


Figure 43: Asymmetrical anchoring of P4 on the Procapsid

Non-central attachment of the P4 hexamer in @6 procapsid portals. The top row is a subtomogram
average for reference, representing P4 if bound centrally. The remaining rows represent individual
particle given as examples of asymmetrical binding. In (A), the particle is viewed along the twofold axis;
in (B) the particle is viewed along the fivefold axis. White arrows indicate P4 and attachment points in
(A) and (B) respectively. (Nemecek et al. 2010).

Figure 44: “Wobble” of the P4 hexamer
Free movement of the P4 hexamer in individual portals of the ¢6 procapsid obscured by symmetric
reconstruction (averaging) is represented in this figure. (Nemecek et al. 2010)
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In this study, the observed asymmetry justifies the transient connection between P4 and
P1. Multiple studies observe low occupancy of P4 in the P1 fivefold vertex of a symmetric
reconstruction of the procapsid or present data illustrating this (de Haas et al. 1999; Huiskonen et
al. 2006; Sen et al. 2008; Katz et al. 2012; Nemecek et al. 2012; Nemecek et al. 2013). In all
cases, symmetry was imposed, and wherever reported, five symmetrical attachment points could
be visualized in the reconstruction. Here, two asymmetrical reconstructions added to our
understanding of those attachment points. In a symmetry-relaxed reconstruction of the
procapsid, low occupancy was confirmed. Also, because the reconstruction aligned occupied
portals with each other, it was possible to ask whether portals were occupied preferentially. No
preference was observed (Figure 37), as all possible 2nd portals were occupied with roughly the
same frequency. The lack of preference for a 2" P4 binding site suggests that binding is
random, and not due to any conformational changes in the procapsid.

Additionally, a symmetry-relaxed reconstruction of occupied and unoccupied portals was
observed. Attachment in the occupied portal average was observed to be heavily weighted
toward one of the five twofold vertices. This weighting is the expected result for random,
transient binding of the P4 monomer constituents of the P4 hexamer in the portal. Again, the
reconstruction process aligns the densest regions of all individuals- and high density occurs
where the first P4 monomer is bound. P4 retains its structure as a unit whether it is bound or
unbound (de Haas et al. 1999). One source suggests that if the P4 hexamer binds to one
attachment point, it may no longer bind to another attachment point in the same way due to the
mismatch in symmetry (Nemecek et al. 2010); regardless, if additional attachments do occur, the
other P4 monomers presumably bind stochastically in the same manner as the first. Since the

initial binding was low in frequency, it would be expected that subsequent bindings are even
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lower, taking into consideration the geometrical challenge of the symmetry mismatch. In the
symmetry-relaxed reconstruction, no significant density was observed beyond the initial
attachment point. This suggests any of several possibilities: 1. secondary attachments in the
procapsid do not occur (possibly due to symmetry mismatch), 2. attachments occur at a very low
rate such that densities are too low to detect, but are present, 3. multiple attachments are
dependent on ssSRNA substrate or other factors, and do not occur in the sample conditions.

3.5.3 Measurements

The 12 angstrom gap between P4 density and P1 density observed in the procapsid
reflects the greater distance between P4 and P1 in the procapsid than that which occurs in the
packaged nucleocapsid (observed at 8 Angstroms in ¢8) (Huiskonen et al. 2007). The spiral
nature of the observed densities suggests that the tether apparatus is at least 18 angstroms in
length.

To span that gap, a peptide tether must contain roughly 18 Angstroms of residues plus
enough residues for binding. Straight peptide chains contain roughly one residue per 1.5
angstroms; an 18 Angstrom chain would contain 12 residues. The disordered region of ¢12-P4’s
C-terminal end revealed by crystallization contains 10 disordered residues (322-331), preceded
by an ordered region of 15 AA’s (307-321), preceded by another 7 disordered residues (300-306)
(Mancini et al. 2004). It is within reason to speculate that residues 300-331 form a tether which
extends flexibly (between residues 300-306) from P4, controls distance in the 15 AA region, and
binds P1 flexibly using some subset of the remaining 10 residues. In the energy-minimized
reconstruction of the P4 hexamer presented, no apparent secondary structure occurs in this C-
terminal region. The flexibility implied by a disordered region in the crystal structure would

afford P4 the ability to bind under the range of geometries the capsid would undergo during

90



expansion, and the range of motion afforded by the extra length may partially overcome the
symmetry mismatch, although the sixfold axis of the P4 hexamer might not be expected to
coincide with the fivefold symmetry axis of the portal, consistent with previous conjecture
(Nemecek et al. 2010) and reports in ¢8 (Huiskonen et al. 2007). The measurements of diameter
and length of the apparent tether in EM density maps are consistent with the features of the C-
terminus of the homology-modeled structure derived from the crystal structure of ¢12’s P4
hexamer. As the P4 C-terminus is known to be required for binding the P1 shell but not for P4’s
catalytic activity (Paatero et al. 1998), a measured C-terminus region disordered in crystal
structures may be hypothesized to provide P1-binding residues with sufficient intervening
residues to allow for a flexible tether apparatus, which in turn permits binding of the hexameric
P4 to the symmetry-mismatched fivefold vertex.
3.5.4 Conclusion

The P4 hexamer appears to bind transiently to the P4 procapsid. The contacts between
P4 and P1 as well as those between P4 and P8 are visualizable in EM reconstructions, and P4
occupancy coincides with presence of P8 on the nucleocapsid, indicating that P4 binds
transiently and is stabilized by P8. Taken together with recent findings that the P8 shell forms
separately from the packaged expanded procapsid, it is unclear whether P4 first binds the
nucleocapsid to facilitate recruitment o the pre-envelope vesicles or is taken from solution by P8-
P9-lipid envelopes to form a complete shell which then binds the nucleocapsid (sans P8). The
visualized attachment points can be measured, and measurements are consistent with a model
identifying features of the C-terminus as having a flexible tether and an anchoring region binding

the P1 major capsid protein.
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Chapter 4:
Summary
4.1 Chapter 2: Evidence for a Functional Role in the 3’ UTR of the Small Segment of
Bacteriophage @6

By targeting specific regions of RNA and observing the effects on plaque morphology
and fitness, evidence was provided to suggest the existence of genes and secondary structure in a
previously unmapped region. More study is needed to give a conclusive understanding of the
roles these factors play in the fitness and plaque morphology of bacteriophage @6.

Strain JC1917 provides a special example illustrating that depletion of optical density is
not universally related. Phage are productive in this assay, but bacterial density appears higher
than untreated bacteria (no bacteriophage) under otherwise identical conditions. This wholly
unexpected result indicates any of several possibilities: 1. Bacterial debris are being formed
which do not inhibit cell growth; 2. Fitness of the host is increased by JC1917; 3. Quorum
sensing is inhibited by JC1917; 4. Absorption of light by bacteria is altered by JC1917 infection,
including the possibility that bacteria are forming aggregates; 5. Bacteriophages are forming
aggregates which impact absorption. This is an intriguing problem and it demands further
investigation.

Data suggest that alterations in the 3> UTR of the ¢6 small segment may impact plaque
formation through several means, including changing rates of diffusion, formation of multi-
phage aggregates, and changing phage affinities and attachment rates for environment and/or
bacteria. These factors impact fitness, and plaque morphology can be used as an indicator for a
change in life cycle parameters. Additionally, unresolved questions in bacteriophage ¢6’s life

history are potentially answered by the function of proteins proposed by this study. Further work
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is needed to isolate these proteins or exhaustively disprove their existence and explain the
dramatic fitness effects demonstrated here. The unusual impact of the fusion mutation represents
a convenient scheme for diagnosing the function of, or zeroing in on difficult-to-find genes; the
mutants constructed here can be used in further studies, including complementation studies, to
determine whether and where products of ORF I and ORF J function in the cell, in the virion,
and in the life cycle of bacteriophage ¢6.
4.2 Chapter 3: Transient Occupancy of P4 in the Portals of the ¢6 Procapsid

The tenuous connection between P4 and its capsid proposes a model to explain poorly
understood steps in the @6 assembly pathway. P4 appears to be shed and transiently attached in
order to facilitate limiting the number of portals used during packaging. Previous studies have
observed incomplete occupation but stopped short of explaining the process over multiple steps.
Here we present a model that accounts for asymmetry and a transient restriction on the portals
allowing packaging of ssRNA into the ¢6 procapsid.
4.3 Conclusion

This paper sought to align evidence from several sources: 1. The body of knowledge
regarding the life history of bacteriophage ¢6, and unknown aspects of such; 2. Fitness and other
observational data on mutants of the small RNA segment of bacteriophage @6, and 3.
Observations on data from cryoelectron microscopy of bacteriophage @6.

Quantitative and qualitative data suggest that alterations in the 3’ UTR of the @6 small
segment may impact plaque formation, clearing of a lysate, and fitness. It is believed that these
changes represent alterations to life history parameters. Additionally, unresolved questions in
bacteriophage @6’s life history are potentially answered by the function of proteins proposed by

this study. Further work is needed to isolate these proteins or exhaustively disprove their
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existence and explain the dramatic fitness effects demonstrated here. The unusual impact of the
fusion mutation represents a convenient scheme for diagnosing the function of, or zeroing in on
difficult-to-find genes; the mutants constructed here can be used in further studies, including
complementation studies, to determine whether and where products of ORF I and ORF J

function in the cell, in the virion, and in the life cycle of bacteriophage @6.
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Appendix B: Supplementary Figures

Figure 47: Observation of material in presumed unoccupied portal

Measured at Slice

14
Occupancy Density P1
% P4/P1 -2.244
Dimmest ambient 3.0% 0.03 2.326
Median Ambient 10.9% 0.11 2.534
Brightest Ambient 18.4% 0.18 2.767

P4
0.013
0.069
0.277
0.510

Corrected Values

Average

Ambient
0.08
0.29
0.52

Table 9: Measurement of material in presumed unoccupied portal

Portals were selected visually for occupancy and vacancy, but some portals may appear
unoccupied due to noise in the tomogram. Measurements were taken to estimate how many
presumed unoccupied portals were occupied. Because of variation in the ambient density, the

estimate varies from 3% to 18%.
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PDB Hit Identity 1 Identity 2 Coverage Normalized Z Score
1W44 0.23 0.20 0.83 3.06

Z0 40 &0
I I I

Sec.Str CCS33SSHHHHHHHHHEHHHC CCCCSS88CCCCCC3SSSSHHHHHHEHHEHHEHCCCCCCCCCC
Seq MPIVVTQLHIDEVGIAADLLDASPVSLOVLGRPTAINTVVIKTYIAAVHMEL ASKQGGSLAGYDI

lwdds  LYDAKSFAKLRAADYAAFHTDA-FGE—————————————— WFDHTSGVLE-—-SVEDGTLAGVES

g0 100 iz0
I I I

Sec.StrCCC883CCC388CCCCCCCCCCCCCoCCCCCCCCCoCICCoCCCCCCoCCoOagsaag3sscce
Seq RPSVLLEDTAIFTEPEAKSADVEZDVDVLDTGIVSVPGLARKPVTHRWPSEGIYIGVTALMGAT

lwdds  GDAIVFDENAVAYKEKSKAEDVOVENGFMEQGLVDL TGVGCI PV AEF GGHRT A GV IVTGES

140 160 180
I I I

Sec.Str CCCCCHHHHHHC CCCS 8888 CCCCCCC oo CCSS3SCCCHHHHHHEHHERCCCCSSSSSCHHEE
Seq GSGKSITLNEELRPDVLIRNGEVAEAYDELD TAVHIZTLDENL IVC IGLGALGFNVAVDSVRFL

lwddd NEGETPLVHALGEAYATVRFGEPLAGYNT-DFNVFVDDIARLAMLOH-—————— BWIVIDS LEIN

200 220 240
[ I I

Sec.Str HHHCCCCCCCCCHHHHHHHHHHHHHHHHHHCCCSSS83CCCCCCHHHHHHEHHHHEHC CCCSSS
Seq LFRLEGAASAGGIVAVFYELLTD ISNLF TQYDCIVVIN VN MVD AEKIEYVF GOVHAS TVGATL

e e e e ISRGAFDLLADIGAMAASRG VWIASLNF TSNDDEVELVEEASESNATILVI

260 280 300 320
I I I I

Sec.Sr 55CCCE55358553CCCC3ARCCCCCCCCCC OO CCCCCCC OO oo CoasasHCCCOCCCOTC
Seq CADGNVSRTHFRTHEGRIFNGAAPLAAD THNPSMDRP TSHEALDHTS IASVAPLERGSVDTDDE

lwddd, STDVDGEWOVLT IGEG——-————— LORL THTLOTEYGEHSVLTIHTSQASGEATQ--TWIKNDE

Sec.Str CCCCCCoCooCs
Seq NSAPRRGANFSL

Table 10: Sequence Alignment of ¢6 P4 and ¢12 P4

Identity 1 is the percentage sequence identity of the templates in the threading aligned regions
with the query sequence. Identity 2 is the percentage sequence identity of the whole template
chains with the query sequence. Coverage represents the coverage of the threading alignment
and is equal to the number of aligned residues divided by the length of the query protein.
Normalized Z-score: Alignment with a Normalized Z-score >1 suggests a good alignment (Roy
et al. 2010; Zhang 2008).

97



P4, packaging enzyme
s~ P1, capsid protein

PC P2, polymerase

P7, assembly cofactor
NC — P8, capsid protein
virion

Figure 48: Procapsid or Polymerase Complex (PC) vs. Nucleocapsid (NC)

(Jaidlinoja et al. 2007)
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Appendix C: Matlab code for P4 rotation

pé4=pdbread ('1W44.pdb");

% molviewer (p4);
pda=p4;

xcenter=p4.Crystl.a;
zcenter=0;

count=max (size (p4.Model.Atom)) ;

% 6867 is 2289*3, btw.

for n=1:count
x=p4.Model.Atom(n) .X;
y=p4.Model.Atom(n) .Y;
z=p4.Model.Atom(n) .2

n
n 7

% Rotate 180 degrees around Y:

X=—X;
z=—-27;
%$Translage:

x=xt+xcenter;

pd4a.Model.Atom(n) .X=x;

pd4a.Model.Atom(n) .Y=y;

pd4a.Model.Atom(n) .Z=z;
end

$Apply the same transformation to the HETATMs:
count=max (size (p4.Model.HeterogenAtom)) ;
for n=1l:count
x=p4.Model .HeterogenAtom(n) .X;
y=p4.Model.HeterogenAtom(n) .Y;
z=p4 .Model .HeterogenAtom(n) .Z;

% Rotate 180 degrees around Y:

X=—X;
z=—-2;
%$Translage:

x=xt+xcenter;

pd4a.Model.HeterogenAtom(n) .X=x;
pd4a.Model.HeterogenAtom(n) .Y=y;
pd4a.Model .HeterogenAtom(n) .Z=z;
end
pdbwrite ('1W44-rot.pdb',pda);
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