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Abstract

In nanotechnology, biomolecular assemblies serve not only as model systems for the construction of nanodevices, but they can also be usec
directly as templates for the formation of nanostructures. Biological nano-building blocks can either be isolated as complete functional units
from living cells or viruses (biological “Top down” approach) or formed by biomolecular assembly from recombinant or synthetic components
(“Bottom up” approach). In both cases, rational design of nanostructures requires knowledge of the stoichiometry of the biological structures,
which frequently occur as multimers, i.e., the morphological complex is composed of multiple copies of one or more macromolecules. In this
paper, a method is described for the stoichiometric quantification of molecules in bio-nanostructures. The method is based on using dilution
factors and relative concentrations rather than absolute quantities, which are often difficult to determine, especially in short-lived assembly
intermediates. The approach exploits the fact that the larger the stoichiometry of the component is, the more dramatic is the influence of the
dilution factor (decrease in concentration) on the reaction. We established and used the method to determine the stoichiometry of components
of bacterial virus phi29. The log of dilution factors was plotted against the log of reaction yield. The stoichi@dmetsydetermined with
the equationZ = —1.58 + 2.4193" — 0.00174@2 [T < (0,1000), or/a € (0°, 89.9)], whereT is the slope of the curve (tangent v,
which is the angle between tlxeaxis and the concentration dependent curgedan also be determined from a standard table given in this
report. With the bacteriophage phi29 in vitro assembly system, upxtd & infectious virions per ml can be assembled from 11 purified
components, giving our method a sensitivity of nine orders of magnitude. We confirmed the stoichiometries of phi29 components that were
determined previously with microscopic approaches. The described method also responded to programmed stoichiometry changes, which
were generated by assembling the phi29 DNA packaging motor from modified pRNA (DNA-packaging RNA) molecules forming a trimer of
dimers or a dimer of trimers, instead of the wild-type hexamer.
© 2003 Published by Elsevier B.V.
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1. Introduction biological components is essential. However, direct quanti-
tation in many cases is not straightforward, because the bio-
Viral components hold great potential for nanotechnology logical material in nanoscale is often too soft and too small
because viruses, due to their genome size and life cycle re-for atomic force microscopy, does not give high enough res-
strictions, typically have to assemble functional structures olution in negatively stained preparations, and does not pro-
efficiently from a limited number of components, follow- vide enough contrast in (cryo) electron microscopy due to
ing a comparatively simple construction plaBaginet and the low electron density, especially for nucleic acids.
King, 1985; Black, 1989; D'Halluin et al., 1978; Guo, 1994 Approaches in nanotechnology are often distinguished
Consequently, viral structures are typically formed by mul- between “Top down” and “Bottom up” approach&a{zani
timers of gene products. In order to apply such viral struc- et al., 2002; Niemeyer, 2002; Seeman and Belcher, 2002
tures in nanotechnology, knowledge of the stoichiometry of However, in virology, functional nanostructures have been
studied both by “Bottom up” and “Top down” approaches for
mspondmg author. Tels1-765-494-7561: decadesliarnshavy and Casjens, 1980; Kaiser et al., 1975;
fax: +1-765-496-1795. Kerr and Sadowski, 1974; Murialdo and Becker, 1977; Pruss
E-mail address: guop@purdue.edu (P. Guo). et al., 197%. The “Top down” approaches include structural
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studies on viral components or the dissection of the com-

plete viral particles into subunits or single molecules, using
various methods of molecular biologidncroft et al., 1967;

Edvardsson et al.,
Casjens, 1974; Leibowitz and Horwitz, 1975; Murialdo and
Becker, 197). The bottom up approaches exploit the effi-
ciency of viral assembly. Not only viral components, but also
complete infectious virions can be assembled in vitro from
single molecules or synthetic materialgegcker et al., 1977;

Guo et al., 1986; Hohn, 1975; Israel et al., 1967; Kaiser
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the affinity of a ligand for a receptor, but also to estimate
the number of ligand molecules that are needed for recep-
tor binding in order to execute appropriate functions. The

1976; Hsiao and Black, 1977; King and number of ligands can only be estimated by the Hill co-

efficient under conditions where extreme positive coopera-
tiveness occurs. That is, the binding of the second molecule
is dependent on the first one. For this reason, the Hill co-
efficient is only an indication of the interaction coefficient
reflecting cooperativeness rather than a reliable method for
stoichiometry determinatiorMonod et al., 196p In addi-

and Masuda, 1973; Kerr and Sadowski, 1974; Lee and Guo,tion, in a simple sequential or an independent binding reac-

1995a; Miyazaki et al., 1978; Pruss et al.,
and Joklik, 1969; Wilhelm and Ginsberg, 197Zhe com-
pletely defined in vitro assembly of RNA viruses was first
demonstrated with tobacco mosaic virdgdenkel-Conrat
and Williams, 1955 For DNA viruses, in vitro assembly

1975; Skehel tion with up to ten binding sites for neutral cooperativeness,

the Hill coefficient is always less than tw@/giss, 199Y. To

this end, it would be desirable to have a more reliable and
simple method to determine the stoichiometry of structural
components or enzymes that actively participate in interme-

with the exclusive use of purified recombinant proteins and diate reactions.

synthetic nucleic acid was first demonstrated for bacterio-

phage phi29l(ee and Guo, 1995aThe contributions of
virology to nanotechnology include the use of complete
virions as well as the modification of self-assembling viral
components Garbone and Seeman, 2002; Dujardin et al.,
2003; Hyman et al., 2002; Lee et al., 2002; Moll et al.,
2002; Shu and Guo, 20Dp3Both in “Top down” and “Bot-

tom up” approaches, a stoichiometry determination of the

components in the nanostructure is critical. This study
aims to derive a simple technique for the quantification of

nano-assemblages, using bacterial virus phi29 as a model.

Many biological processes involving complex systems
utilize multiple components in multi-step reactions. Quan-

Recently, binomial distribution has been used to deter-
mine the stoichiometry of the components in phi29 assem-
bly (Chen et al., 1997Lee and Guo, 1994, 1995arottier
and Guo, 199y Determination of the RNA stoichiometry
by aforementioned methods has led to the discovery of a
novel mechanism in viral DNA packagin&(o et al., 1998;
Hendrix, 1998; Zhang et al., 1988t has been found that
six packaging RNAs (pRNA) interact hand-in-hand via two
loops to form a hexagonal complex to gear the DNA translo-
cation machine, thus predicting that viral genomic DNA
packaging (encapsidation) is accomplished by a mechanism
similar to the driving of a bolt by a hex nuCpen and
Guo, 1997b; Guo et al., 1998; Hendrix, 1998; Zhang et al.,

titative analysis of these systems has been complicated duel998.

to the shortage of plausible methods to study them. For

instance, in rapid reactions, it is very difficult to isolate and

characterize the intermediates or to elucidate intermedi-

The stoichiometry study takes advantage of a highly sen-
sitive in vitro phage phi29 assembly and assay system re-
cently developed in this lall_ée and Guo, 1994,19953,b

ate states of the reaction, especially in complex biological With this system, 1®infectious virions per milliliter can be

systems.

assembled from eleven purified components in vitro without

A variety of biological systems and molecular processes any background. Eliminating only one of the 11 components

have been analyzed by mathematical meth8gsKer et al.,
1977; Cohen et al., 1986; Israel et al.,
Prevelige, 1991; Waterman et al., 1987; White et al., 1988
One method used widely to analyze binding equilibrium
in ligand—receptor interaction is the application of the Hill
equation, which was originally applied by A.V. Hill in 1910

to determine the binding of oxygen to hemoglobHill,

results in no plague formation. The assembly process can be

1967; Thomas andsummarized into the following steps in vitr&if. 1)—the

isolation of pre-formed procapsids, the binding of six pPRNAs
to each procapsid, the packaging of genomic DNA with the
aid of pRNAs and gp16 fueled by ATP hydrolysis, and the
addition of the tail protein gp9 followed by lower collar pro-

tein gpl1 and anti-receptor gp12. Up to 90% of the added

1910. This equation provides a method not only to measure phi29 DNA can be packaged into the pre-formed procapsids

gp9 gpll gpl2

Procapsid ~ gpl6
with pRNA
PRNA \\ ATP  ADP+Pj
Procapsid PRNA =k /

DNA-gp3

—gp8.5
gp8
gplO gpl2
gpll

Infective Virion

DNA- Fllled
Capsid

Fig. 1. Assembly pathway of bacterial virus phi29 in vitro.
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composed of 180 copies of scaffolding protein gzu¢ gpl2, and morphogenetic factor gp12€ and Guo, 1995a
et al., 199), 235 copies of capsid protein gp8 and 12 copies have been described previously.
of connector protein gpl0Guasch et al., 2002; Simpson
et al., 2000. The DNA-filled procapsids can be converted 2.3. Isolation of RNA dimers and trimers from native
into infectious virions up to ®per milliliter in vitro, with polyacrylamide gels
the addition of the nine copies of tail protein gp9, twelve
copies of lower collar protein gpl1, and twelve copies of  Eight percent native polyacrylamide ge@hen and Guo,
appendage anti-receptor, which is composed of two subunits19973 were prepared in TBM buffer (89 mM Tris, 200 mM
of gpl2. Replacing any one of active components with an boric acid, 5mM MgC}, pH 7.6). About 0.5ug of total
inactive component results in zero plaque formations. With pRNA in TBM was loaded in each lane. Equal amounts of
an eighth-order sensitivity, this system provides a conve- each of the two types (for example, pRNA Adnd I-&)
nient assay for the deduction of a formula for stoichiometry or three (for example, Alb B-¢ and C-4), respectively,
determination. of pRNA were used for the production and purification of
Now that the pilot experiments have documented the pRNA dimers and trimers. Tritiated pRNA A-vas incor-
feasibility of using this approach to determine the stoi- porated into dimers or trimers and subjected to electrophore-
chiometry of phi29 components, it is time to address the sis in 8% native PAGE made in TBM. The pRNA dimer
general application and to deduce a general formula andand trimer bands were excised from the gels and eluted us-
table of standard curves for the application of other biolog- ing elution buffer (0.5M NHOAC, 0.1 mM EDTA, 0.1%
ical systems. The in vitro phi29 assembly system involves SDS, 5mM MgC}) at 37°C overnight. The eluted com-
11 components, including protein or protein oligomers, en- plexes were then kept in TBM buffer aP& for further use
zymes, RNA, genomic DNA and ATP. The copy number or frozen at—20°C.
for each of the 11 components required for the assembly
of one virion varies from one (the genome or procap- 2.4. Separation of pRNA complexes by sucrose gradient
sid) to 9000 (ATP). The stoichiometry of most structural sedimentation
components, including genomic DNA, procapsid, pRNA,
gp9, gpll and gpl2Quo et al.,, 1987,1998in assem- Linear 5—-20% sucrose gradients were prepared in TBM
bly has been explicitly determinedPéterson et al., 2001; buffer. The pRNA mixtures containing multimers were
Trottier and Guo, 1997 These components serve as stan- loaded onto the top of the gradient. To separate dimers from
dard controls for establishing the constants in the formula trimers, samples were spun at 45,000 rpm for 13 h°& #
deduced. a SW55 rotor. To separate dimers from monomers, samples
were spun at 50,000 rpm for 14.5 h &t@in a SW55 rotor.
After sedimentation, fractions were collected at 15 drops
2. Experimental procedures each and subjected to scintillation countinfghén et al.,
2000.
2.1. Synthesis of pRNAs
2.5. In vitro production of the infectious phi29 virion
RNAs were prepared as described previousthang
et al., 1994. Briefly, DNA oligos were synthesized with In vitro assembly was undertaken with decreasing con-
the desired sequences and used to produce double-strandeckntrations, via a two-fold serial dilution of the component
DNA by PCR. The DNA products containing the T7 pro- to be tested. In each dilution study, only the component
moter were cloned into plasmids. RNA was synthesized to be tested was changed and kept limited while all other
with T7 RNA polymerase by run-off transcription and pu- assembly components were in excess. The procedures for
rified from a polyacrylamide gel. All mutant RNAs made the assembly of the infectious phi29 virion in vitrbeg
by in vitro transcription were purified by excision from and Guo, 1995ahave been described previously. Briefly,
8M urea denaturing gels and quantified by both compar- 1 pnl pRNA in RNase free HO was mixed with 1Gul of
ison with standard RNA in gels and UV absorbance with purified procapsids (0.4 mg/ml) and then dialyzed on a
one ODygp equal to 4Qug/ml of pRNA. The sequences of 0.025um type VS filter membrane (Millipore) againstx
both plasmids and PCR products were confirmed by DNA TBE (2 mM EDTA, 89 mM Tris borate, pH 8.0) for 15 min

sequencing. at room temperature. The mixture was subsequently trans-
ferred for another dialysis against TMS (100 mM NacCl,

2.2. Preparation of other components needed for the 10 mM MgCh, 50 mM tris/pH 7.8) for an additional 30 min.

assembly of the infectious phi29 virion in vitro The pRNA-enriched procapsids were then mixed with gp16,

DNA—gp3, and ATP (1.4 mM final concentration) to com-

The purification of procapsids, the DNA-packaging pro- plete the DNA packaging reaction. After 30 min room tem-
tein gp16, DNA—gp3 Guo et al., 198p the preparation of  perature incubation, gp9, gp11, gp12, and gp13 were added
the tail protein gp9, lower collar proteins gp11, anti-receptor to the DNA packaging reactions to complete the assembly of
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Table 1

Experimental data for stoichiometry and slopes

Components for phi29 Function Total subunits/ Stoichiometry Z of curve Slopes (tan) Slopes (tan)
virion assembly virion (degrees) empirical theoretical
DNA-gp3 Genome complex 1 1 45 4 1 1
Procapsid Hold DNA 1 1 47+ 3 1.07 1

PRNA trimer DNA-packaging 6 2 56+ 2 1.48 1.48
pRNA dimer DNA-packaging 6 3 64t 5 2.05 2.05
PRNA monomer DNA-packaging 6 6 72+ 3 3.08 3.14

Gp9 Tail knob protein 10 9 TH 2 4.33 4.33
Gpll Lower collar 12 12 79t 1 5.14 5.67
Gpl2 Anti-receptor 24 12 8Gt 2 5.67 5.67

infectious virions, which were assayed by standard plaque for phi29 assemblyTable 1 (Chen et al., 1997Lee and

formation. Guo, 1994,1995arrottier and Guo, 1997 The log/log plot
method only deals with the functional unit (oligo or com-

2.6. Deduction of a formula for stoichiometry plex), not the copy number of the subunits, as described

determination herein. The procapsid, despite containing the 180 copies of

scaffolding protein gp7, the 235 copies of capsid protein
Each component of the phi29 in vitro viral assembly sys- gp8, and 12 copies of the portal protein gpl0, is a com-
tem was assayed by serial dilution while keeping all other plex that is regarded as one component. The DNA—gp3 is
components optimal or in excess. The relative concentra-also considered as one component since the DNA and ter-
tion (x-axis, from low to high) was plotted against the yield minal protein gp3 are covalently linked. The log/log plot
(y-axis) of phi29 virions assembled (PFU/mI). The log scale has revealed that the slope of the log/log concentration de-
was used for both the concentration and the yield, with the pendent curve for procapsid is one; therefore, one copy of
unit length of the log scale of-axis equal to that of-axis procapsid is needed for the assembly of one viriGhdgn
(Chen et al., 1997; Guo, 2002a; Trottier and Guo, 3997 et al., 1997 Lee and Guo, 1994,1995arottier and Guo,
The angle between theaxis and the concentration depen- 1997. The genomic DNA—gp3 acts in the same way. The
dent curve was measured. A value of tangent (slope tan) forstoichiometry for gpll and gpl2 have been determined to
the angle was determined. Slopes of such connection depenbe six, 12 and 12, respectively, using the methods of log/log
dent curves for procapsid, DNA—gp3, pRNA trimer, dimer, Slope AssayChen et al., 1997 binomial distribution Chen
and monomer, as well as gp9, gpl1, and gpl2 were obtaineckt al., 1997; Trottier and Guo, 199 €ommon multiples of
(Table 3. The slopes (tan) of all curves were plotted against two and three Guo et al., 1998; Guo, 2002bmigration
their stoichiometry. A computer program, Cricket Graph, rates in gelPeterson et al., 209,Jand EM @nderson et al.,
was used to find a best-fit curve and to deduce the formula1969.
for stoichiometry determination. In 1998, two labs independently demonstrated that pRNA
formshexamers as part of the phi29 motouo et al., 1998;
Zhang et al., 1998(see also minireview irCell (Hendrix,
3. Results 1998). Later, Carrascosa’s group noticed a pRNA hexamer
by cryo-EM (barra et al.,, 2000 In contrast, the same
The nomenclature of pRNA used in previous publica- cryo-EM approach by Michael Rossmann and coworkers
tions will be used in this report. To simplify the descrip- reported a pRNA pentameMprais et al., 2001; Simpson
tion of these mutants, uppercase and lowercase letters aret al., 2000. One explanation by the latter group was that
used to represent the right and left-hand loop sequencespRNA hexamers are formed initially, but after binding, one
of the pRNA, respectivelyHig. 3). The same letter in up-  of the pRNAs dissociates from the procapsids, leaving five
per and lower cases symbolizes a pair of complementary pRNAs still bound. The contradictory results by these two
sequences. For example, in pRNA A-the right loop A groups with similar cryo-EM approach is possibly due to the
(5'GGACy8) and the left loop a(3'CCUGgy) are comple- difficulty in resolving EM image because of the low electron
mentary, while in pRNA A-h the four bases of the right loop  density of RNA, as well as the interference of the five-fold
A are not complementary to the sequence of the left Idop b symmetrical procapsid shell around the pRNA complex.

(3UGCGgy). The pentamer speculation is also contrary to the finding
by genetics and biochemical approaches. These approaches
3.1. Stoichiometry of phi29 in in vitro assembly system revealed that (1) the stoichiometry of pRNA is the least

common multiple of two and thre&gio et al., 1998 that is,
The highly sensitive in vitro phi29 assembly system has six; (2) a clear demonstration that pRNA binds to the doda-
been used to determine stoichiometry of components neededcamer connector, not the procapsibfver and Guo, 1997
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as proposed by Rossmann’s group; (3) dimers are the bind-for trimer-RNA is two Chen et al., 1999; Guo et al., 1998

ing unit and the building blocks of hexameiGhen et al.,
2000; Guo et al., 1998; Zhang et al., 1998} mixing six
different inactive pRNA monomers that have been engi-

It was found that gp12 formed a dimer before being pack-
aged into a phi29 assembly intermedia#lanueva et al.,
1981; Villanueva and Salas, 198and each dimeric gp12 is

neered to form a hexameric ring generates a high level of regarded as one component. Therefore, the stoichiometry of

activity (Guo et al., 1998 As demonstrated here, purified
pRNA trimers have the highest specific activifyid. 5). It
was found that the explanation by the latter group, that for-
mation of petamer is a result of dissociation of one pRNA

gpl2is 12, instead of 24, disregarding the fact that there are
24 copies of gp12 in each phi29 virion. Purified tail protein
gp9, expressed iescherichia coli, has been shown to be
active in in vitro phi29 assembly. The absolute copy number

subunit from the hexamer could not be sustained by the dataof gp9 in one virion has been reported to be niRetérson

revealing that covalently linked pRNA dimers are active in
DNA packaging Chen et al., 2000

Although it has been found that six pRNAs form a hex-
amer as a vital part of the DNA translocating moteigy; 3),
the hexamer can be assembled in vitro from individual pRNA
molecules, or complexefig. 4) (Guo et al., 1998; Hoeprich
and Guo, 2002; Zhang et al., 199%f the hexamer is as-
sembled from one A‘aor B-b monomer or six monomer
A-b’, B-¢. C-d, D-€, E-f', F-d (Fig. 4A) (Guo et al., 1998

et al., 200}

3.2. Determination of slopes of log/log plot curves for
concentration versus yield

The basis for the design of this method is that the slope
of the curve in the log/log plot of the concentration versus
the product for each component is the intrinsic parameter re-
flecting the stoichiometry of the component, since the larger

the monomer is regarded as one component and the stoithe stoichiometry of the component, the more dramatic the

chiometry of pPRNA monomer is sixdhen et al., 1999 If

influence of the component concentration (dilution factor)

the hexamer is assembled from purified dimer composed of on the reaction. In the plot curw-axis is the log of the yield

(I-a)/(A-i") (Figs. 2 and 4B the dimer is regarded as one
component, and the stoichiometry for dimer RNA is three
(Chenetal., 2000; Guo et al., 1998 the hexamer is assem-
bled from purified (A-t)/(B-c)/(C-d) trimer (Fig. 40, the

of the reaction, and-axis is the log of the step-up concen-
tration, or the log of the inverse of the dilution factor start-
ing with high dilution. The larger the stoichiometry of one
component is, the larger the slope of the log/log-plot-curve

trimer is regarded as one component and the stoichiometryfor this component will be. The slope is defined as the tan-

Trimer
—

Dimer

Monomer

(A)

2
o 14
‘C_’ =
=
E
5
@
=
&
=
2
2
0 L 1 1 1 1 1 1 l
5 7 9 1 13
(B) Fractions

Fig. 2. Purification and identification of monomer, dimer and trimer of
pRNA. (A) By native polyacrylyminde gel. (B) Elucidation of correlation
between the molecular weight of the oligomers and the migration distance
in sucrose gradient to confirm the size of pRNA in panels A and B. A

gent of the angle between the curve and xkexis. When
plotting the curve for measuring the slope, the unit length
for the x-axis (log of concentration) must be the same as
that in they-axis (log of yield).

In vitro assembly was performed with decreasing con-
centrations via two-fold serial dilution of the component to
be tested. In each dilution study, only the component to be
tested was changed and kept limited while all other assembly
components were in excess. We have shown that all of these
components, including procapsid, DNA-gp3, pRNA, gp16,
op9, gpll, gpl2, and gpl3 can be used to assemble infec-
tious virions in vitro without involvement of the phi29 host
cell (Lee and Guo, 1993%aThe log of the yield, measured
as plaque-forming unit per milliliter (PFU/ml), was plotted
against the log of the concentration of each component.

3.3. Descending of trimeric, dimeric and monomeric
pRNA slopes of log/log plot curves

There are two loops, the left and right hand loo@ién
et al.,, 1999, in the predicted secondary structure of the
PRNA (Fig. 3). Sequences of these two loops (bases 45-48 of
right hand loop and bases 85-82 of left-hand loop) are com-
plementary. However, extensive studi€hén et al., 1997,
1999, 2000 Garver and Guo, 2000; Trottier et al., 2000
Chen and Guo, 19973,Ehang et al., 1998have revealed
that these two sequences interact intermolecularly, allowing

smooth line is observed, which agrees with the typical distance versus the formation of pRNA oligomers. Several pRNAs with mu-

log molecular weight plot.

tated left and right hand loop sequences were constructed.
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Fig. 3. Secondary structure of pRNA on phi29 bacteriophage. (A) Secondary structure of wild-type pRNATHebbinding domain (shaded area)

and the DNA translocation domain are marked with bold lines. The four bases in the right and left loops, which are responsible for inter-RNA
interactions, are boxed. (B) A 3D model of the viral packaging motor. (C) Diagrams depicting the formation of pRNA hexamer ring and its location
in the phi29 DNA packaging machine. Hexamer formation is via right-and-left-loop sequence interactions of pRN&éd\B-a (Hoeprich and Guo,

2002.

3.3.1. Stoichiometry of pRNA monomer; a set of six multiple of two (Fig. 4). When I-& and &-1 were mixed, a

inter-locking pRNAs (Guo et al., 1998) dimer was produced and purified from gElid. 2A). Three
DNA packaging activity is achieved by mixing six mu- dimers will form a hexamer, thus, the stoichiometry for

tant pPRNA monomers A‘pB-c'. C-d, D-€, E-f, and F-a a dimer is three. The angle between thaxis and RNA

(Fig. 4A). Six monomers will form a hexamer, thus the sto- dimer dilution curve is 64+ 5° (Table 1, Fig. 5).

ichiometry for a monomer is six. The angle between the

x-axis and RNA monomer dilution curve is723° (Table 1 3.3.3. Soichiometry of pRNA trimer; a set of three

Fig. 5. interlocking pRNAs (Guo et al., 1998)

Three pRNAs, A-f b-d, and C-4 can form a trimer
3.3.2. Soichiometry of pRNA dimer; a set of two (Figs. 2 and 4@ When tested alone, each individual pRNA
interlocking pRNAs (Guo et al., 1998) shows little or no activity fig. 4. When any two of the

Mixing of two mutant pRNAs with trans-complementary three mutants are mixed, again little or no activity is de-
loops restored DNA packaging activity. For example, tected. However, when all three pRNAs are mixed ina 1:1:1
pRNAs I|-d and A-I were inactive in DNA packaging ratio, DNA packaging activity is fully restored. The lack of
alone, but when mixed together restored DNA packaging activity of two mutant pRNAs in mixture and the restoration
activity (Fig. 4B). This result can be explained by the of activity with mixing of three mutant pRNAs are expected
trans-complementarily of pRNA loops, i.e. the right hand since the mutations in each RNA are engineered in such a
loop | of pRNA I-d could pair with the left hand loog of way that only the presence of all three RNAs will produce
pRNA A-i’. Since mixing two inactive pRNAs with inter- a closed ring. The fact that the three inactive pRNAs are
locking loops, such as when pRNA 1-and A-i are mixed fully active when mixed together suggests that the number
in a 1:1 molar ratio, resulted in production of infectious of pRNAs in the DNA packaging complex is a multiple of
virions, the stoichiometry of the pRNA is predicted to be a three. When A-h B-c, and C-awere mixed, pRNA trimers
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Inactive B Inactive ---#-- pRNA (6 copies)
, —2— gpl1 (12 copies)
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(A-b")+(B-c")
(C-a') 3 +(C-a)
unpaired loop™ ¥ compensatory
Inactive I.rlm-cr 1
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Fig. 4. Interlocking pRNAs of loop-loop interaction in monomer (A),

dimer (B) and trimer (C). I{iin B represents the wild type pRNA loops. 01

were producedRig. 2). Two purified trimers will form a 001

hexamer, thus the stoichiometry for a trimer is two. The
angle between thg-axis and RNA trimer dilution curve is
56° + 2° (Table 1 Fig. 5). 0001
In summary, one pRNA building block, not the hexamer,
is regarded as one functional unit. Since six monomeric
pPRNA is needed to build a hexamer, the stoichiometry for
momomer pRNA is sixKig. 4A). Since three pRNA dimers
are needed to build a hexamer, the stoichiometry for pRNA
dimer is threefig. 4B). Since two trimeric pRNA is needed
to build a hexamer, the stoichiometry for pRNA trimer is .000001 t—vr=rvrrmy PR —r—r—rr
two (Fig. 40. As shown inFig. 5 the slopes of log/log .01 -1 i 10 100
plot curves for trimeric, dimeric and monomeric pRNA de- Relative concentration
scend with the stoichiometry, suggesting that slopes and sto-rig. 6. Log/log plot of concentration vs. the yield of virus production for
ichiometry are correlated. DNA—gp3, pRNA monomer, gpll and gpl2.

Normalized yield(percentage of PFU/mL)

.00001
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3.3.4. Sope descending for gpl2/gpll (stoichiometry 10
of 12), monomer pRNA (stoichiometry of six) and DNA 3
genome (stoichiometry of one)

The stoichiometry of the appendage gpl12 and the lower
collar gp1l has been determined to be B2térson et al.,
2001). As noted earlier, the stoichiometry of monomer
pRNA and genomic DNA—gp3 is six and one, respectively.
As shown inFig. 6, the slopes of log/log plot curves for
gpl2/gpll, monomer pRNA and genomic DNA—gp3 de-

] —a— procapcid(1 copy)
1 1 —e— gp9( 9 copies)

R

01
scends with the stoichiometry, again suggesting that slopes 3
and stoichiometry are correlated. The angle between the ]
x-axis and DNA-gp3, gpll or gpl2 dilution curve is .001 4
45°+4°, 79 +1°, and 80£2°, respectively(able 1 Fig. 6).
3.3.5. The dope of log/log plot curve for procapsid .0001 4

Normalized yield(percentage of PFU/mL)

(stoichiometry of one) is smaller than the slope for the tail
protein gp9 (stoichiometry of nine)

The stoichiometry of the tail protein gp9 has been de- 00001 1
termined to be nineReterson et al., 20Q,land the stoi- 3
chiometry of procapsid is one. The angle betweerxthgis
and prohead dilution curve is 4% 3°, while the angle be-
tween thex-axis and gp9 dilution curve is 7& 2° (Fig. 7,
Table J). The slopes of log/log plot curves for procapsid is

smaller than the slope for gp9, suggesting that slopes andrig. 7. Log/log plot of concentration vs. the yield of virus production for
stoichiometry are correlatedrig. 7). procapsid and gp9.

UL A E—
01 1 1 10 100

Relative concentration(dilution)

3.4. Deduction of equation for stoichiometry
determination that are needed for the in vitro phi29 assembly was as-
sayed to determine their concentration dependent curves.
The components, including procapsid, DNA—gp3, pPRNA Each component was assayed by serial dilution while keep-
trimer, dimer and monomer as well as gp9, gpl1 and gp12ing all other components optimal or excess. The log of the

14

Z =-1.581 + 2.4193T - 0.001746T"*

12
R X 0.998
10 A

o0
1

Stoichiometry (Z)

Best-fit

e Y Stoichiometry

0 v L] . T h T r T
0 1 2 3 4 5 6
Slopes (tan)

Fig. 8. Plotting of stoichiometry against slopes of dose-response log/log plot curves of components in phi29 assembly in vitro. The equations were
derived from the best-fit curve with &R of 0.998.
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Table 2

Theoretical conversion table from stoichiometry to slopes

Stoichiometry Sopes (tan) Stoichiometry Sopes (tan) Stoichiometry Sopes (tan)
1 1 9 4.33 17 7.72

2 1.48 10 4.80 18 8.14

3 2.05 11 522 19 8.56

4 231 12 5.67 20 8.98

5 273 13 6.05 21 9.40

6 314 14 6.47 22 9.82

7 3.56 15 6.89 23 10.24

8 397 16 7.31 24 10.66
Table 3

Stoichiometry prediction from slopes

Degrees Slopes Stoichio Degrees Slopes Stoichio Degrees Slopes Stoichio
45.0 1.0 0.8 80.5 6.0 12.9 84.8 11.0 24.8
47.7 11 11 80.7 6.1 131 84.9 111 25.1
50.2 1.2 1.3 80.8 6.2 134 84.9 11.2 253
52.4 13 16 81.0 6.3 13.6 84.9 11.3 255
545 14 1.8 81.1 6.4 13.8 85.0 11.4 25.8
56.3 15 2.0 81.3 6.5 14.1 85.0 11.5 26.0
58.0 1.6 2.3 814 6.6 14.3 85.1 11.6 26.2
59.5 1.7 25 81.5 6.7 145 85.1 11.7 26.5
60.9 1.8 2.8 81.6 6.8 14.8 85.2 11.8 26.7
62.2 1.9 3.0 81.8 6.9 15.0 85.2 11.9 27.0
63.4 2.0 33 81.9 7.0 15.3 85.2 12.0 27.2
64.5 21 35 82.0 7.1 155 85.3 121 27.4
65.6 2.2 3.7 82.1 7.2 15.7 85.3 12.2 27.7
66.5 2.3 4.0 82.2 7.3 16.0 85.4 12.3 27.9
67.4 2.4 4.2 82.3 7.4 16.2 85.4 12.4 28.1
68.2 25 45 82.4 7.5 16.5 85.4 125 28.4
69.0 2.6 4.7 82.5 7.6 16.7 85.5 12.6 28.6
69.7 2.7 4.9 82.6 7.7 16.9 85.5 12.7 28.9
70.3 2.8 5.2 82.7 7.8 17.2 85.5 12.8 29.1
71.0 2.9 5.4 82.8 7.9 17.4 85.6 12.9 29.3
71.6 3.0 5.7 82.9 8.0 17.7 85.6 13.0 29.6
72.1 3.1 5.9 83.0 8.1 17.9 85.6 131 29.8
72.6 3.2 6.1 83.0 8.2 18.1 85.7 13.2 30.0
73.1 3.3 6.4 83.1 8.3 18.4 85.7 13.3 30.3
73.6 3.4 6.6 83.2 8.4 18.6 85.7 13.4 30.5
74.1 35 6.9 83.3 8.5 18.9 85.8 135 30.8
74.5 3.6 7.1 83.4 8.6 19.1 85.8 13.6 31.0
74.9 3.7 7.3 83.4 8.7 19.3 85.8 13.7 31.2
75.3 3.8 7.6 83.5 8.8 19.6 85.9 13.8 315
75.6 3.9 7.8 83.6 8.9 19.8 85.9 13.9 31.7
76.0 4.0 8.1 83.7 9.0 20.1 85.9 14.0 31.9
76.3 4.1 8.3 83.7 9.1 20.3 85.9 141 32.2
76.6 4.2 8.5 83.8 9.2 20.5 86.0 14.2 324
76.9 4.3 8.8 83.9 9.3 20.8 86.0 14.3 32.7
77.2 4.4 9.0 83.9 9.4 21.0 86.0 14.4 32.9
775 45 9.3 84.0 9.5 21.2 86.1 145 33.1
7.7 4.6 9.5 84.1 9.6 215 86.1 14.6 334
78.0 4.7 9.8 84.1 9.7 21.7 86.1 147 33.6
78.2 4.8 10.0 84.2 9.8 22.0 86.1 14.8 33.8
78.5 4.9 10.2 84.2 9.9 22.2 86.2 14.9 34.1
78.7 5.0 105 84.3 10.0 22.4 86.2 15.0 34.3
78.9 5.1 10.7 84.3 10.1 22.7 86.2 15.1 34.6
79.1 5.2 11.0 84.4 10.2 22.9 86.2 15.2 34.8
79.3 5.3 11.2 84.5 10.3 23.2 86.3 15.3 35.0
79.5 5.4 11.4 84.5 10.4 23.4 86.3 15.4 35.3
79.7 55 11.7 84.6 10.5 23.6 86.3 15.5 355
79.9 5.6 11.9 84.6 10.6 23.9 86.3 15.6 35.7
80.0 5.7 12.2 84.7 10.7 24.1 86.4 15.7 36.0
80.2 5.8 12.4 84.7 10.8 243 86.4 15.8 36.2

80.4 5.9 12.6 84.8 10.9 24.6 86.4 15.9 36.4
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concentrationx-axis, from low to high) was plotted versus
the log of the yield y-axis, PFU/mI). The unit length of the
log scale ofx-axis andy-axis were equal in the plot to deter-
mine the angle between tleaxis and the concentration de-
pend curveigs. 5-7. The value of tangent (slope, tan) for
the angle of the procapsid, DNA—gp3, pRNA trimer, dimer,

D. Shu et al./Journal of Virological Methods 115 (2004) 19-30

DNA-packaging enzyme of phi29, is such a re-usable com-
ponent. The determination of stoichiometry of gp16 proved
to be difficult, that is why the stoichiometry quantification
of gp16 is excluded from this report.

and monomer, as well as gp9, gp11 and gpl2 were obtainedAcknowledgements

(Table ). The slopes (tan) of all curves were plotted against
their stoichiometry. A computer program Cricket Graph was

We would like to thank, Jane Kovach, Songchuan Guo

used to find a best-fit curve and to deduce the formula for and Sonia Soto for assistance in the preparation of the ma-

stoichiometry determination.
Four formulas were tested for their suitability in stoi-

chiometry determination for the third step. These formulas

include Polynomial £ = m + k1T + koT? + ---), Loga-
rithmic [Z = (m + k x log(T)], Exponential £ = mnKT)
and a simple equatiorZ(= m + KT), whereZ is the stoi-
chiometry, T is the slope that is equal to tatw (« is the
angle between the curve and tkexis), andk and m are

constants that were determined empirically. With the exper-

imental data inTable 1 it was found that the polynomial
with two orders is the best fit, as suggested byRRealue

of 0.998 Fig. 8. When the log of dose response curves or
dilution factor is plotted against the log of the yield of the re-
action, the stoichiometrg can be determined with an equa-
tion, Z = —1.58 4 2.41937 — 0.00174&2 [T € (0,1000),

or Za € (0°, 89.9)], whereT is the slope of the curve,
that is the tangent of«, which was defined as the angle
between the curve and theaxis. This equation was also
examined for its feasibility in stoichiometry determination.

nuscript. This work was supported by NIH grant GM59944.
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