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ABSTRACT. A wide variety of viruses require the transient presence of scaffolding proteins to direct capsid
assembly. In the case of bacteriophage P22, a model in which the scaffolding protein selectively stabilizes
on-pathway growing intermediates has been proposed. The stoichiometry and thermodynamics of binding
of the bacteriophage P22 scaffolding protein within the procapsid were analyzed by light scattering and
isothermal titration calorimetry. Calorimetric experiments carried out between 10 &@\8&re consistent

with the presence of at least two distinct populations of binding sites, in agreement with kinetic evidence
obtained by a light scattering assay. Binding to the high-affinity sites occurred®&&fih a stoichiometry

of approximately 60 scaffolding molecules per procapsid and an app&sefitapproximately 106300

nM and was almost completely enthalpy-driven. For the second binding population, precise fitting of the
data was impossible due to small heats of binding, but the thermodynamics of binding were clearly distinct
from the high-affinity phase. The heat capacity chary€,j of binding was large for the high-affinity

sites and negative for both sets of sites. Addition of sodium chloride (1 M) greatly reduced the magnitude
of the apparenf\H, in agreement with previous evidence that electrostatic interactions play a major role
in binding. A mutant scaffolding protein that forms covalent dimers (R74C/L1771) bound only to the
high-affinity sites. These data comprise the first quantitative measurements of the energetics of the coat
protein/scaffolding protein interaction.

The Salmonella typhimuriurbacteriophage P22 provides set of binding interactions at each of the seven symmetry-
a useful model system for the assembly of double-strandedrelated positions within the procapsid3-15). The coat
DNA (dsDNA)! phage 1, 2) and viruses, including patho- protein cannot accomplish this efficiently without the as-
genic members of the herpesvirds-8) and adenovirus9) sistance of a scaffolding protein, which serves as an
groups. An understanding of viral assembly pathways may “assembly chaperone” and ensures that the coat proteins are
lead to new approaches to the development of antiviral drugsadded to the growing structure in the proper orientations.
(10). Furthermore, knowledge of the mechanisms of viral The scaffolding protein leaves the procapsid during DNA
self-assembly may provide insights for the development of packaging, probably via holes that have been observed in
other self-assembling systems such as molecular machinesthe procapsid latticel@), after which the procapsid expands

The first step in the assembly of P22 is the polymerization by approximately 10% in radius, closes the holes, and
of 420 molecules of the coat protein into a spheroid shell becomes competent for attachment of the final proteins
(the “procapsid”) withT = 7 icosahedral symmetryl{— involved in assembly of an infectious phadie)
13). Because P22 expresses only a single coat protein gene The P22 scaffolding protein is a 303-residue, highly
product, the geometry of the structure mandates that thisflexible and elongated molecule which appears to consist of
protein adopt a different, quasi-equivalent, conformation or several helical sections separated by turns and random coll

regions (7). Analytical ultracentrifugation has revealed that
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1 Abbreviations: dsDNA, double-stranded DNA; GUHCI, guanidine scaffolding protein participate in assembiy3( 15, 19, 2D

hydrochloride; bis-ANS, 1;1bis(4-anilinonaphthalene-5-sulfonic acid); ; i i
ITC, isothermal titration calorimetry; HEPE®N-(2-hydroxyethyl)- Scaffolding and coat proteins can be purified, and when

piperazineN'-2-ethanesulfonic acid; PIPES, piperazNg¥-bis(2- mixed together in vitro assemble particles that closely
ethanesulfonic acid). resemble procapsids. When the wild-type scaffolding protein
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is supplied in molar excess, approximately 2500 mol- pure, and the R74C/L177I covalent dimeric mutant contained
ecules are found within each procapsid)( the same number  <1% of the reduced monomeric protein. All scaffolding
as are found in vivo4d2, 23. However, when the scaffolding  proteins were stored at20 °C in buffer B or the corre-

to coat protein ratio is reduced to levels where scaffolding sponding HEPES or PIPES buffer. Calorimetric experiments
protein concentration is limiting, procapsids are assembled were performed in these buffers; light scattering experiments
that contain as few as 550 scaffolding molecule22(). were carried out in buffer B.

Parallel experiments using an assembly competent deletion  scaffolding Protein Re-entry Kinetic3caffolding proteins
mutant consisting of residues 14303 demonstrated thata  yere added to a solution of shells (0.40 mg/mL final
similar limiting number of molecules is sufficient for  concentration; 20 nM assuming 420 coat protein subunits
assembly with the truncated scaffolding protein. However, per procapsid) in a cuvette maintained at°Z0 Re-entry

at least twice as many molecules§00) of the 14+303  and binding were monitored by following the increase in
scaffolding protein fragment can bind within the procapsid the apparent absorbance at 250 nm due to light scattering.
when it is supplied in molar exces24). For Figure 1, wild-type or R74C/L177! scaffolding protein

These results suggest that there are at least two distinctwas added to give a final concentration of 670 scaffolding
sets of binding sites for the scaffolding protein. One subset protein subunits per procapsid (expressed in terms of the
is required for assembly, but the other may simply serve to monomer); wild-type was also added to a final concentration
stabilize the structure and/or to prevent host proteins from of 120 subunits per procapsid. Data were collected at 6 s
becoming trapped inside the procapsb)( The former intervals for the first 35 min (0.5 s read-average time),
population appears to have a well-defined number of binding followed by a further 220 min at 45 s intervals (2 s read-
sites that does not depend on the size of the scaffoldingaverage time). For Figure 2, R74C/L1171 was added to the
protein, while the latter population appears to be influenced shells at a final concentration of 490 subunits per procapsid.
by steric factors. After 20 min, an additional 490 subunits per procapsid of

We have used isothermal titration calorimetry (ITC) to R74C/L1771, wild-type, or the assembly active deletion
analyze the binding of the scaffolding protein to procapsid Mutant consisting of residues 14303, or an aliquot of
“shells” from which the scaffolding protein had been buffer, were addgd. Data were co]lectep! at 7.5 sintervals (1
extracted. ITC can give a complete thermodynamic profile S réad-average time) over 150 min. Inithiso values were
of a binding reaction, including values for binding affinity, correcteq for dllutlpn and the addition of scaffolding protein
AH, AS’, andAC,. Processes with multiple sets of binding S described previous|g).
sites can also be analyzed, and the stoichiometries of binding Isothermal Titration CalorimetrySolutions of procapsid
for each population can be determined. The results of theseshells at 0.88 mg/mL (45 nM) were placed into the 1.39 mL
equilibrium experiments were compared to those obtained sample cell of a VP-ITC titration calorimeter (MicroCal, Inc.,
by analysis of the kinetics of binding by light scattering Northampton, MA). Scaffolding proteins were placed into a

measurements. 250uL injection syringe (the actual usable volume of which
is about 29QuL) at 4.0 mg/mL (12QuM). After a delay of
MATERIALS AND METHODS 60 s, a single injection of 1.6L was made (the data from

_ _ _ ) which were discarded), followed at 300 s intervals by 34
Preparation of ProteinsP22 procapsids were obtained as ipjections of 8.5uL each. For experiments conducted with
described previously2(). Briefly, phage containing amber  the R74C/L177! scaffolding mutant, the concentrations of
mutations in DNA packaging genes were used to infect gpe|ls and scaffolding protein were 0.60 and 2.7 mg/mL,

Salmonella typhimuriuntells. After lysis of the bacteria, respectively. For the experiments conducted.iM NaCl,
p_rocapsids were harvested by centrifugation and _purified by the scaffolding protein concentration in the syringe was
size-exclusion chromatography. Empty procapsid “shells” jncreased to 5.6 mg/mL in order to allow complete saturation
were obtained by repgated extraction With 0.5 M GUHCI g pe reached: 47 injections of GuL each were made. The
followed by sedimentation through a solution of 10% (W/W) el contents were stirred at 250 rpm, and the cell temperature
sucrose in buffer B (50 mM Tris-HCI, 25 mM NaCl, 2mM 55 maintained at 2@0.02)°C unless otherwise indicated.
EDTA, pH 7.6). SDS-PAGE indicated that the shells were  £or each experiment, blank runs were also performed in
>98% pure coat protein. Shells were dialyzed into buffer B \yhjch buffer was substituted for the procapsid shells. Data
and stored at 4C. were analyzed by the method of Wiseman et 28) (using

The GuHCI extracts were used to isolate the wild-type version 5.0 of Origin (MicroCal, Inc.). The normalizédd
scaffolding protein by ion-exchange chromatograph8, ( plots for each of the blank titrations were smoothed by fitting
21). The R74C/L1771 mutant scaffolding protein was purified to a second-order exponential decay function, and the
from procapsids using a slightly different procedus)( smoothed blank data sets were then subtracted from the
For most of the calorimetric experiments, the scaffolding scaffolding protein/shell data set&The corrected data were
protein was expressed i coli using a plasmid containing  fit to a model incorporating two independent sets of binding
the genes for the coat, scaffolding, and portal proteins (L. sites to obtain the apparent binding stoichiometrids]
Sampson and S. Casjens, unpublished results), and purifiedvzalues, and association constants for each of the binding
using the same method as for the R74C/L177] mutant. populations. Heat capacity changes were determined by
Scaffolding protein deletion mutants consisting of residues performing experiments at 10, 20, 30, and 3Z and
141-303 and 141292 were expressed from plasmids in calculating the dependence AH values on temperature,
E. coliand purified as described previousB6( 27). SDS— assuming thaAC, is constant within the temperature range
PAGE indicated that all scaffolding proteins wer®9% of the experiments.
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RESULTS 0.35 { Wild-type (excess)
The Kinetics of Scaffolding Protein Binding to Procapsid 030l M

Shells Suggest That at Least Two Binding Populations Exist

When procapsids are treated with low concentrations of 025k /’/

guanidine hydrochloride (GuHCI), the scaffolding and other Covalent dimer (excess)

minor proteins are extracted, leaving “shells” consisting g 020} .

solely of coat protein. Based on electron cryomicroscopic § &

image analysis, removal of the scaffolding protein results IRT-3 S

in, at most, minimal changes in the coat protein lattits) ( S _ o

When purified scaffolding protein is added back to these o010k - Wild-type (imiting)

shells, it re-enters and binds, a process that can be followed oo

by light scattering. Greene and KingQd) observed that, when 0.05 5"""""“ L S e

the scaffolding protein was supplied in molar excess (560
scaffolding subunits per procapsid), the re-entry process
could be approximated by 2 exponentials with relaxation FiGure 1. Kinetics of scaffolding protein binding to empty

times of approximately 1 and 45 min. However, when the procapsid “shells” suggest that multiple binding populations exist

. : : .. and that scaffolding protein dimers can bind to only one set of
scaffolding protein concentration was lowered to where it sites. A solution of procapsid shells was placed into a cuvette

corresponded to 140 subunits per procapsid, the slower phasgnaintained at 20C in a spectrophotometer. Solutions of the wild-
essentially disappeared. Extraction of the scaffolding protein type scaffolding protein or the R74C/L177I covalent dimeric mutant

from procapsids by treatment with bis-ANS also displayed were added, and the_ increase in light scattering due to binding was
two kinetic phases3({). monitored by following the apparent absorbance at 250 nm. The
. . . . . . dead time for mixing was-510 s. Procapsids have a normal com-
Figure 1 illustrates this point. Scaffolding protein re-entry plement of 256-300 scaffolding molecules per shell. The wild-
and binding were followed by recording the increase in the type scaffolding protein was supplied either in molar excess (670
apparent absorbance at 250 nm due to light scattering formolecules per procapsid) or in a substoichiometric amount (120
the following: wild-type scaffolding protein supplied in molecules). The covalent dimeric mutant was supplied in molar
molar excess (670 scaffolding subunits per procapsid), a ©xcess (335 dimers per procapsid).
limiting amount of wild-type scaffolding protein (120

Time (minutes)

subunits per procapsid), and a covalently cross-linked dimeric
mutant scaffolding protein, R74C/L17718), supplied in

2 This smoothing step was necessary due to the low signal-to-noise molar excess (335 covalent dimers per procapsid). The slower
ratio in the data. We tested several exponential and polynomial fittingyphase was nearly absent for the wild-type scaffolding protein

routines and found that a second-order exponential decay consistentl h . . limiti This ph |
gave the most random distribution of residuals (see also footnote 3). WNeN Its concentration was limiting. This phase was also

Attempts were also made to eliminate the large heat signal of the absent for the covalent dimeric mutant, even when it was
dissociation of scaffolding protein oligomers by performing “inverse supplied in excess. However, when wild type was supplied

titrations”: shells were placed in the syringe, and small volumes were : ‘ot st
injected into a solution of scaffolding protein in the cell. However, in excess, two distinct kinetic phases were observed, and

dilution of the shells also had a large heat signal that changed the amplitude of the light scattering change at the end of
exponentially as the titration proceeded (data not shown). Moreover, the experiment was higher than for either of the other two

to cover an appropriate range of scaffolding/shell ratios, very high experiments. This suggests that the faster phase reflects the

concentrations of shells and low concentrations of scaffolding protein . . . S .
were required, resulting in very low signal-to-noise ratios. binding of scaffolding protein dimers, while the slower phase

3 The blank titrations of scaffolding protein into buffer displayed a primarily involves the binding of additional monomers.
significant heat signal, due in part to the dissociation of scaffolding ~ The Caalent Dimeric Mutant Scaffolding Protein Does

protein oligomers upon dilution into the cell (Figure 3A). The intensity Not Participate in the Second Phase of Bindifitre data
of these signals decreased as the degree of dilution decreased in

subsequent injections. Methods have been developed for determiningPr€sented in Figure 1, along With previously Obt?-ined reSl_JltS
the thermodynamic parameters for dissociation of dimeric proteins by (24, 28, 3(), suggest that the wild-type scaffolding protein
ITC (52, 55. However, this could not be successfully applied for the pinds to procapsid shells with at least two kinetic phases.

P22 scaffolding protein due to its complex self-association behavior +, . ‘g .
into dimers and tetramerd®) and the inability to completely populate This suggests that at least two distinct populations of bound

the oligomeric forms at accessible protein concentrations. Based onScaffolding protein exist within the procapsid. The R74C/
the dissociation constants for dimers and tetramers determined byl.177| covalent dimeric mutant, however, did not display the

analytical ultracentrifugation1@), the weight percentage of dimers  g|gwer kinetic phase. This suggests that all of the scaffolding

reaches a maximum of 32% at approximately 4 mg/mL scaffolding . bl f bindi idl b f
protein at 20°C, and then decreases as tetramers begin to predominate PrOt€INS are capable of binding rapidly to one subset o

Even at 50 mg/mL, the weight percentage of tetramers is only about binding sites, but that the covalent dimeric mutant cannot
80%. Graverson et al.5@) encountered similar difficulties when  pind to the second subset.

studying dimeric plasminogen kringle domains by ITC, in that they ;
were unable to fit the dissociations due to strong statistical correlations. To test this, the R74C/L177! mutant was added to a

We have addressed this problem by using two different methods of Solution of procapsid shells and allowed to equilibrate for
correcting for scaffolding protein dilution: a second-order exponential 20 min, at which point the increase in light scattering had
smoothing of the blank titrations (see Materials and Methods) and a ceased. A second aliquot of either the wild-type scaffolding
linear regression of the finak510 points of the blank titrations. Values - . . I .
obtained using both blank-correction methods are listed in Tables 1 PrOtein, a truncated scaffolding protein consisting of residues
and 2. Like Graversorb@), we have use#d andAG® to denote that 141-303 @24, 27), the R74C/L1771 covalent dimeric mutant,
these arepparentassociation constants which may be influenced by or buffer was then added. The light scattering data were

scaffolding protein oligomer dissociation. In Figures3; data corrected  cqpracted for dilution and for the increase in absorbance
by the exponential smoothing method are shown; curves of very similar . . .
shape were obtained in all cases using the other blank-correctionCaused by the second additions of scaffolding protein and

method. are presented in Figure 2. The addition of the second aliquot
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Ficure 2: Covalent dimeric scaffolding protein mutant does not
bind to the set of sites that have slower binding kinetics. The B 1 0
covalent dimeric R74C/L1771 mutant (490 molecules per procapsid,
expressed in terms of monomeric subunits) was added to a solution
of procapsid shells at 20C. After 20 min, an additional 490
subunits per procapsid of R74C/L1771, wild-type, or an assembly
active truncated scaffolding protein consisting of residues—141 -1+
303 were added. For a negative control, buffer was added instead.
The apparent absorbance at 250 nm due to light scattering was used
to follow binding. TheAyso values after the addition of the second
aliquots were adjusted for dilution and for the additional absorbance
of each scaffolding protein that was added.

Time (minutes)

of R74C/L177I resulted in very little increase in light
scattering compared to the addition of buffer. However,
addition of either the wild-type or the 14B03 scaffolding
protein resulted in marked increases in light scattering. When
the order of addition was reversed (i.e., wild-type scaffolding
protein was allowed to bind for 20 min, followed by the 7
addition of a second aliquot of wild-type, R74C/L1771, or |
buffer), the added wild-type protein caused a higher rate of sl . T,

increase in light scattering compared to the addition of buffer, 0 100 200 300 400 500 600

while R74C/L1771 did not (data not ShOWﬂ). These results Scaffo]ding monomers per procapsid

suggest that the wild-type _Scaffoldlng protein or the __141 Ficure 3: Binding of the scaffolding protein within the procapsid
303 deletion mutant can bind to the second population of occyrs with two distinct thermodynamic phases. ITC experiments

sites after the rapidly bound sites are occupied, but the were carried out in three different buffers at 20, pH 7.6, as
covalent dimeric mutant cannot. described in the text; the experiment performed in Tris buffer is

While these findings provide strong evidence for the shown. (A) Raw data for the titration of scaffolding protein into
procapsid shells (lower trace) and scaffolding protein into buffer

existence O_f at least t\_NO separate k_)lndlng populatlo_ns, the(upper trace). (B) Integrated heats for each injection were normal-
amount of light scattering observed is probably not directly jzed, blank-corrected as described in the text, and plotted against
proportional to the number of scaffolding protein molecules the molar ratio of scaffolding protein subunits to procapsid shells
bound within the procapsid. We therefore used ITC to obtain for the scaffolding protein (open circles) and an inactive deletion

more quantitative information about the thermodynamics and Mutant consisting of residues 14292 (filled triangles). Data for
the full-length scaffolding protein were fit to a model that

stoichiometry O_f bi_nding. . i . incorporates two sets of binding site29.
Isothermal Titration Calorimetry Confirms the Existence
of Two Binding PopulationdTC can be used to determine  rocapsid shells at 26C in either PIPES, HEPES, or Tris
the binding affinity, enthalpy changai), and stoichiometry 1 ffer at pH 7.6. For each set of conditions, blank titrations
of a binding interaction. The entropy changeS) and heat  \yere also performed, in which the scaffolding protein was
capacity changeAC,) can then be obtained from this niacted into buffer in order to correct for heats of dilution
information. If multiple binding popul_an(_)ns ex_|st, thls_ can  and of scaffolding protein oligomer dissociatidin each
often be detected by ITC, and the stoichiometries of binding qf these buffers, two distinct thermodynamic phases were
for each population can be determined. , observed (Figure 3).Data were fit to a model that
The binding of scaffolding protein to coat protein mono- ncorporates two separate sets of binding sites. The averages
mers cannot be analyzed directly due to the additional heatys the fitted parameters for experiments carried out in the

signals accompanying the formation of ceabat protein  hree puffers are listed in Table 1. The high-affinity popula-
interactions that occur as the procapsid is assembled.

Therefore, we investigated the binding of scaffolding protein — : — _
to procapsid shells, as this gives insight into the scaffolding/ _“/AS a negative control, an assembly inactive truncated scaffolding

. . o . protein consisting of residues 14292 (24, 27, which is missing part
coat interactions that occur within the procapsid. The o the carboxyl-terminal coat protein binding domain, was also analyzed
scaffolding protein was injected into a stirred solution of by ITC (Figure 3B). No binding was observed.

kcal/mol of injectant
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Table 1: Thermodynamic Parameters for the High-Affinity Binding shows thatAH' clearly becomes more negative as the

Sites of the P22 Scaffolding Protéin temperature is increased, and thMS,' is negative.
stoichiometry 61 (7): 61 (10) Electrostatic Interactions Contribute to Bindinghe coat
Kd (nM) 300 (180); 91 (12) protein binding domain of the scaffolding protein consists
AG? (kcal motl) —8.7(0.3):-9.4 (0.1) of about 30 residues at the extreme carboxyl termi24s (
i;,(kca' mof 9 ~11(2):-65(0.2) 27). The NMR structure of this domain indicates that it
(cal molt K1) —7.2(6.9);+10 (1) . . . .
ACy (cal mott K1) —680 (45):—530 (80) contains two short amphipathiz-helices, connected by a

; , . five-residue loop, that bind to each other through hydropho-
aFor each parameter, the value obtained by using an exponentially , . ~. . o -
smoothed blank correction (see text) is listed first, followed by the b'(? interactions §7). A g_rOUp of _pOSItlver charge_d amino .
value obtained by instead correcting with a linear regression of the acids on one face of this domain appears to be involved in
final 5—10 points of the blank titratioh.Values in parentheses are  binding to the coat proteinsal M NaCl completely inhibits
standard deviations returned by the curve-fitting program and propa- nrocapsid assembly in vitro and partially inhibits binding of

gated as described by Casella and Berg4y. (Values for all parameters . . .
except forAC,’ were obtained at 20C; AC,' values were obtained the scaffolding protein to procapsid sheis). (No further

from data collected at 10, 20, 30, and &7. StoichiometryKd, AG®, increase in inhibition is observed at®® M NaCl.)
AH', AS”, andACy' values were the average of experiments carried  To analyze the effects of high ionic strength on the
out in three different buffers as described in the text. All values are thermodynamics of scaffolding/coat protein binding, ITC

apparentvalues as explained in footnote 3. All experiments were : .
conducted at pH 7.6.Number of scaffolding protein monomers bound experiments were conducted at 20 in HEPES buffer

per procapsid, assuming 420 coat protein subunits per procapsid.contai”irg_ 1 M NaCl. The pres_encef(l M NacCl reduced
¢ Determined from the slopes of the lines in Figure 4E. the magnitude of the exothermic heat signal by close to 10-

fold (data not shown). These data could not be analyzed
accurately due to the very small heat signals. Attempts to
increase the magnitude of the signal were hampered by the
large quantities of scaffolding protein that would be required
(for example, 4650 mg per experiment for a 10-fold
increase in signal). The effects of ionic strength on the

for the low-affinity phase, it is clear that this population had binding thermodynamics will be examined in detail at a later

a positiveAH' value at 20°C and that binding was driven time. Nevertheless, it is clear that. high ionic s_trength
by the favorableAS” term. dramatically affects the thermodynamics of scaffolding/coat

binding, as has been suggested previou2§). (

To determine whether protons are transferred between the . L . . -
: - P Scaffolding Protein Dimers Bind Only to the High-Affinity
buffer and the scaffolding/coat complex during binding, the _. S
" g piex aurng binding Sites.The data shown in Figures 1 and 2 suggest that the

apparenfAH values were obtained in three buffers that have : L9 :

different enthalpies of ionization32, 33. No systematic covalently c_ross-llnked dimeric sc_affoldmg mutant R.74C/

variation of apparem\H with buffer ionization enthalpy was L17f7| car:j t|)ITnc(;j to only one set g&s_lteli.E'll;oEeéxgn#ne th_|s, we

observed (data not shown), although considerable variationpRe;‘g/rIT_]i??I Aexrr)]enme.nt;at 5'” he di _ufer u3|fngh

in appareniAH was observed for the high-affinity population froldi ASS ot\)/vn 'r:j |gure| , the |merf|c form o.the

when the exponential-smoothing method for blank correction scariolding protein ounc to only one set o sﬂgs, with a
stoichiometry of approximately 35 covalent dimers per

Table 1).
We_II_ShUS:d icabe 2 ch for Both Binding Populati procapsid. The data could not be fit to a model that
& neat Lapacity Lhanges for Both Binding Fopulations incorporates two sets of binding sites. This suggests that the

Are Negatie. ITC experiments were carried out at 10, 20, ; - . LRI :
o ; scaffolding protein binds to the high-affinity binding sites
30, and 37°C in HEPES buffer in order to measure the as a dimer and to the low-affinity sites primarily as a

variation of AH" with temperature for each binding popula- monomer

tion. This gives the heat capacity change upon binding at '

constant pressuré\Cp), a parameter that provides informa-  piscussion

tion about the degree of solvent expulsion that accompanies

binding (34—36). For the high-affinity binding sitesAH’ Inhibition of viral assembly, or misdirection of assembly
became more negative as the temperature was raised (Figurato nonviable structures, could provide a novel approach
4, Tables l1and 2), indicating thAIC, is negative. While a  for antiviral drug designX0). Understanding the molecular
AC, value could not be calculated for the low-affinity interactions that occur during assembly is the first step toward
binding sites, comparison of Figure 4A through Figure 4D this end.

tion had a stoichiometry at 20C of approximately 60
scaffolding molecules per procapsid. The low-affinity popu-
lation had much smaller heats of binding, rendering a precise
fit of these data impossiblé@he high-affinity population had

a negativeAH' value at 20°C. Despite the small heat signals

Table 2: Thermodynamic Parameters for the High-Affinity Scaffolding Protein Binding Sites at Various Températures

10°C 20°C 30°C 37°C
stoichiometry 39 (3); 40 (3) 58 (8); 56 (2) 87 (38); 61 (4) 80 (4); 82 (3)

Kq (nM) 30 (38); 57 (56) 490 (510); 80 (45) 480 (6900); 3.5 (2.8) 22 (7); 16 (6)
AG® (kcal mot?) —9.8(0.7);-9.4 (0.6) —8.5(0.6);-9.5 (0.3) —8.8(8.6);—12 (0.5) ~11(0.8);—11 (0.2)
AH' (kcal mot?) —4.5(0.7);-3.5 (0.7) —13(1)—6.2 (0.5) —19 (3);—12 (0.4) —23(0.5);—18 (0.6)
AS” (cal mol L K1) +18 (3);+21 (3) —11 (4);-11 (2) —33(30);—-1.3 (2.1) —39(3);-21(2)

aFor each parameter, the value obtained by using an exponentially smoothed blank correction (see text) is listed first, followed by the value
obtained by instead correcting with a linear regression of the firdlGBpoints of the blank titratiohNonlinear least-squares fits of the data to a
model incorporating two sets of binding sites are shown in Figure@A®* Number of scaffolding protein monomers bound per procapsid, assuming
420 coat protein subunits per procapsid.
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The assembly pathway of the bacteriophage P22 is well adenoviruses. Many of the critical proteins involved in the
understood at the molecular level@j, and has many assembly of P22 have been purified, and assembly can be
similarities to the pathways used by pathogenic herpes- andanalyzed in detail in vitro. P22 thus provides an excellent
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for the direct examination of scaffolding/coat binding
interactions without the complicating factor of the formation
of coat-coat interactions during procapsid assembly.

The kinetic experiments depicted in Figures 1 and 2
strongly suggest that the scaffolding protein binds to at least
two distinct sets of binding sites, and that scaffolding protein
dimers can bind to only one set. ITC experiments supported
these conclusions (Figures-3; Tables 1 and 2). At 20C,
approximately 60 scaffolding protein subunits bound to a
high-affinity set of sites in each procapsid (Table 1). A lower-
affinity set of binding sites was clearly detectable, although
the stoichiometry and other thermodynamic parameters for
binding to these sites could not be accurately determined. A
covalently cross-linked dimeric scaffolding protein appeared
to bind to only the high-affinity sites, with a stoichiometry
of about 35 dimers per procapsid (Figure 5). Because these
dimers can assemble procapsiti8)( and they appear to bind
only to the high-affinity sites, it is likely that this population

0

kcal/mol of injectant

-12 N 1 1 1 P !

0 100 200 300 400 500 600 of binding sites provides the critical binding interactions for
Scaffolding monomers per procapsid the direction of form determination during procapsid as-
sembly.

Ficure 5: Scaffolding protein dimers bind to only one set of P o Affin ; ;
binding sites. Binding of the R74C/L177I covalent dimeric scaf- Binding to the high-affinity sites was accompanied by a

folding protein mutant to procapsid shells was analyzed by ITC at !arge negative appare(C, (Figure 4; Tables 1 and 2). This
20 °C in HEPES buffer. Data were fit to a model incorporating a term primarily reflects changes in the extent of hydration of
single set of binding sites. The data could not be fit to a model the surfaces that become buried upon bindiBg—36).
incorporating two sets of sites. Based on protein folding studies, empirical methods have
. ) been developed for estimatingC, based on the total
model system for studying the processes of viral assembly. 3 mounts of polar and apolar solvent-accessible surface area
In the absence of the scaffolding protein, the P22 coat that become buried as the complex forr88,(40. However,
protein polymerizes only at high concentrations, and the jn some cases these predictions do not accurately predict the
resulting structures display aberrant morphola@§)(Thus,  AC, for protein-ligand binding processes. When this hap-
the scaffolding protein serves to activate and control the pens, the experimentally determined values are usually more
assembly of the coat protein subunits. Biophysical studies negative than the predictions. This is most often observed
have demonstrated that the scaffolding protein has a highlyin cases where water molecules become sequestered within
flexible, extendedx-helical structure 17). A well-ordered the binding interface41—45).
C-terminal helix—loop—helix motif is responSible for blndlng The Comp|ete structure of the Scaffo|ding/00at protein
to the coat protein26, 37. Analytical ultracentrifugation  pinding interface is not known. However, the magnitude of
has demonstrated that scaffolding protein monomers are inthe apparenAC, value reported here is more negative than
equilibrium with dimers and tetramers, and disulfide-cross- would be expected based on binding of the highly charged
linked covalent dimers have been shown to be active in coat protein b|nd|ng domain of the Scaffo|ding protein to
assembly 18). the complementary site on the coat protein [which is likely
The points of contact of the scaffolding and coat proteins to be negatively charge@8, 34, 46]. The complementary
within the procapsid lattice have been determined by electronionic surfaces in the scaffolding and coat proteins would be
cryomicroscopy. Based on these observations, a model forextensively hydrated in solution. While some of these water
how scaffolding protein can direct assembly into the ap- molecules would be displaced as the complex forms, any
propriateT = 7 structure has been proposé#)( According that remain would become more conformationally restricted.
to this model, the key role played by the scaffolding protein Ladbury et al. 47) have suggested that restriction of the
is to direct and stabilize the formation of proper coebat degrees of freedom of water molecules within highly
interactions at certain critical positions in the procapsid.  hydrated specific interfaces could make a substantial negative
Previous studies have suggested that there are two classesontribution to theAC, for formation of the complex. A
of scaffolding binding sites within the procapsid, and that physical explanation for this phenomenon has been proposed
only one class is absolutely required for assem@ly, 30. (48—50).
These studies were performed using kinetic analysis of An alternative explanation involves conformational change
assembly from coat protein monomers or of scaffolding re- upon binding. In the binding of a dimeric transcription factor
entry into procapsid shells, or by limiting the amount of to DNA, Kinne et al. $1) observed a large negativeC,
scaffolding protein available during in vitro assembly and that was accompanied by the formation of additional helical
analyzing the composition of the resulting procapsids. In the structure in the protein. Raman spectroscopy has revealed
present study, further kinetic experiments examined the that binding of the scaffolding protein to the procapsid causes
behavior of a covalently cross-linked dimeric mutant scaf- an increase in the amount a@f-helical structure in the
folding protein. The thermodynamic parameters for binding scaffolding protein 17). This suggests that coupled confor-
of scaffolding protein to procapsid shells were also measuredmational changes in the scaffolding and/or the coat proteins
by titration calorimetry. The use of procapsid shells allowed may accompany binding. These conformational changes
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might also make negative contributions to teC, of high-affinity sites was between 40 and 87 monomeric

scaffolding-coat binding. scaffolding subunits per procapsid, lending support to a
From ITC experiments conducted in three buffers and at model for procapsid assembl§5) in which 30 scaffolding

four temperatures (Figures 3 and 4; Tables 1 and 2), it is dimers provide the critical interactions required for the

clear that at least two populations of binding sites, with quite direction of procapsid assembly.

different thermodynamic parameters, exist within the pro-
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