with phage (3−am,
13−am) that were WT in all capsid proteins but were unable to package DNA or lyse cells. The
infected cultures were grown for 45 minutes, followed by additions of 1.875 μCi/mL of [35S]-
methionine and [35S]-cysteine protein labeling mix (10 mCi/mL, NEN Life Science Products)
every 30 minutes for 3 hours and 45 minutes. The rest of the purification and scaffolding protein
extraction was performed as described previously35; 56.

Liquid Scintillation Counting
Individual fractions from the sucrose gradient sedimentation, as described above, were mixed
at a 1:25 ratio with OptiFluor scintillation cocktail, and were measured in a Perkin Elmer 1450
Microbeta scintillation counter until each sample had reached 1% sigma accuracy of counting.
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Figure 1. Phage P22 procapsid shells dissociate
Dilute solutions of P22 shells comprised of either WT or F353L coat proteins were incubated
at 4, 20, 37, and 41 °C for times ranging immediately after dilution, up to a period of 7 days.
The shells were separated from the monomeric subunits by sedimentation in a 5 – 20 % linear
sucrose gradient. The fractions were run on SDS-PAGE, the gels were silver-stained, and the
protein quantified by densitometry. In panel A, two representative gels are shown. The top
panel is of shells comprised of F353L coat protein immediately after dilution, and the bottom
panel is after a one day incubation at 37 °C. In panel B, densitometry data is shown for diluted
WT (closed circles) and F353L shells (open circles), where the percent of protein found in the
regions of the sucrose gradients where monomers sediment as a function of time is shown at
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4, 20, 37 and 41 °C. Please note that different scales were used in these panels and the lines
were drawn to aid the eye and do not represent a fit of the data to any model.
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Figure 2. All phage P22 coat subunits are competent for assembly
Panel A shows densitometry profiles for partial capsids (closed circles, solid line) and in
vitro assembled procapsids (open circles, dotted line) run on a 5 – 20 % linear sucrose gradient
analyzed by SDS-PAGE, and Coomassie stained. Panel B represents the percent of subunits
found where monomeric subunits sediment in a 5 – 20 % sucrose gradient (fractions 1 – 7) for
reactions resulting in partial capsids (no salt), procapsids (salt de novo), and procapsids formed
after salt was added to partial structures (salt after 20 hours). Panel C represents light scattering
data, where salt (closed circles, solid line) and buffer (dotted line) was added to partial
structures. The arrow shows the time of NaCl addition.
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Figure 3. Partial structures and procapsids have similar stability
Urea titrations were performed with partial structures (open circles) and in vitro assembled
procapsids (closed circles) incubated in buffered urea ranging 0 – 7.6 M. The fraction remaining
represents data normalized to the highest signal in 0 M urea set to a value of 1.0, and the signal
at 7.6 M urea set to 0.0 The inset shows the raw light scattering data, where the partial capsids
show the expected lower light scattering compared to procapsids. The lines were drawn to aid
the eye and are not meant to represent the fit of the data to any model.
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Figure 4. Radioactive monomers exchange with non-labeled shells
35S-labeled coat protein monomers at 0.5 μM final were mixed with non-labeled coat protein
shells at 0.006 and 0.012 μM shells. The samples were incubated at 20 °C and 41 °C for 1 day
and separated by sucrose gradient sedimentation. The gradients were fractionated and the
fractions were analyzed by liquid scintillation counting. The percent transfer was determined
as described in the Materials and Methods. The error bars represent the standard deviation from
3 or 4 data sets

Parent et al. Page 17

J Mol Biol. Author manuscript; available in PMC 2009 December 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


