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Abstract

In vitro assembly of bacteriophage P22 procapsids requires coat protein and sub-stoichiometric
concentrations of the internal scaffolding protein. If there is no scaffolding protein, coat protein
assembles aberrantly, but only at higher concentrations. Too much scaffolding protein results in
partial procapsids. By treating the procapsid as a lattice that can bind and be stabilized by
scaffolding protein we dissect procapsid assembly as a function of protein concentration and
scaffolding/coat protein ratio. We observe that (i) the coat-coat association is weaker for
procapsids than for aberrant polymer formation, (ii) scaffolding protein makes a small but
sufficient contribution to stability to favor the procapsid form, and (iii) there are multiple classes
of scaffolding protein binding sites. This approach should be applicable to other heterogeneous
virus assembly reactions and will facilitate our ability to manipulate such 7n vitro reactions to
probe assembly, and for development of nanoparticles.

Introduction

Bacteriophage P22 has been one of the best documented experimental systems for
investigating bacteriophage assembly (Casjens and King, 1974; King et al., 1976; Prevelige
and Fane, 2012; Teschke and Parent, 2010) and more recently for the development of virus-
derived nanoparticles (Kang et al., 2010; O’Neil et al., 2011). An /n vitro assembled
procapsid-like particle (PC), which lacks the portal complex and injection proteins, is
comprised of 420 coat proteins and a variable number of scaffolding protein molecules
(from ~60 to 360), depending on the availability of scaffolding protein in the reaction (King,
Hall, and Casjens, 1978; Parent, Zlotnick, and Teschke, 2006). This reaction can be
described by:

420 coat proteins+Z scaffolding proteins <= procapsid—like particle 1)

where Z represents the number of bound scaffolding proteins within a PC (Parent,
Suhanovsky, and Teschke, 2007; Parent, Zlotnick, and Teschke, 2006). Kinetics of both
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extraction of scaffolding protein from procapsids and re-entry of scaffolding protein into
empty procapsid shells indicate that there are at least two populations of bound scaffolding
proteins (Greene and King, 1994; Parker, Brouillette, and Prevelige, 2001; Teschke and
Fong, 1996). There are approximately 60 high affinity scaffolding proteins necessary for
assembly of a procapsid (scaffolding/coat protein ratio of 0.14). These bind with a K4 =~0.3
KM (Parker, Brouillette, and Prevelige, 2001). Higher scaffolding/coat protein ratio results
in PCs with additional scaffolding proteins within the procapsid. Thus, bacteriophage P22
procapsids are remarkably nonuniform in scaffolding protein content (Fane and Prevelige,
2003; Parent, Suhanovsky, and Teschke, 2007; Prevelige, Thomas, and King, 1993).

The stability of coat-coat protein interactions, the action of scaffolding protein, and the
stability of coat-scaffolding protein interactions all critically affect products of assembly
reactions. In the absence of scaffolding protein, coat protein will assemble but into aberrant
complexes (Prevelige et al., 1990). While scaffolding protein is required for normal
assembly, increasing the affinity of scaffolding protein for coat protein or increasing the
scaffolding/coat protein ratio (> 7.0) in an /n vitro assembly reaction results in the rapid
assembly and entrapment of numerous partial PCs, indicating that scaffolding protein affects
kinetics and thermodynamics, and can thus lead to kinetic traps (Parent et al., 2005; Parent,
Zlotnick, and Teschke, 2006). Tight regulation of scaffolding protein translation is essential
in vivoto ensure a low concentration of scaffolding protein compared to coat protein and to
achieve high phage production (King, Hall, and Casjens, 1978).

The structure of scaffolding protein in the context of a procapsid is poorly defined. A recent
procapsid cryo-EM reconstruction suggests that every coat protein may have an scaffolding
protein bound (Chen et al., 2011). This would be more scaffolding protein per PC than has
been observed by biochemical assays, which indicate between 60 and 360 scaffolding
proteins per PC (Greene and King, 1994; Parent, Zlotnick, and Teschke, 2006; Parker,
Brouillette, and Prevelige, 2001; Prevelige, Thomas, and King, 1993). The C-terminal helix-
turn-helix domain of scaffolding protein is known to interact with coat protein via elcrostatic
interactions (Cortines et al., 2011; Parent et al., 2005; Parker and Prevelige, 1998). Only
parts of scaffolding protein that are directly in contact with the contiguous procapsid are
visible in reconstructions, suggesting that most of scaffolding protein is in varied
orientations, likely interacting with other scaffolding protein molecules (Chen et al., 2011,
Thuman-Commike et al., 2000). There are several explanations to rectify the difference
between biochemical observations and the recent image reconstruction. Perhaps some of the
observed density in the reconstruction is due to the interaction of the N-terminus of
scaffolding protein with the interior of PC (Padilla-Meier and Teschke, 2011; Suhanovsky
and Teschke, 2011). Another explanation is that the 415 sites in a native procapsid are filled
randomly, but molecular crowding prevents more than 300 to 360 scaffolding proteins from
fitting into any one procapsid; thus, the average of many particles would show scaffolding
protein density at each possible binding site.

During assembly scaffolding protein is required to catalyze, stabilize and direct the
geometry of PC formation (Prevelige, Thomas, and King, 1988). In its simplest case, PC
stability can be described as the sum of contributions from coat protein (C) and scaffolding
protein (S):

AG®,.=420AG° .+ZAG" 2)
where Z is the number of bound scaffolding proteins within PCs (Parent, Zlotnick, and
Teschke, 2006). Since PCs are the final reaction product formed under a given set of

conditions (Parent, Zlotnick, and Teschke, 2006), the law of mass action for the reaction
dictates the following:
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K,.=[PC]/([CT*°[S]%) 3)

When the concentration of each free species and the number of bound scaffolding protein
molecules was measured experimentally, the results of this analysis indicated that under
specified experimental conditions each coat protein contributes —7.2 kcal/mol to PC stability
and each scaffolding protein contributes —6.1 kcal/mol (Parent, Zlotnick, and Teschke,
2006).

There are three critical asumptions inherent in this approach. i) Scaffolding protein
contributes 100% of its binding energy to PC stability. ii) As indicated in equation 3, a PC
with Z scaffolding proteins is “complete”, and that iii) all reaction products have exactly Z
scaffolding proteins. However as described above, PCs are not uniform with respect to the
amount of scaffolding protein incorporated and generally assemble with substoichiometric
quantities of scaffolding protein. Taking a different perspective, here we develop an analysis
of PC stability where we consider scaffolding protein binding to a lattice of available sites.
This analysis yields new insights into the contribution of scaffolding protein to PC stability.

Theory of scaffolding protein contribution to PC stability

In the approach described above, we assumed that scaffolding protein is an essential
component with fixed amounts of scaffolding protein per PC. We reanalyzed the data of
Parent et al., 2006, with additional data to cover a wider range of scaffolding/coat protein
ratios (described in the Materials and Methods). By considering scaffolding protein as an
optional component in assembly we can describe association of a hypothetical PC in the
absence of scaffolding protein (PC_w/out_S):

K =[PC]/[CI*?* )

PC. wjout. S

To emphasize the concentration dependence of assembly, equation 4 is put in terms of .°,
the equilibrium chemical potential of PC, coat protein (C), and scaffolding protein (S) (e.g.
i°pc = —RT /A[PC] under standard conditions) to generate equation 5.

AG®

~RTn(K =1°,. — 420u°C 5)

PC. w/out. S = PC. w/out. S)

Equation 6 presents a more realistic description of PC stability, as /n vitro assembled PCs
necessarily contain scaffolding protein.

AGOPC. w/.S ZIUOPC - 420ﬂoc - Z:uos 6)

However, equation 6 suggests that scaffolding protein binding is uniform. In fact, Z
represents a distribution (different PC particles have different amounts of bound scaffolding
protein) and, as will be shown later, not all sites make the same energetic contribution.

To evaluate PC assembly as a function of scaffolding protein we compare equations 5 and 6
to generate equation 6. For simplicity, and to place energies on a scale more typical for
protein-protein interactions, instead of using the energy for the entire PC without scaffolding
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protein (AG°pc_wiout s) We use AGpc c, s=g for the association energy per coat protein in
the PC in the absence of scaffolding protein.

AGyeo=(AG,_,, s) /420=(420AG® s, +ZAGy ) /420 7)
Extrapolation of AGpc wjout_s 10 [S] = 0 will lead to the energy of coat protein-coat protein

interaction for PC formation. Equation 7 indicates that PC stability can be enhanced by
incorporation of an arbitrary number of scaffolding protein molecules, Z, to available sites.

In vitro PC formation as a function of scaffolding protein

Equation 7 is consistent with our observation that increasing the scaffolding protein
concentration in an assembly reaction leads to a greater yield of PC (Parent, Zlotnick, and
Teschke, 2006). Figure 1, a plot of AGp¢ ¢ versus the input ratio of scaffolding/coat protein
(S/C) in the in vitro assembly reaction, shows the hyperbolic shape expected for a saturable
binding curve, /e, the energy from scaffolding protein is additive, but depends on
scaffolding protein binding to limited number of sites within PCs. The hyperbolic curve is a
function of the intrinsic coat protein-coat protein interaction energy in the context of a PC
(AGpc c,s=0), the number of specific binding sites for scaffolding protein (Sp,), the energy
contribution per scaffolding protein (AGpc s), and the midpoint of binding (K’s) in terms of
the input S/C ratio:

1 S/C

G :GPC.C,S:O + ms num GPc,s m

8)

Since the number of scaffolding protein sites and the scaffolding protein contribution to PC
stability (Sp,m,m and AGpc o) are correlated, we considered several possibilities. Sy, was
determined independently by fitting a plot of bound scaffolding protein per PC against the
initial ratio of scaffolding/coat protein; the resulting hyperbolic fit indicated a maximum of
294 + 33 scaffolding proteins per PC. Alternatively, approximately 360 scaffolding protein
sites were estimated from a curve fit where an assumption of a minimum number of bound
scaffolding protein molecules for PC formation was used (Materials and Methods, data not
shown). This is similar to the maximum number of 350 scaffolding protein per PC
determined previously (Parent, Zlotnick, and Teschke, 2006). A maximum of 420 sites is
theoretically possible if every coat protein in a PC binds a scaffolding protein. These values
are integral multiples of the 60 asymmetric units in an icosahedron. AGp¢c ¢ s-pand AGpc s
for each S, value were thus determined with equation 8 (Figure 1, Table 1). For an S,
of 300, each scaffolding protein contributes AGpc g of —1.30 + 0.24 kcal/mol to PC stability
(Table 1). The different values of S,,,,; lead to the same qualitative result that each
scaffolding protein contributes only a small amount of energy to assembly. By extrapolation
to [S] = 0, each coat protein contributes —6.45 + 0.11 kcal/mol to PC stability, which is
similar to that determined previuosly (Parent, Zlotnick, and Teschke, 2006).

Critical concentration for spontaneous assembly

For viral capsids, the mimimal concentration of coat protein for efficient assembly is a
‘pseudo-critical’ concentration. The prefix ‘pseudo-* is required because the concentration
of free coat protein is not truly constant over a broad range of coat protein input
concentrations when the assembly products are particles of defined size (this explicitly
arises from equation 3); for open-ended non-capsid polymer (like tubulin) there is a true
critical concentration where free protein is constant and can freely equilibrate with protein
forming the polymeric complex (Tanford, 1980; Zlotnick, 1994). The pseudo-critical
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concentration for assembly of coat protein into PCs, in the absence of scaffolding protein,
was 16 wM, determined by extrapolation of the data in Figure 1to S = 0 (AGp¢ ¢ 5=0). We
compared this value for PC formation in the absence of scaffolding protein to an
experimentally measured value for spontaneous assembly of coat protein, which can be
induced by concentrating coat protein monomers.

We determined the critical concentration for spontaneous assembly of coat protein by
quantifying the concentrations of coat protein monomer and non-PC polymer from reactions
with different initial concentrations of coat protein. Figure 2A shows a classic critical
concentration isotherm, expected for open-ended polymers (Katen and Zlotnick, 2009). The
average concentration for unassembled coat protein (for reactions where input [C] > 10 pM)
was 8.9 £ 2.2 uM. Above [C] = 10 nM, all additional coat protein was incorporated into
polymer, indicated by the slope of the polymer line of 0.99. The concentration where non-
PC polymer appeared, estimated from the x-intercept of the polymer line (for reactions
where total [C] > 10 uM) was 8.5 £ 2.1 uM. Many, if not all of the resulting particles, had
aberrant morphology (Figure 2B).

The calculated concentration for coat protein assembly for PCs without scaffolding protein
(16 M, Figure 1) and observed experimentally for formation of aberrant coat protein
complexes (8.5 to 8.9 wM) are significantly different. The assembly of non-PC polymer is
below the expected critical concentration. This indicates that without the contribution of
scaffolding protein, the coat protein-coat protein interaction in the non-PC polymer is
actually more stable by about —0.4 kcal/mol than the conformation found in a T=7 PC.
However, to form PCs the energetic difference between coat protein-coat protein
interactions is overcome by the contribution of scaffolding protein to PC stability (=1.3 kcal/
mol).

Affinity of scaffolding protein for different sites

To further define how each scaffolding protein contributes to PC stability, we examined the
average dissociation constant of scaffolding protein for the PC lattice. This calculation was
based on concentrations of free and bound scaffolding protein and the estimation of 300,
360, and 420 quasi-equivalent sites per PC (Table 1). The number of bound scaffolding
protein molecules were taken from previous results (Parent, Zlotnick, and Teschke, 2006)
and are based on the assumption that all molecules are productively bound to PC. Thus, the
equilibrium assocation constant can be described by equation 9.

K= [Sbound] / ([ Stree] [ Open lattice sites]) 9)

Dissociation constants (1/Kgs) were determined at multiple initial ratios of scaffolding/coat
protein from 0.14 to 3.5, and multiple concentrations of scaffolding protein at each ratio
(Figure 3). If there were a single class of binding site, Kg would be expected to be constant,
and thus independent of protein concentration. Conversely, if there were several classes of
binding sites, we would observe the average affinity for filled sites, with the average affinity
decreasing as more weak sites were filled at higher scaffolding protein concentrations. In
fact, we observed a broad correlation where Kg was weaker at higher protein concentrations
(high [C input]). The weaker binding constant at high protein concentrations, where more
binding occurs, is likely due to the use of progressively more weak sites, indicating multiple
classes of independent site. Alternatively, there may be negative cooperativity between
dependent sites. In either case, the association constant from equation 9 for a given set of
intital conditions yields a weighted average. Our observation is consistent with previous
observations that there are at least two different classes of scaffolding protein binding site
within PC (Greene and King, 1994; Parker, Brouillette, and Prevelige, 2001). Extrapolated
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to infinite dilution of coat protein, where strong binding sites dominate the Kg calculation,
the average dissociation constant was 0.8 + 0.7 uM for S, = 300 (Table 1) Given the
noise of the extrapolation, this value is consistent with the dissociation constant of
approximately 0.3 M for the 60 high affinity scaffolding protein-binding sites determined
by isothermal titration calorimetry (Parker, Brouillette, and Prevelige, 2001).

Discussion

Our new analysis of PC formation yields results that are consistent with experiments and
expands our understanding of the role of scaffolding protein. It accommodates varying
occupancy of scaffolding protein, provides descriptions of scaffolding protein site
heterogeneity, intrinsic coat-coat protein interaction energy, and the critical concentration
for scaffolding protein-independent assembly at high coat protein concentrations. The
observed critical concentration for uncontrolled coat protein assembly significantly
undershoots the value estimated from AGp¢ ¢ s=¢ Suggesting an energetic compromise is
required to complete a PC resulting in a large number of less than ideal coat-coat protein
interactions. While it is well established that scaffolding protein controls assembly geometry
(Lenk et al., 1975; Prevelige, Thomas, and King, 1988; Suhanovsky et al., 2010),
scaffolding protein also increases the yield, i.e. it stabilizes PC (Parent, Zlotnick, and
Teschke, 2006), indicating that scaffolding protein provides the basis for initiating and
stabilizing assembly of T=7 particles.

Based on our data, we estimate 300 to 350 scaffolding protein sites per PC (this paper and
(Parent, Zlotnick, and Teschke, 2006). These estimates are consistent with the 300-360 sites
determined from biochemical measurements (Casjens et al., 1985; Parent et al., 2005;
Prevelige, Thomas, and King, 1993). A maximum of approximately 300 scaffolding protein
molecules per procapsid were found /n7 vivo (King, Hall, and Casjens, 1978). The
concentration dependent changes in average binding constant for scaffolding protein
indicates that there are mutliple classes of scaffolding protein sites, with a sub-micromolar
K4 for the highest affinity sites. This heterogeneity, and a plethora of low affinity sites, may
also explain the differences in estimates of the number of scaffolding protein sites in a
procapsid.

A scaffolding protein molecule makes a surprisingly small contribution to PC stability,
substantially smaller than its binding energy for PCs. This indicates that scaffolding protein
binding is only partly linked to PC stability, contrary to the assumption of our previous
analysis (Parent, Zlotnick, and Teschke, 2006). The simplest interpretation (Wyman and
Gill, 1990) is that scaffolding protein can bind to a given site on a PC in two states, with or
without stabilizing the complex. The average difference in binding energy for these two
states is AGpc s, —1.3 kcal/mol (Table 1). The consistent value for AGpc s over a broad
range of scaffolding protein — coat protein concentrations (demonstrated by the hyperbolic
fit in Figure 1) suggests that both low and high affinity scaffolding protein binding events
contribute to PC assembly and stability. Complexes of scaffolding protein and coat protein,
out of the context of a PC, may exist but at low concentration due to weak affinity.

Novel implications resulting from this mathematical analysis

There are several implications that can be derived from this analysis. Consider:

i.  The difference between the 16 M Ky estimated for a coat-coat protein interaction
in a PC and the ~8.5 wM critical concentration observed for coat protein self-
assembly suggests that interactions between subunits must be strained to obtain a
PC. While the coat-coat protein interaction is stronger for the non-PC polymer than
calculated for PC without scaffolding protein (shell), the scaffolding protein-
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mediated coat-coat protein interaction of PCs is much stronger (Figure 4). This
higher energy state of coat-coat protein interaction in an empty coat protien shell
may be functionally important for the lattice to undergo the transition to produce
the stable, mature head (Galisteo, Gordon, and King, 1995). Similar conformational
instability may be an energy source for the transitions associated with maturation in
other bacteriophages like HK97 (Johnson, 2010) and the eukaryotic Herpesviruses
(Brown and Newcomb, 2011).

The observed concentration dependence for the dissociation constant of scaffolding
protein for PC sites indicates heterogeneity in binding. This is inconsistent with a
single value for the contribution of scaffolding protein to PC stability, the AGpc s
term of equation 7. However, heterogeneity of scaffolding protein sites is consistent
with the data in Figure 3, which shows that not all scaffolding protein sites are
equal in interaction energy. These data suggest that scaffolding protein binding
early in the assembly of a PC may face and impose far different forces than an
scaffolding protein bound toward the latter stages of PC closure. The variation of
binding energies calculated from the equilibrium of scaffolding protein with PC
suggests that the values AGpc ¢, AGpc s, and AGg all vary with the saturation of
scaffolding protein sites on the PC lattice.

Low concentrations of scaffolding protein are sufficient to direct assembly of T=7
particles, though such particles are less thermodynamically stable than PCs that are
nearly saturated with scaffolding protein. For example, assembly at about 100
scaffolding protein per PC (i.e., AGpc = 420*(—6.45 kcal/mol) + 100*(-1.30 kcal/
mol)) is less stable than aberrant uncontrolled assembly of the same 420 coat
proteins (i.e., 420*(-6.77 kcal/mol)). To explain this result, either high affinity
scaffolding protein sites contribute more to stability or the initial scaffolding
protein molecules help overcome a kinetic barrier to nucleating assembly with PC
geometry. Either possiblity suggests the hypothesis that the effect of scaffolding
protein on coat-coat protein interaction geometry propagates throughout the process
of P22 assembly, a path not postulated in most previously defined models of
assembly (Zlotnick and Mukhopadhyay, 2011). It is likely that rigorously
characterizing assembly will require development of new approaches to observing
assembly of single particles and modeling reactions with coarse grained molecular
dynamics simulations (Elrad and Hagan, 2008; Nguyen, Reddy, and Brooks, 2007;
Rapaport, 2010).

In summary, our analysis supports the hypothesis that bacteriophage P22 assembly is a
highly dynamic process. Scaffolding protein contributes binding energy and provides
geometric constraints, particularly in the early stages of assembly. These contributions
continue as assembly proceeds, but it appears that the requirement for scaffolding protein,
based on structural and geometric arguments (Lander et al., 2006; Prevelige et al., 1990),
becomes progressively smaller and may be dispensible during the latter stages of assembly.

Materials and Methods

Refolded coat protein monomers

Coat protein monomers were obtained as described previously (Anderson and Teschke,
2003; Fuller and King, 1982; Parent, Zlotnick, and Teschke, 2006). Briefly, urea-unfolded
coat protein monomers were refolded by extensive dialysis against 20 mM phosphate buffer,
pH 7.6 at 4 °C, and clarified by centrifugation at 175,000 x g at 4 °C for 20 min.

Virology. Author manuscript; available in PMC 2013 June 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zlotnick et al. Page 8

Assembly and analysis of PCs

PCs were assembled as previously described (Parent, Zlotnick, and Teschke, 2006). Briefly,
refolded coat protein monomers at a final concentration of 0.3-0.9 mg/mL (6.5-19 M) were
mixed with scaffolding protein at concentrations corresponding to scaffolding/coat protein
molar ratios ranging from 0.14 to 3.5. Several reactions were performed at each scaffolding/
coat protein molar ratio by varying both the coat protein and scaffolding protein
concentrations. Assembly reactions were done in 20 mM sodium phosphate (pH 7.6), 50
mM NaCl and incubated at 20 °C for >20 h in a total volume of 125 pl. Assembly reactions
were applied to a 15 mL Sepharose 4B column run at a flow rate of 0.5 ml/min at room
temperature in 20 mM sodium phosphate, pH 7.6, 50 mM NaCl buffer. Samples of each
fraction were then run on 10% SDS polyacrylamide gels. The gels were silver stained
(Rabilloud, Carpentier, and Tarroux, 1988) and the coat and scaffolding protein bands were
quantified by densitometry using BioRad Quantity One software. The fraction of scaffolding
or coat protein in the peaks corresponding to PC or to the unreacted subunits was simply
calculated from the total of each protein applied to the column. Data from Parent, Zlotnick
and Teschke, 2006 and new data corresponding to molar ratios of 0.14, 1.75 and 3.5 were
analyzed to determine the concentration of coat and scaffolding proteins in PCs and as
soluble subunits.

The average number of scaffolding protein per PC was plotted against the input S/C ratio
and fit with a rectangular hyperbola:

S X N X molar_input _ ratio
Y=S mint — ; P . 10)
1+N X molar_ input_ ratio

where Nis a unitary association constant of scaffolding protein for procapsids that scales the
ratio of bound to the ratio of input scaffolding protein. Syym is the maximum number of
binding sites for scaffolding protein. Spin is the minumum number of bound scaffolding
proteins.

Uncontrolled assembly

Coat protein was assembled in the absence of scaffolding protein by concentrating aliquots
of assembly-competent coat protein monomers (prepared as described above) by dialysis
against a solution of 20% PEG 20K in 20 mM sodium phosphate (pH 7.6), 50 mM NacCl.
The total concentration of coat protein in each sample after concentration was determined by
the absorbance at 280 nm after denaturation with 6 M guanidine hydrochloride. Assembled
coat protein polymers were sedimented by centrifugation through a 20% sucrose cushion at
107,000 g for 90 minutes at 20 °C in an Sorvall RP55-S rotor. The concentrations of pelleted
coat protein polymer and coat protein monomer remaining in solution were determined by
densitometry of Coomassie-stained SDS-PAGE gels using BioRad Quantity One software.

Negative stain electron microscopy

Aliquots (3 L) of the uncontrolled assembly reactions were applied to carbon-coated, 300-
mesh copper grids, allowed to absorb for 1 minute, and the grids were then washed with 2-3
drops of water followed by staining with 1% aqueous uranyl acetate for 30 seconds. Excess
stain was blotted off with filter paper and the grids were air-dried. The images were acquired
using an AMT XR-40 (2048x2048 pixel) camera side mounted on a Technai Biotwin G2
Spirit transmission electron microscope (nominal magnification of 68,000) operated at 80
kV.
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Figure 1. Scaffolding protein increases PC stability

AGpc wiout s becomes stronger at higher relative concentrations of scaffolding protein. The
hyperbolic curve fit indicates each scaffolding protein contributes —1.30 + 0.24 kcal/mol to a
base PC stability of —6.45 + 0.11 kcal/mol per coat protein. The midpoint of the binding fit
is S/C = 0.88. Note that the AGpc wiout s for 0 scaffolding protein is —6.77 kcal/mol, (blue,
open circle) calculated from the critical concentration for uncontrolled coat protein assembly
(Figure 2) and is not included in the curve fit. This graph includes new data, and data from
(Parent, Zlotnick, and Teschke, 2006).
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Figure 2. coat protein polymerization in the absence of scaffolding protein

(A) Assembly at different concentrations of coat protein demonstrates a critical
concentration at <10pM coat protein (open squares and triangles), therefore straight lines
were fit to data for total [C] > 10 uM (closed squares and triangles). For coat protein
monomer, the average concentration was 8.9 + 2.2 uM. For assembled non-PC polymer, the
x-intercept was 8.5 + 2.1 uM coat protein. Assembly reactions of concentrated coat protein
were evaluated by centrifugation and the concentration of pelleted coat protein polymer and
soluble coat protein monomer were determined from SDS-PAGE. (B) Micrographs of
assembly products with and without scaffolding protein demonstrates the role that
scaffolding protein plays in directing PC geometry.
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Figure 3. The affinity of scaffolding protein for the PC lattice becomes weaker at higher initial
concentrations of coat protein

Each line represents data for assembly reactions with a given S/C molar ratio from 0.14 to
3.5; points are at different initial concentrations of coat protein. The monotonic change in

Kg is consistent with two or more classes of binding sites or negative cooperativity. The
graph includes new data and data from (Parent, Zlotnick, and Teschke, 2006). The Kg values
in this graph were calculated for 300 scaffolding protein sites; the graph was qualitatively
identical for 360 and 420 sites.
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Figure 4. Scaffolding protein stabilizes procapsids

In the absence of scaffolding protein (left half of diagram), an empty coat protein shell is
less stable than a non-icosahedral coat protein polymer. The interaction of scaffolding
protein with coat protein (right half of diagram) stabilizes and leads to formation of PCs.
Experimentally, a PC stripped of scaffolding protein does not redistribute to the polymer
form because of the high activation energy barrier to dissociation (Singh and Zlotnick,
2003). The thermodynamic stability of the empty coat protein shell (dashed line) was
determined by extrapolation of the data in Figure 1 to S = 0. The observation that even a
small amount of scaffolding protein is sufficient to induce PC formation indicates that
scaffolding protein also lowers the kinetic barrier to PC formation. Figure not drawn to
scale.
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Results are from curve fits of Equation 8 to Figure 1 and extrapolation of titrations in Figure 3 to infinite
dilution. The table shows coat-coat protein association energy (AGpc_wiout_s). the effect of scaffolding protein

on the coat-coat protein association (AGpc s), and the dissociation constant of scaffolding protein for PC (1/
Ks). Note that the product of Sy, and AGpc s is constant; the curve fit to Figure 1 is identical for all values

Assembly of PC and the binding of Sto PC

of Spum-
Swum | AGpc wiout s | AGpcs UKg
(kcal/mol) | (kcal/mol) | (uMm)
300 —-6.45 -1.30 0.77£0.70
360 —-6.45 -1.08 1.29 +0.95
420 —-6.45 -0.93 1.88+1.25
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