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ABSTRACT

dsDNA tailed phages and herpesviruses assemble their capsids using coat proteins that
have the ubiquitous HK97 fold. Though this fold is common, we do not have a thorough
understanding of the different ways viruses adapt it to maintain stability in various environments.
The HK97-fold E-loop, which connects adjacent subunits at the outer periphery of capsomers,
has been implicated in capsid stability. Here we show that in bacteriophage P22, residue W61
at the tip of the E-loop plays a role in stabilizing procapsids and in maturation. We hypothesize
that a hydrophobic pocket is formed by residues 1366 and W410 in the P-domain of a
neighboring subunit within a capsomer, into which W61 fits like a peg. In addition, W61 likely
bridges to residues A91 and L401 in P-domain loops of an adjacent capsomer, thereby linking
the entire capsid together with a network of hydrophobic interactions. There is conservation of
this hydrophobic network in the distantly related P22-like phages, indicating that this structural
feature is likely important for stabilizing this family of phages. Thus, our data shed light on one
of the varied elegant mechanisms used in nature to consistently build stable viral genome

containers through subtle adaptation of the HK97 fold.

IMPORTANCE

Similarities in assembly reactions and coat protein structures of the dsDNA tailed
phages and herpesviruses make phages ideal models to understand capsid assembly and
identify potential targets for antiviral drug discovery. The coat protein E-loops of these viruses
are involved in both intra- and intercapsomer interactions. In phage P22, hydrophobic
interactions peg the coat protein subunits together within a capsomer, where the E-loop
hydrophobic residue W61 of one subunit packs into a pocket of hydrophobic residues 1366 and
W410 of the adjacent subunit. W61 also makes hydrophobic interactions with A91 and L401 of a
subunit in an adjacent capsomer. We show these intra- and intercapsomer hydrophobic

interactions form a network crucial to capsid stability and proper assembly.
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INTRODUCTION

There are several similarities in the assembly pathways of tailed bacteriophages and
herpesviruses. In vivo, the assembly process is likely initiated with the dodecameric portal
complex and involves the co-polymerization of multiple copies of the major capsid protein with a
protein assembly catalyst, scaffolding protein (1). Following the formation of the DNA-free
precursor capsid (procapsid), the DNA is packaged through the portal ring resulting in increases
in the capsid volume and stability. This step is generally termed capsid expansion or maturation
(2). The addition of the tail machinery marks the end of assembly (2). The three-dimensional
arrangement of coat proteins in dsDNA viral capsids results in robust structures that can
withstand high levels of internal pressure that is exerted by packaged DNA, which results in
repulsive forces as well as the energetic strain imposed from DNA bending (3-5). In phages
such as phi29 the pressure inside a capsid is known to exceed 6 MPa (6). In some phages, this
pressure is thought to be necessary to eject the DNA into the prokaryotic host.

The presence of a common Hong Kong 97 fold (HK97 fold) in the coat proteins of tailed
dsDNA phages and herpesviruses allows them to be grouped in a taxonomic lineage known as
the HK97-like viruses (7). The lower domain of the Herpes Simplex virus 1 (HSV-1) coat protein
also adopts the HK97 fold (8). This motif is the fundamental structure of these viral coat
proteins, but also sometimes has the addition of an inserted domain (I-domain) such as in
phages P22, T7, and phi29 (8-14). During assembly, capsid proteins are programmed by
scaffolding protein to form hexons (with 6 coat protein subunits) or pentons (with five coat
protein subunits). The HK97 fold is characterized by the presence of an axial A-domain that
protrudes into the center of the hexons and pentons providing intracapsomer stability, a
peripheral P-domain involved in intercapsomer interactions, and an elongated E-loop, which can
interact within a subunit, in addition to intra- and intercapsomer interactions (15, 16). This fold

exhibits enormous versatility by the addition of domains and extensions (8-10, 15, 17-20).
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The interactions between and within capsomers during assembly allow for the formation
of correctly sized procapsids and these initial interactions are often rearranged during the
maturation reaction (16). Based on structural analyses of the HSV coat protein, multiple
stabilizing interactions are made between the E-loop of the lower domain with other regions in
the lower domain of the adjacent subunit (21). In phage HK97 virions, during maturation the E-
loop of one capsid subunit is covalently crosslinked to the P-domain of an adjacent subunit,
building concatemers of capsomers resulting in a stable capsid (15). Other non-covalent E-loop
interactions are also crucial in assembly of HK97, including an E-loop to G-loop interaction
across the icosahedral two-fold axes of symmetry. This interaction occurs only in procapsids
and is broken during maturation. Phage T7 is proposed to stabilize capsomers through
electrostatic interactions between its negatively charged E-loop and the positively charged
surface of the P-domain of an adjacent subunit in the capsomer (22). T4 bacteriophage employs
electrostatic forces both within and between capsomers to stabilize the capsid (23).

The P22 coat protein has the HK97 fold with an I-domain inserted into the A-domain (13,
24, 25) (Figure 1A). The D-loops in the I-domains make intercapsomer contacts across the 2-
fold axis of symmetry to stabilize procapsids (26). Conformational changes in the P-loop, P-
domain and the N-arm of the coat protein of P22 during the maturation reaction have also been
proposed to play a role in stabilizing the capsid (13). Additional conformational changes occur
during maturation at the level of capsomers. Prior to maturation, procapsid hexons are skewed
and the coat proteins are compacted such that the walls of the procapsids are thicker than in
virions (16, 25, 27). During maturation, the hexons rearrange so they become symmetric and
flattened, leading to thinner walls in the virion. In addition, many inter-subunit contacts along the
periphery of the A-domain must be broken and new ones formed during maturation (28, 29), so
other capsomer contacts must remain intact for the particles to survive maturation.

As indicated above, the E-loop is suggested to universally make intra-capsomer

connections to the P-domain of an adjacent subunit. Despite suggestions based on the recent
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96 3.3 A cryoEM structure of P22’s capsid (30), salt bridges formed between E-loop and P-domain
97  of neighboring subunits are not important for assembly of PC or maturation into virions (Asija
98 and Teschke, submitted). Here we investigate how the E-loop is used in the assembly of P22
99  procapsids and virions, focusing on the role of W61 located at the very tip of the E-loop. W61 is
100 shown to make several intracapsomer hydrophobic contacts. Our data suggest a ring of
101 charged residues surrounding this hydrophobic patch might strengthen this intra-capsomer
102  interaction. We further show that W61 likely makes contacts with residues in the P-domain of an
103  adjacent capsomer across two-fold axes of symmetry. Our data are consistent with the idea of
104  universal, yet adaptable, stabilizing contacts made by the E-loop of the HK97 fold.
105
106 RESULTS:

107 Residue W61 in the E-loop plays a role in capsid stabilization and maturation. As we have

108 shown previously, several salt bridges formed between E-loop and P-domain are not crucial for
109 capsid integrity (Asija and Teschke, submitted). However, we noted the presence of W61 at the
110 tip of the E-loop and hypothesized that it could be making stabilizing hydrophobic interactions
111  with the P-domains of an adjacent subunit within a capsomer, as well as between capsomers
112  (Figure 1). Tryptophans have been suggested to be important in loops that are involved in
113  protein:protein interfaces (31). Thus, we assessed the role of W61 in capsid assembly and
114  stability by mutagenesis of the site, characterization of subsequent phenotype, and stability of
115 the capsids.

116 All the W61 substitutions except W61Y cause a lethal phenotype. The effects of
117  polar, non-polar and aromatic amino acid substitutions at this site were determined. W61Y,
118 W6I1IN and W61V substitutions were generated using site-directed mutagenesis of plasmid-
119 encoded gene 5, which codes for coat protein. We complemented a 5am phage with
120  expression of the WT and W61 variant coat proteins from the plasmid at different temperatures

121 to determine if the substitutions caused any phenotype by efficiency of plate (EOP), as


https://doi.org/10.1101/626804
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/626804; this version posted May 3, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

122  described in the Materials and Methods. In this assay, plaques are only formed when the
123  expressed coat protein variant can be assembled into viable phages at the tested temperatures
124  (Figure 2A, Table 2). Coat protein with the W61Y substitution was able to generate phages at all
125 temperatures, similar to that of WT coat protein. Conversely, complementation by coat proteins
126  carrying substitutions W61N and W61V resulted in a lethal phenotype at all temperatures, as
127  plagues were found only near the reversion frequency of the 5am phage stock. These data
128  show that residue W61 is important in vivo phage P22 production.

129 Lethal effect of W61 substitutions is due to their inability to mature into infectious
130 virions. To test whether the lethal effect of the W61N and W61V substitutions is caused by an
131 assembly defect or a maturation defect, we isolated particles from phage-infected cells.
132  Procapsids and mature virions, produced from a 513’am infection complemented by expression
133  of WT or mutant coat protein from a plasmid, were separated by a 5-20% sucrose density
134  gradient. In Figure 2B, 10% SDS gels of the sucrose gradient fractions are shown. WT and coat
135  proteins with W61 substitutions generate procapsids (peak centered at about fraction 16)
136  composed both of coat protein and scaffolding protein. The procapsids also contain the ejection
137 proteins and the portal protein complex (data not shown). However, the procapsids of coat
138  protein variants W61N do not have the usual amount of scaffolding protein. The procapsid peak
139 for the lethal substitutions (W61N and W61V) was shifted up the gradient to lower sucrose
140 concentrations, suggesting the mass of the particles had decreased. This is usually due to
141 decreased content of scaffolding proteins, particles of smaller diameter or incomplete particles
142  (32-34). Fractions 16 and 23 were observed using negative stain transmission electron
143  microscopy (TEM) and showed normal sized procapsids (yellow arrows) in fraction 16 and
144  mature virions (white arrows) in fraction 23 for WT and W61Y coat proteins. (Figure 2C). Coat
145  proteins with lethal substitutions, W61N and W61V formed normal sized procapsids (yellow
146  arrows), as well as petite procapsids (cyan arrows), but these were unable to mature into

147  infectious virions (Figure 2C).
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148 Stability of procapsid-like particles with W61N and W61V substitutions is
149 drastically decreased. Since W61N and W61V substitutions confer lethal phenotypes, we
150 hypothesized the substitutions could be destabilizing the procapsids considering that the E-loop
151 is usually involved in both intra- and intercapsomer interactions. To test this, we determined the
152  urea concentration required to dissociate procapsid-like particles (PLPs, composed of solely of
153 coat and scaffolding proteins expressed from a plasmid), which also results in the unfolding of
154 coat and scaffolding proteins as described in the Methods. PLPs assembled from WT coat
155  protein denatured to monomers at 5-6 M urea (Figure 2D). W61Y PLPs are less stable,
156 unfolding at 3 M urea, than WT PLPs despite having a WT-like phenotype. Lethal W61N and
157 W61V coat protein variant PLPs are very destabilized, denaturing at concentrations as low as 1
158 M urea. These data show that size, and perhaps the hydrophobicity, of the amino acid is
159 important at this position in order to maintain stabilizing interactions with the other residues.

160 Residue W61 is crucial to capsid expansion. To determine if the W61 variant PLPs
161 can undergo maturation, we used an in vitro heat expansion assay, as described in Methods.
162 When PLPs expand, there is an increase in the diameter, leading to slower migration of the
163 particles on an agarose gel (35). The PLPs assembled with WT coat protein or the non-lethal
164  WB6LY coat protein mutant heat expanded at ~ 67 °C (Figure 2E). The lethal W61N and W61V
165 variants are unable to undergo normal capsid maturation and instead rupture at 53-57 °C. In
166 total, these data indicate that the E-loop residue W61 makes important contacts for PLP stability
167  and ability to expand.

168 There is no effect on secondary structure of W61 coat variants and their
169 interaction with scaffolding protein. Our data above (Figure 2B) showed that some PCs
170 assembled from W61 coat protein variants had less than normal scaffolding protein content,
171  which is somewhat puzzling as the E-loop is on the exterior of PCs. Two possibilities seem
172  reasonable. 1) The coat protein monomer conformation could be affected by the amino acid

173  substitutions at position 61 such that there was decreased interaction with scaffolding protein
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174  during assembly, or 2) the assembled coat protein shell had decreased affinity for scaffolding
175  protein. We tested the interaction between coat protein monomers and scaffolding protein using
176  weak affinity chromatography, where scaffolding protein is attached to a column matrix and coat
177  protein is passed over this matrix. The monomeric coat protein is retained compared to a control
178  protein (ovalbumin) when it interacts with scaffolding protein on the column (36, 37). WT coat
179 monomers, as well as all of the W61 coat variants, interacted with scaffolding protein as seen by
180 their retention on the column as compared to when non-interacting ovalbumin is applied (Figure
181 3A). We determined there was no significant change in secondary structure for any W61 variant
182  coat protein monomers as compared to WT coat protein by circular dichroism spectroscopy
183  (Figure 3B). Finally, we tested the ability of each coat protein to assemble in vitro by adding
184  scaffolding protein to coat protein monomers (Figure 3C). Each of the W61 variant coat proteins
185 was able to assemble in vitro, albeit with decreased efficiency compared to WT coat protein.
186  Thus, the amino acid substitutions at W61 appear to affect the structure of procapsids, rather
187  than monomers.

188

189 Hydrophobic interactions between the E-loop and the P-domain of the adjacent subunit

190  within a capsomer are crucial for capsid stability. We used the 3.3 A cryoEM structure (PDB

191 file 5UU5) (30) to determine which amino acids residue W61 could be interacting with in the
192 adjacent subunit of a capsomer. Based on this structural assessment, we hypothesize that
193  residues 1366 (4.87 A from W61) and W410 (4.34 A from W61) in the adjacent subunit could be
194  forming a hydrophobic pocket into which W61 inserts to stabilize the particles (Table 1, Figure
195 1). Thus, we made substitutions at these sites to test our hypothesis.

196 Substitutions in the hydrophobic pocket lead to phenotypic changes. Site-directed
197 mutagenesis was used to generate arginine, alanine and aspartic acid substitutions at residues
198 1366 and W410 in plasmid-encoded gene 5 to test the effects of charged residues in addition to

199  a non-polar amino acid substitution. The phenotype due to the expression of these coat protein
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200 variants in cells infected with a gene 5'am phage was determined, as described above, and the
201 EOP. The I366A coat protein substitution resulted in essentially a WT phenotype, with a small
202  drop in the relative titer at 22 °C (Figure 4A, Table 2). 1366R and 1366D coat protein variants
203 caused a lethal phenotype, where the titers were observed only at the reversion frequency of
204  the 5'am phage at all the temperatures tested.

205 Coat proteins with substitutions at W410 cause less dramatic phenotypes. Coat protein
206  WA410A had a WT phenotype at all the temperatures tested (Figure 5A, Table 2). Coat protein
207  variant W410R caused a decrease in titer at 22 °C, and therefore had a cold-sensitive (cs)
208 phenotype, as well as a decrease in titer at 41 °C indicating the substitution caused a
209 temperature-sensitive (ts) phenotype. The W410D variant showed a ts phenotype in the
210 complementation assay. Thus, we can conclude that both residues 1366 and W410 are
211 important in phage production, and that this site is sensitive to a change of the residues to
212  charged amino acids but the size of a non-polar residue is not critical.

213 The coat protein residues 1366 and W410 are important for stability and capsid
214 expansion of PLPs. A change in the stability of procapsids assembled with the 1336 and W410
215 coat protein variants could explain the observed effects on phage biogenesis. Therefore, PLPs
216  assembled from WT coat protein, coat protein with the 1366A, R, D or W410A, R or D
217  substitutions were tested for their stability to urea, as described above (Figures 4B, 5B). The
218 temperature at which the PLPs expand was also determined.

219 PLPs with 1366A and 1366D coat substitutions denatured to form monomers at a urea
220  concentration of 6 M, similar to WT PLPs (Figure 4B). In contrast, the I366R substitution
221  appears to be an extremely destabilizing substitution. The yield of correctly sized PLPs was low
222  and they denatured at 4-5 M urea (Figure 4B). There was also a substantial amount of smeared
223 protein in the agarose gel from broken particles and aggregated coat protein. This was
224  confirmed by TEM where the sample is composed mostly of aggregates and some PLPs (Figure

225  4D). PLPs made with W410R and W410A coat proteins denatured to monomers at 7 M urea, so
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226  were slightly more stable than PLPs made from WT coat protein, which denatured at 6 M urea
227  (Figure 5B). However, PLPs made with the W410D coat variant were unstable, denaturing to
228  coat monomers at 4 M urea. These data show that both 1366 and W410 residues are involved in
229  the stability of the PLPs.

230 The effect of substitutions at positions 1366 and W410 on the PLP expansion was
231 determined, as described above. PLPs with I366A substitution expanded at approximately 67
232 °C, similar to the WT PLPs (Figure 4C). PLPs assembled with 1366D coat protein were unable
233 to expand; at 72 °C; the PLPs simply rupture and run as an aggregate smear on the agarose
234  gel. I366R PLPs are improperly assembled due to the substitution, resulting in a smeared band
235 that runs higher than the WT PLP band. PLPs from the 22 °C samples, as well as the
236 temperature at which they underwent expansion in vitro, were observed by electron microscopy
237  (Figure 4D). All of the 22 °C samples were similar to the WT sample at this temperature, save
238 the I1366R sample that is composed mostly of aggregates. The samples at the expansion
239 temperatures were all similar to WT, with the exception of I366R.

240 PLPs made with W410R coat protein expanded at 67 °C similar to PLPs made with WT
241  coat protein (Figure 5C), whereas the W410A coat variants heat expanded at 63-67 °C. The
242 morphology of the expanded W410R and W410D PLPs was altered compared to with WT or
243  WA410A PLPs, suggesting an effect on particle stability. W410D PLPs at 22 °C have some
244  aberrant PLPs (green) in addition to the regularly formed structures (Figure 5D). The PLPs of
245  the W410D coat variant reproducibly heat expanded incrementally, observed by the slight
246 change in migration with each increase in the temperature, suggesting a decrease in the
247  cooperativity in capsid expansion. PLPs with W410A substitutions in their coat proteins looked
248  similar to PLPs assembled WT coat protein, both at 22 °C and at the expansion temperature.
249  Thus, these data show that residue W410 plays a role in capsid maturation. These data also
250  show that the hydrophobic pocket made of 1366 and W410 is sensitive to charged substitutions,

251 but not to a decrease in size of a non-polar residue.

10
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252 Phages with 1366 and W410 non-lethal coat substitutions are significantly less
253  stable than those with WT coat protein. Since we observed significant effects of amino acid
254  substitutions at W61, W410 and 1366 on the stability of PLPs and the ability of PLPs to undergo
255  expansion, we tested if phages assembled with the various non-lethal coat protein substitutions
256  were also destabilized using a urea titration as described in the Methods. In this instance, only
257  coat protein variants that are able make phages at some temperature could be assessed. The
258  concentration of urea at which 50% of the initial titer remained after 16 hours of incubation was
259  determined for phages assembled with WT coat protein or with W61Y, 1366A, W410R, W410A,
260 W410D coat substitutions (Figure 6, Table 2). Phages with WT coat protein declined to 50% of
261 the initial titer at < 3 M urea. The W61Y and W410D phages were more stable than WT phages,
262  with a 50% decline in titer at 3.5 M and 3.9 M urea, respectively. Conversely, phages with coat
263  substitutions I366A, W410R, and W410A were all less stable than WT. Therefore, we show that
264  the hydrophobic residues that interact with W61 within a capsomer greatly affect PLP and virion
265  stability.

266

267 Interactions made between E-loop W61 with residues across the icosahedral two-fold

268 axes of symmetry stabilize the capsid. Based on the cryoEM structure of the P22 capsid (30),

269 W61 in the E-loop of one capsomer could be contacting residues A91, D92 and L401 in the P-
270 domain loops of the neighboring capsomer (Figure 1). Distances between the residues were
271  predicted using Chimera (38) and are all < 5 A (Table 1). We hypothesize that the interactions
272  between W61 of one capsomer and A91, D92 and L401 in a subunit of the adjacent capsomer
273  could further seal the capsomers together, bolstering the stability of the capsid.

274 Formation phage particles is affected by substitutions at positions A91 and L401.
275  Substitutions at positions A91, D92 and L401 were made in plasmid encoded gene 5 to test
276  their effects on phage biogenesis using complementation of the 5-am phage strain in the EOP

277  assay, as described above (Figure 7A, Table 2). Mutating position D92 to ala or arg generated a

11
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278  WT phenotype. The A91V substitution yielded in a WT phenotype, while the A91D substitution
279  resulted in a cs phenotype at 22°C. Complementation with the L401A coat substitution resulted
280 in a cs and strong ts phenotype. The L401D coat protein substitution led to a lethal phenotype
281  (Figure 7A). Thus, our data show that substitutions at A91 and L401 have the adverse effects
282  on phage biogenesis.

283 A91 and L401 coat protein substitutions result in the formation of aberrant
284  particles. Procapsid and phage samples were made by complementation with coat protein
285  having substitutions at positions A91, D92 and L401 from a lysate using a 513'am phage
286 infection, as described in Methods. The samples were separated using a 5-20% sucrose
287  gradient and fractions run on a 10% SDS gel. Procapsids sediment at approximately fraction 16
288 and phages sediment to the bottom (fraction 23) (Figure 7B). Fractions 16 and 23 were viewed
289 by negative stain TEM (Figure 7C). All of the coat protein variants were all capable of
290 assembling normal sized procapsids, as seen by both sucrose gradient and TEM (highlighted by
291 yellow arrows in the micrographs), although the A91 and L401 variants also showed aberrant
292  particles (green arrows). Only L401D coat protein was unable to support production of phages
293  (phages indicated with white arrows), consistent with the lethal phenotype. These data suggest
294  that there may be a hydrophobic interaction of A91 and L401 with W61 that affects assembly of
295  procapsids.

296 Next, we tested if the non-lethal amino acid substitutions at these sites altered the
297  stability of the viruses by treating them with different concentrations of urea, as described above
298 (Figure 7D). Phages were isolated by complementation of a 5°13'am phage strain at 30 °C, as
299  described in the Methods. Phages assembled with A91V, D92A and D92R coat protein variants
300 had stabilities similar to WT coat protein phage samples, with all them having a 50% surviving
301 population at approximately 3.5 M urea. However, virions with A91D and L401A coat protein

302  substitutions showed a 50% drop in their populations at urea concentrations of 1 M and 2.2 M,

12
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303 respectively. Therefore, we show that residues A91 and L401 play an important role in
304  stabilizing the capsid and likely does so by making intercapsomer contacts with W61.

305

306

307 DISCUSSION

308 The role of the E-loop in stabilizing capsids built with coat proteins having the
309 HK97 fold. Capsid assembly and stability are governed by inter- and intra-capsomer
310 interactions. In compliance with the local rule theory, the conformation of a subunit is dependent
311 on the conformation of its neighboring subunits (39). Procapsid subunits additionally change
312  conformation upon maturation, which also affects stabilizing interactions both within and
313  between subunits. The burial of hydrophobic residues is an entropic process and is likely set
314  into motion by capsid assembly, which is initially driven by weak interactions (40, 41). There is a
315 greater percentage of hydrophobic amino acids at subunit interfaces, rather than the exterior of
316 oligomeric proteins (42, 43). Indeed, P22 capsids are estimated to be stabilized by
317  approximately — 24 kcal/mol subunit from intra-capsomer interactions due to buried hydrophobic
318 residues along the edges of subunit and through E-loop interactions (44).

319 The E-loop has been implicated in making contacts with the P-domain and A-domain of
320 the adjacent subunits in phages such as phi29 (20),T4 (10, 23), T7 (22), HSV-1 (21) and 80
321 alpha (45). It also makes intercapsomer contacts in the capsid of the HK97 phage that are
322  important for procapsid assembly and are only found in procapsids (29). Intracapsomer contacts
323 made by E-loops are important for proper conformation of capsomers in procapsids, and
324  intercapsomer contacts are required for higher order assembly of capsomers to form a stable
325 capsid (16). We show that a hydrophobic residue, W61, present in the phage P22 E-loop
326 facilitates capsid stabilization. Since the E-loop of one subunit overlaps with the P-domain of the
327 neighboring subunit within a capsomer, as well as reaches to the adjacent capsomer across

328 two-fold axes of symmetry, we propose that W61 is involved in stabilizing the capsid, as
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329  described below. Table 2 provides a summary of all the mutants in this study, along with their
330 respective phenotypes and mature virion capsid stabilities denoted by specific urea
331 concentrations at which their populations decreased to half their original number.

332 P22 capsids are stabilized by hydrophobic intracapsomer interactions. We
333  propose that in phage P22, W61 in the E-loop may interact with residues 1366 and W401 from
334 the neighboring subunit within a capsomer, like a peg inserted into a hydrophobic pocket. The
335  effects of switching the tryptophan at position 61 to asparagine or valine resulted in a lethal
336 effect on the phage production. Furthermore, W61N and W61V PLPs do not expand in vitro,
337 implicating this residue in maturation. When the W61 is replaced with tyrosine, the hydrophobic
338 peg is maintained due to the size and the hydrophobicity of tyrosine and leads to a phenotype
339 similar to WT. Coat protein monomers with these W61 substitutions were able to assemble, and
340 interact with scaffolding protein, suggesting that the folding of the monomers was not the reason
341 for any phenotypes. Substitutions at position 410 from tryptophan to arginine or aspartate
342  resulted in a mild cs and ts phenotype, while W410A had a phenotype similar to WT, indicating
343 that the size of the non-polar residue was not critical but that the replacement by a charged
344  residue was not favored. PLPs generated W410D substitutions heat expanded at a temperature
345 lower than WT showing that this residue affects capsid maturation. I1366R and 1366D coat
346  substitutions cause a lethal phenotype. Phages assembled with W410R, and I366A coat protein
347 mutants were less stable than phages with WT coat protein. Surrounding these hydrophobic
348 interactions are several charged residues (Figure 1B), which we suggest further strengthens the
349 interaction.

350 Intercapsomer interactions that are crucial to P22 stability. Residue W61 also likely
351 interacts with A91 and L401 of a subunit in the adjacent capsomer across two-fold axes of
352 symmetry. Phages assembled with mutant coat proteins A91D, L401A had a cs and ts
353 phenotype, while L401D resulted in a lethal phenotype. Conversely, D92A and D92R

354  substitutions had a phenotype similar to WT, indicating that this residue is probably not involved
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355 in intercapsomer stabilization. The stability of phages assembled with coat protein mutants (in
356 those cases where phages were produced) was tested by incubation in urea. Phages with A91D
357 and L401A coat substitutions had a decreased capsid stability, suggesting that residues A91
358 and L401 likely participate in the association with W61. This was further confirmed by the
359 formation of aberrant particles in vivo formed with A91D, A91V and L401A coat substitutions.
360 Comparison of the stabilizing network between the P22-like phages. The
361 importance of W61 in procapsid assembly and maturation is apparent when comparing coat
362  proteins in the cluster of P22-like phages that includes 78 unique phages (46) (Figure S1). The
363 coat protein sequences in the cluster vary widely with different branches having only 15-20%
364 coat protein sequence identify. Residues at position 61 are conserved within phylogenetic
365 branches and divergent between these branches. For example, within the P22-like phage
366 cluster, the P22 major branch has tryptophan at position 61, Sf6 major branch has glycine and
367 CUS-3 major branch has leucine at this position in the alignment (46). Similarly, residues at
368 positions 91, 92, 366, 401 and 410 are also conserved within the major branches, but differ
369 between the branches (Figure S1). The residues at these positions in each of these branches
370 are shown in Table 3. Members in the CUS-3 major branch likely use a hydrophobic network to
371  stabilize their capsids because they also possess hydrophobic residues at the positions that are
372 involved in this interaction in the P22 capsid. The members of the Sf6 major branch either use
373 electrostatic interactions to stabilize their capsids or use hydrophobic interactions in other
374  regions of their coat proteins as a mechanism of capsid stability.

375 In conclusion, our data suggest that phage P22, and members of the P22- and CUS-3
376  major branches of the P22-like phages, are stabilized by a hydrophobic network between the tip
377  of the E-loop, which inserts into a hydrophobic pocket in the B-strands of the P-domain of a
378 neighboring subunit within in a capsomer, and also with P-domain loops across two-fold axes of
379  symmetry between capsomers. In total, these interactions within and between capsomers act

380 like a hydrophobic net holding the capsid together. The interaction is further strengthened by a
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381 cage of charged residues surrounding the hydrophobic pocket. This mechanism is akin to the
382  covalent crosslinking reaction that stabilize the HK97 capsid (15), where the site of crosslinking
383  between polar residues K169 and N356 is protected by a hydrophobic cage composed of the
384 amino acids leucine, methionine and valine (47). The CUS-3 major branch of the P22 like
385 phages may use a similar method to stabilize capsids as P22 but how the Sf6-like branch of the
386 P22-like phages has modified this network to produce stable capsids will require further
387  investigation.

388

389 MATERIALS AND METHODS.

390 Bacterial and phage strains. Salmonella enterica serovar Typhimurium strain DB7136
391 [leuA414 (Am) hisC525 (Am) sup®] (48) was used as the host for the EOP/complementation
392 assay and for in vivo generation of procapsids and phages. Salmonella enterica serovar
393  Typhimurium strain DB7155 was used for urea titration assays to test for capsid stability of
394  mature virions. Strain DB7155 (supE20 gin, leuA414'am, hisC525am) is a su® derivative of
395 DB7136 (48). The 5am strain of P22 (5'am N114) contains an amber mutation in gene 5 which
396 codes for coat protein, while the 513'am strain of P22 (5'am N114, 13'am H101) also has an
397  amber mutation in the gene encoding the holin protein (gp13), which is responsible for cell lysis.
398  All the P22 strains contain the allele c1-7, which ensures they do not enter lysogeny.

399 Plasmids. Gene 5 was cloned between the BamHI and Hindlll sites of plasmid pSE380
400  (Invitrogen) to form recombinant plasmid pMS11 (26). This plasmid was used for in vivo
401 complementation. Plasmid pPC (derived from pET3a, kindly given to us by Dr. Peter E.
402  Prevelige) has gene 8 (encoding scaffolding protein) followed by gene 5 (49). Site-directed
403  mutagenesis was used to generate mutations in the gene 5 of both the plasmids.

404  Efficiency of plating (EOP) complementation assay. Strain DB7136 containing pMS11 with
405 the substitution of interest was plated with 5’am phage. The Salmonella cells were grown to

406 mid-log phase, harvested by centrifugation and concentrated by resuspending in a small volume
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407 of LB. The cells were then mixed with 5 am phage in soft agar containing 1 mM IPTG and
408 poured over LB plates containing ampicillin. The plates were incubated at 22 °C, 30 °C, 37 °C
409 and 41 °C. The relative titer of phages with coat substitutions was calculated by counting their
410 plaques at the temperature being tested, relative to the 5 am phages complemented with WT
411  coat protein expressed from the pMS11 at permissive temperature (30 °C).

412 In vivo generation of procapsids and virions. Salmonella strain DB7136 containing pMS11
413  with the coat substitutions in gene 5 was grown until mid-log phase (~2 x 10° cells/ml). The cells
414  were then infected with 5’am 13'am phage at a multiplicity of infection (MOI) of 5. The coat
415  protein expression was simultaneously induced with 1 mM IPTG. The cells were grown for an
416  additional four hours, harvested and stored overnight at -20 °C after being resuspended in a
417  lysis buffer (50mM EDTA, 0.1% Triton X-100, 200 ug/ml lysozyme, 50 mM Trizma base, 25 mM
418 NaCl, pH 7.6). The cells were processed as described previously (26). Briefly, the cells
419 underwent two cycles of freezing and thawing at room temperature. DNase and RNase were
420 added at 100 pg/ml and phenylmethylsulfonyl fluoride (PMSF) was added at a final
421 concentration of 1 mM. The supernatant retrieved from separating out the debris was then
422  centrifuged at 17901 X g in RP80-AT2 rotor (Sorvall) for 20 min to pellet the procapsids and
423  phages. The pellet was then suspended overnight in 20 mM sodium phosphate buffer (pH 7.6)
424  containing 20 mM MgCl.,.

425  Preparation of procapsid—like particles. Procapsid-like particles (PLPs) are assembled from
426  coat protein and scaffolding protein expressed from pPC, which has gene 8 followed by gene 5
427  in pET3a (49). The plasmid-containing BL21 (DE3) cells were grown in LB in ampicillin at a final
428  concentration of 100ug/ml. Expression of T7 polymerase was induced by the addition of 1 mM
429 IPTG, and the cells grown for an additional 4 hours. The PLPs were pelleted from the lysed cells
430 and purified over a sizing column containing Sephacryl S1000 matrix (GE Healthcare).

431 Preparation of coat protein monomers. To make coat monomers, the scaffolding protein is

432  first extracted from the PLPs, resulting in empty coat protein shells, as described previously (49,
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433 50). To generate monomers, the empty shells were unfolded in 6.75 M urea, in 20 mM
434  phosphate buffer pH 7.6. The denatured protein was dialyzed in Spectra/Por dialysis tubing
435  (Molecular weight cutoff: 12-14 kDa) two times for three hours and once overnight against 20
436 mM phosphate buffer, pH 7.6 at 4°C. The refolded coat protein monomers were centrifuged in a
437 RP80-AT rotor (Sorvall) at 4 °C at 60,000 rpm for 20 minutes to remove aggregates or
438 assembled particles. The supernatant contained the active coat monomers.

439  Sucrose Density Gradients. A 5-20% sucrose density gradient was prepared by using a
440  gradient maker (model 106; Biocomp Instruments). A 100ul of sample containing a mixture of
441  procapsids and virions was applied to the top of the gradient, and centrifuged in the RP55S
442  rotor of the RC-M120 EX centrifuge (Sorvall) at 104813 X g for 35 minutes at 20 °C. The
443  gradients were fractionated by hand from the top into 23 100 ul fractions.

444  Cesium chloride gradients. Cesium chloride gradients were made to separate the procapsid
445 and mature virus mixtures that were generated in vivo as described above. 25% sucrose, 1.4
446 gml/cc and 1.6 gm/cc cesium chloride solutions were prepared in 20 mM phosphate buffer (pH
447  7.6) to prepare the gradient. The gradient was made by successively layering 25% sucrose
448  solution on top of a 1.4 gm/cc cesium chloride solution, which was further layered on top of a
449 1.6 gm/cc cesium chloride solution. The procapsid and phage mixture was applied to the top of
450 the layered gradient and centrifuged in Sorvall MX 120 ultracentrifuge for an hour at 30,000 rpm
451 at 18°C. Phages sediment to the interface of the 1.4 gm/cc and the 1.6gm/cc layers of cesium
452  chloride. Phages were extracted using a syringe and used for the urea titration assay to test for
453  capsid stability.

454  Weak affinity chromatography. Hexa-histidine-tagged scaffolding protein (6 mg) was loaded
455 on a 1 ml immobilized metal affinity chromatography column charged with cobalt (Clontech).
456  Coat protein monomers (0.2 mg/ml) were loaded on to the column, run at a flow rate of 1.25

457  ml/min and 0.25 ml fractions were collected. Ovalbumin was used as the negative control for
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458 non-specific binding and was loaded at 0.2 mg/ml. Tryptophan fluorescence of the collected
459 fractions was then measured using Horiba Fluoromax 4 fluorometer with the excitation
460 wavelength at 295 nm and a bandpass of 1 nm and emission wavelength set at 340 nm with a
461 bandpass of 8 nm. The fluorescence readings were recorded was arbitrary units (A.U.).

462  Circular dichroism spectroscopy. Spectra of prepared coat protein monomers were observed
463 using the Applied Photophysics Pistar 180 spectrapolarimeter (Leatherhead, Surrey, United
464  Kingdom) using a cuvette with a 1 mm path length. The spectra were taken at a concentration of
465 0.3 mg/mlin 20 mM phosphate buffer (pH 7.6) at 20 °C. Scans were done with al nm step size
466  between wavelengths 195 nm and 225 nm. The bandpass was 3 nm and the time-per-point
467  averaging was set to 55 sec. The molar ellipticity was used to compare secondary structure of
468  coat variants with that of WT coat monomers.

469 Negative stain microscopy. 3 pl of the samples from fractions 16 and 23 of the sucrose
470  gradient were spotted onto carbon-coated copper grids (Electron Microscopy Sciences). They
471  were then washed with 2-3 drops of water, stained with 1% uranyl acetate 30 seconds and the
472  excess blotted. A Tecnai Biotwin transmission electron microscope was used to observe the
473  grids at 68000X magnification.

474  Ureatitration of PLPs. 9 M urea prepared in phosphate buffer at pH 7.6 was used to make 1-7
475 M urea at 1 M intervals. The refractive index of the prepared urea was checked using a
476  refractometer to confirm the concentration. PLPs were then diluted in each concentration of
477  urea to a final concentration of 0.5 mg/ml. The samples were left overnight in urea and about 5
478  pg of the sample was run on a 1% agarose gel using SeaKem LE Agarose in 1X Tris-acetate-
479  ethylenediaminetetraacetic acid (TAE) buffer.

480 Heat expansion. PLPs (1 mg/ml) were incubated at temperatures ranging from 25 °C to 72 °C
481  for 15 min and then placed on ice. The samples were then run on a 1% agarose gel in 1X TAE

482 buffer.
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483  Urea titration of mature virions to test for capsid stability. Phages generated in vivo and
484  purified using cesium chloride gradient were used for this assay. After the determination of the
485 titer of these phages, 10* phages/ml were treated with urea concentrations from 0-8 M. A 9 M
486  stock solution of urea, prepared in 20 mM phosphate buffer, was used to make the appropriate
487  dilutions for the assay. The phage and urea mixture were incubated overnight at 22°C following
488  which 10ul of the incubated sample was mixed with 3 drops of DB7155 strain of Salmonella
489 enterica in 2.5ml of soft agar. The solution was poured over plain LB plates and incubated
490 overnight at 30°C. Plaques were enumerated after overnight incubation.

491
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634 FIGURE LEGENDS:

635 Figure 1. A hydrophobic peg to stabilize the P22 capsid. A. Neighboring capsomers in
636 mauve and tan depicted by the numbers 1 and 2, respectively. The E-loops have been
637  highlighted in red and the P-domains have been highlighted in cyan for capsomer 1 and blue for
638 capsomer 2. The box shows the interacting residues forming the hydrophobic peg and pocket.
639 B. Zoomed in inset showing W61 (red) from one subunit interacting with W410 (gray) and 1366
640 (magenta) in the P-domains of the adjacent subunit (within capsomer 1). W61 also potentially
641 interacts with A91 (black), D92 (green) and L401 (yellow), which are in the P-domains of the
642 adjacent subunit. C. Neighboring coat protein subunits shown within capsomer 1. Inset shows
643 the interacting residues from E-loop of one subunit and P-domain of adjacent subunit, within the
644  capsomer. D. W61 (red) in E-loop of one subunit interacts with W410 (gray) and 1366 (fuchsia)
645 in P-domain of adjacent subunit. This interaction is reinforced by a cage of charged residues.
646  Positively charged residues are shown in dark blue while negatively charged residues are
647  shown in yellow.

648

649  Figure 2. W61 in the E-loop stabilizes the P22 capsid. A. Titers of phages assembled by
650 complementation with W61Y (blue), W61N (green) and W61V (black) coat protein substitutions
651 relative to those with WT (red) coat protein at 30 °C. B. SDS gels of 5-20% sucrose density
652 gradient fractions from a phage-infected cell lysate to separate procapsids and phages with WT
653 coat protein and coat protein with the W61 substitutions. Fraction 16 is where normal
654  procapsids sediment and fraction 23 is where phages and other particles are found. CP, coat
655  protein; SP, scaffolding protein. C. Top row. TEM images of procapsid fractions (fraction 16)
656 from sucrose density gradient of WT and W61 coat variants. Bottom row. Mature phage
657 fractions (fraction 23) from the sucrose density gradient observed under the TEM. Yellow arrows
658 show T=7 sized procapsids, cyan arrow show petite procapsids and white arrows are

659  highlighting mature phages. Scale bar is 100 nm. D. Stabilities of PLPs assembled with WT,
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660 W61Y, W61N and W61V coat proteins tested by treating with varying concentrations of urea (0-
661  7M). Samples were run on a 1% native agarose gel. PLPs, Procapsid-like particles; M, unfolded
662 monomers. E. PLPs with WT, W61Y, W61N and W61V coat proteins were subjected to
663  temperatures ranging from 22 °C to 72 °C to induce heat dependent expansion. Samples were
664  run on a 1% agarose gel. ExH, heat-expanded procapsids.

665

666  Figure 3. W61 coat substitutions do not affect the coat protein secondary structure or
667 interaction with scaffolding protein. A. Weak affinity chromatography. The volume at which
668 the WT coat monomer or with W61Y (blue), W61N (green), W61V (black) eluted (elution
669 volume) was determine by tryptophan fluorescence recorded in arbitrary units (A.U). The
670 monomers were run over a cobalt IMAC column charged with his-tagged scaffolding protein.
671  Ovalbumin (cyan) was used as a negative control. B. Circular dichroism. Secondary structure
672 analysis using circular dichroism of coat monomer with WT sequence (red) and W61 coat
673  variants with W61Y, W61N and W61V shown in blue, green and black respectively. C. In vitro
674 assembly of PLPs. Light scattering of WT coat monomers (red) along with the other coat
675 variants was tested by incubating with scaffolding protein.

676

677 Figure 4. Charged substitutions at 1366 result in a lethal phenotype. A. Relative titers of
678 phages assembled by complementation with I366R (blue), 1366A (green) and 1366D (black) coat
679  protein substitutions relative to phages with WT coat substitutions (red) at 30°C. B. Stabilities of
680 PLPs made with WT, I366R, I366A and I1366D coat proteins were tested by treating with varying
681 concentrations of urea (0-7M). Samples were run on a 1% agarose gel. C. PLPs with WT,
682 1366R, I366A and I366D coat proteins were subjected to temperatures ranging from 22 °C to 72
683 °C. Samples were then run on a 1% agarose gel to test for maturation. D. In vitro heat
684 expanded PLPs with WT coat protein and coat protein with 1366 substitution were observed

685  under the electron microscope. The samples from the 22°C sample as well as the temperature
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686  at which they expand were observed under the microscope. Scale bar represents 100 nm. ExH,
687 heat-expanded heads; M, unfolded monomers; PLPs, procapsid-like particles.

688

689  Figure 5. Charged substitutions of W410 cause phenotypes. A. Titers of phages assembled
690 by complementation with coat protein W410R (blue), W410A (green), W401D (black) coat
691  substitutions relative to WT coat protein (red) at 30°C. B. Stabilities of PLPs with WT coat
692  protein and coat protein with W410R, W410A and W410D substitutions were tested by treating
693  with varying concentrations of urea (0-7M). Samples were run on a 1% agarose gel. C. PLPs
694 made with WT, W410R, W410 and W410D coat variants were subjected to temperatures
695  ranging from 22 °C to 72 °C. Samples were then run on a 1% agarose gel to test for maturation.
696 ExH, heat- expanded heads; PLPs, procapsid-like particles; M, unfolded monomers. D. Electron
697  micrographs of in vitro heat-expanded PLPs with W410 coat substitutions. PLPs with
698  substitutions were observed at 22°C and at the temperature at which they expanded/ruptured.
699 Green arrows highlight aberrant particles formed at 22°C with the W410D coat protein
700  substitution. Scale bar is 100nm.

701

702  Figure 6. W410R and I366A substitutions affect virion stability. Bar graph depicts the urea
703  concentration at which 50% of the phage population is remaining after 16 hours of incubation.
704  These were calculated relative to the plaques formed at 0 M urea concentration. **A two-sample
705  student t-test with unequal variance was done to calculate p<0.05.

706

707  Figure 7. A91 and L401 affect procapsid assembly and capsid stability. A. Titers of phages
708  assembled by complementation with A91V (blue), A91D(green), D92A (black), D92R (lavender),
709  L401A (cyan) and L401D (light green) coat substitutions relative to phages with WT (red) coat

710  protein at 30°C. B. SDS gels of 5-20% sucrose density gradient fractions from a phage-infected
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711  cell lysate to separate procapsids and phages with WT coat protein and coat protein with the
712  A91, D92 and L401 coat substitutions. Fraction 16 is where normal procapsids sediment and
713  fraction 23 is where phages and other particles are found. CP, coat protein; SP, scaffolding
714  protein. C. Top row. TEM images of procapsid fractions (fraction 16) from sucrose density
715  gradient of WT and A91, D92, L401 coat variants. Bottom row. Mature phage fractions (fraction
716  23) from the sucrose density gradient observed under the TEM. Yellow arrows show T=7 sized
717  procapsids, green arrows show aberrant particles sedimenting at fraction 16, white arrows are
718  highlighting mature phages and red arrows are highlighting aberrant particles sedimenting to the
719  bottom of the gradient. Scale bar is 100 nm. D. Graph depicting the concentration of urea at
720  which there is a 50% decline in the population of the samples. **Two-sample student t-test with
721  unequal variance was used to calculate the p<0.05.

722

723
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724  Table 1. Predicted distances between amino acid pairs between subunits of the P22

725  capsomer

Amino acid pair Nature of interaction Distance (A)?
W61-1366 Intracapsomer 4.34
W61-W410 Intracapsomer 4.87
W61-A91 Intercapsomer 4.88
W61-D92 Intercapsomer 3.68
W61-L401 Intercapsomer 4.16

726  °Distance measurements were made using the software Chimera (38).
727

728
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729  Table 2. Summary of mutants generated in this study, results based on their phenotypes

730 and capsid stabilities as tested by urea titrations.

Concentration of urea
Location on coat (M) at which virions
Substitution protein® Phenotype decline to 50% of
original population
WT coat protein N/A N/A 3-3.5
W61y E-loop WT-like 3.5
W61N E-loop Lethal N/A
w61V E-loop Lethal N/A
I366R P-domain Lethal N/A
I366A P-domain WT-like 1.6
1366D P-domain Lethal N/A
W410R P-domain cs and ts 11
W410A P-domain WT 15
W410D P-domain ts 3.9
A91D P-domain cs 1
A91V P-domain WT-like 3.4
D92A P-domain WT-like 3.1
D92R P-domain WT-like 3.2
L401A P-domain cs and ts 2.2
L401D P-domain Lethal N/A

731 °Refer to Table 1 for the distance between potential interacting residues. N/A, not applicable.

732
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733  Table 3. Comparison of hydrophobic peg forming residues in the P22 capsid with

734 residues at those positions in the P22, Sf6 and CUS-3 major branches.

Position of amino acid | P22-major branch Sf6-major branch CUS-3 major branch
residue in phage P22 (aligned with residue | (aligned with residue
number of Sf6) number of CUS-3)
61 Tryptophan Glycine (64) Leucine (61)
91 Alanine Glutamate (97) Alanine (92)
92 Aspartate Glutamate (98) Arginine (93)
366 Isoleucine Leucine (367) Leucine (358)
401 Leucine Asparagine (396) Glycine (390)
410 Tryptophan Leucine (405) Leucine (399)

735
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