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Abstract

The 102 residue N-terminal extension of the HK97 major capsid protein, the delta domain, is

normally present during the assembly of immature HK97 procapsids, but it is removed during

maturation like well-known internal scaffolding proteins of other tailed phages and herpesviruses.

The delta domain also shares other unusual properties usually found in other viral and phage

scaffolding proteins, including its location on the inside of the capsid, a high predicted and

measured α-helical content, and an additional prediction for the ability to form parallel coiled-

coils. Viral scaffolding proteins are essential for capsid assembly and phage viability, so we tested

whether the HK97 delta domain was essential for capsid assembly. We studied the effects of

deleting all or parts of the delta domain on capsid assembly and on complementation of capsid-

protein-defective phage, and our results demonstrate that the delta domain is required for HK97

capsid assembly.
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Introduction

The assembly of many viral capsids requires the participation of proteins which are not

present in the mature capsid (King and Casjens, 1974; Showe and Black, 1973). These are

called scaffolding proteins and occur in two varieties, internal and external (Dokland, 1999;

Fane and Prevelige, 2003; Prevelige and Fane, 2012). The tailed dsDNA phages (Casjens

and Hendrix, 1988) and herpesviruses (Homa and Brown, 1997) utilize internal scaffolding

proteins that are present during initial assembly, but they are removed before or during DNA

packaging and final maturation of the capsid. In the absence of a functional scaffolding

protein, major capsid proteins fail to assemble correctly, often making irregular structures

© 2014 Elsevier Inc. All rights reserved.
*Corresponding author: Robert L. Duda, Department of Biological Sciences, University of Pittsburgh, Pittsburgh, PA 15260, phone:
(412) 624-4651, fax: (412) 624-4759, duda@pitt.edu.
1Current address: Department of Immunology and Microbial Science, The Scripps Research Institute, La Jolla, California

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Virology. Author manuscript; available in PMC 2015 May 01.

Published in final edited form as:
Virology. 2014 May ; 0: 171–178. doi:10.1016/j.virol.2014.03.022.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



called monsters or spirals (Cerritelli and Studier, 1996; Earnshaw and King, 1978; Hagen et

al., 1976), tubes of capsid protein called polyheads (Howatson and Kemp, 1975;

Kellenberger, 1980), or less frequently, smaller-than-normal complete capsid shells (Choi et

al., 2006; Earnshaw and King, 1978; Thuman-Commike et al., 1998). Internal scaffolding

proteins, as their name implies, occupy a significant space within procapsids and therefore

must be removed before DNA can be fully packaged. This is often accomplished through the

action of a capsid maturation protease, but scaffolding proteins sometimes exit through

specialized ports in the capsid that close during maturation, as occurs for phage P22 (Prasad

et al., 1993). Scaffolding proteins have also been found to have secondary structures that are

dominated by α-helices (Morais et al., 2003; Tuma et al., 1996).

HK97 is a temperate dsDNA bacteriophage with a T=7 icosahedral capsid that does not have

a separate scaffolding protein for capsid assembly (Duda et al., 1995b). Instead, the major

capsid protein has a delta domain, a 102-amino-acid N-terminal extension, which is

removed by the phage-encoded protease before DNA packaging. The term delta domain

applies to parts of a major capsid protein (mcp) that are absent from mature capsids,

originally applied to phage T4 (Tsugita et al., 1975). A schematic of HK97 capsid assembly

and maturation is shown in Fig. 1. Assembly begins with the formation of hexamers and

pentamers of the major capsid protein (Xie and Hendrix, 1995). These, collectively called

capsomers, along with the portal protein and phage encoded protease, assemble into the

immature Prohead I, with the delta domains in the interior of the capsid (Conway et al.,

1995). Once assembly is complete, the protease is activated and cleaves the delta domain

into peptides, and then cleaves itself (Duda et al., 2013). The liberated peptides appear to

escape through holes in the shell (Conway et al., 1995; Duda et al., 1995b), leaving an

empty capsid, Prohead II, which is ready for DNA packaging through the portal (Duda et al.,

1995a). DNA packaging causes the capsid to expand and crosslink into the mature form,

Head II.

Like viral scaffolding proteins, the HK97 delta domain is present during initial assembly,

but absent in the mature structure (Conway et al., 1995; Duda et al., 1995b), suggesting that

it may play similar crucial roles during the early steps of assembly. In most tailed-phage

genomes, the scaffolding gene lies between the portal gene and the major capsid protein

gene (Casjens and Hendrix, 1988; Hendrix and Duda, 1998). In the case of HK97, the delta

domain, though fused to the major capsid protein, holds the same position in the genome.

For a number of systems, including P22 (Greene and King, 1996, 1999; Weigele et al.,

2005), P2 (Cerritelli and Studier, 1996), and the herpesviruses (Kennard et al., 1995), the

respective scaffolding proteins bind to capsid interiors via their C-terminal ends, just as the

HK97 delta domain is tied to the rest of the mcp by its C-terminus. In the absence of a

detailed structure, the HK97 delta domain is predicted to be composed of three α-helical

regions (Conway et al., 1995) with a short β-sheet near its C-terminus. The highly α-helical

nature of the HK97 delta domain has been confirmed by Raman spectroscopy (Benevides et

al., 2004), showing that it truly shares this common property of scaffolding proteins.

Additionally, the sequence of the first two predicted α-helices of the delta domain give high

scores when algorithms that calculate the probability of forming coiled-coils are applied

(Conway et al., 1995). In herpesviruses, P22, T4, λ, and ϕ29, proper capsid assembly is

dependent on the presence of the scaffolding protein (Earnshaw and King, 1978) (Ray and
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Murialdo, 1975) (Tatman et al., 1994) (Thomsen et al., 1994) (Keller et al., 1986) (Keller et

al., 1988) (Hagen et al., 1976) (King et al., 1980). The HK97 delta domain shares many

properties with other scaffolding proteins; therefore, one could hypothesize that the delta

domain is required for HK97 capsid assembly. To test this, we made deletions of all or parts

of the delta-domain segment of the HK97 major capsid protein gene and tested the assembly

phenotypes of the mutants using plasmid expression studies. Our results confirm that the

HK97 delta domain is essential for assembly.

Results and Discussion

Expression of the HK97 major capsid protein without the delta domain

The HK97 maturation protease is not necessary for the full-length major capsid protein to

assemble into Prohead I (Duda et al., 1995a) (Duda et al., 1995b) and appears to be

incorporated into proheads by binding to the delta domain (Conway et al., 1995; Duda et al.,

2013). This suggests that the protease would not be needed for assembly in the absence of

the delta domain. Therefore, we deleted the protease and the entire delta domain from our

standard expression plasmid to make a delta-less variant called pNoDelta1. In this plasmid,

the Met start codon of HK97 major capsid protein, gp5, was moved from its normal position

to just upstream of codon 104, which encodes the first residue of the mature HK97 major

capsid protein. This plasmid failed to express any detectable protein (not shown), so we

added the ribosome binding site and the first five codons from the efficiently expressed

bacteriophage T7 major capsid protein (Olins et al., 1988) (Olins and Rangwala, 1989) to

make plasmid pNoDelta2. This plasmid produced ample delta-less HK97 major capsid

protein (Fig. 2). The proteins from pNoDelta2 and a control plasmid were expressed under

radiolabelling conditions (Fig. 2A) and samples were collected 1, 5, and 45 minutes after

label addition, along with the remaining soluble and pellet fractions of the culture. The wild-

type control produced copious full-length 42 kDa mcp, which was also cleaved to the mature

31 kDa size during the experiment (Fig. 2A, left) indicating normal assembly and

conversion to Prohead II. Plasmid pNoDelta2 expressed a protein that migrated similarly to

the mature mcp at all time-points and at levels comparable to that of the wild-type protein

(Fig. 2A, right). However, most of the protein was in the pellet fraction at the end of the

experiment, suggesting that it is insoluble.

In order to determine whether the truncated protein was capable of assembling into

recognizable structures such as capsomers or proheads, we repeated the expression

experiments using our high-level expression protocol and analyzed the pellet, supernatant,

and PEG (polyethylene glycol precipitate) fractions (Fig. 2B, C). In this experiment, the

control plasmid was a protease knockout plasmid (protease-) that expresses only the full-

length HK97 major capsid protein. This plasmid produced a 42 kDa band as expected for

uncleaved major capsid protein (lanes 1–3, Fig. 2B) in the SDS gel. The pNoDelta2 plasmid

produced a band that migrated as expected for its size (indicated by a dot in lane 4 in Fig.

2B), but this band only appeared in the pellet fraction, confirming that the delta-less mcp is

insoluble or, at least, highly aggregated. Protein samples from the pNoDelta2 plasmid also

failed to produce any bands above background on a native agarose gel (lanes 4–6, Fig. 2C)

in contrast to the control protease knockout plasmid (protease-), which produced clearly
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visible and soluble proheads and capsomer bands (lanes 1–3, Fig. 2C). Capsomers are

hexamers and pentamers of the mcp, which migrate at the same position in these agarose

gels (Xie and Hendrix, 1995). The migration behavior of HK97 prohead, capsomers and

other assembled structures are well characterized (Dierkes et al., 2009; Duda et al., 1995a;

Duda et al., 2013; Xie and Hendrix, 1995), so we are confident that we could detect

significant production of soluble assembly products. The pellet fraction containing the bulk

of the pNoDelta2 truncated mcp was examined by negative stain electron microscopy, and

no recognizable assembled protein structures were found, only cell debris and aggregates of

uncertain origin (data not shown). These results highlight the essential role that the HK97

delta domain plays in the successful folding and/or organized assembly of the HK97 major

capsid protein, and we suggest that the delta domain may play a chaperone-like role in this

process.

Complementation spot tests were used to test for biological function of mcp lacking the

delta domain (Table 1). In these assays, mutant protein expressed from a plasmid is tested

for its ability to complement phage with an amber mutation in the HK97 major capsid

protein gene in order to produce viable phage particles. pNoDelta2 gave no detectable

complementation, which is consistent with the biochemical results outlined above.

Additional deletions within the delta domain

Several smaller deletions in the delta domain were also constructed to see if the capsid

protein would retain partial function and perhaps provide more insight into the role of this

domain. Deletions were made within a variant of our standard expression plasmid (Duda et

al., 1995b). A unique SacI restriction endonuclease cleavage site in codon 4 of the major

capsid gene served as one endpoint for all deletions. Four deletions were made (Fig. 3):

Del1, removing 9 residues (from 4 to 13), Del2, removing 25 residues (from 4 to 29), Del3

removing 46 residues (from 4 to 50), and Del4, removing 58 residues (from 4 to 62). The

locations of the deletions within the delta domain sequence are shown schematically in Fig.

3A. Del1 removes a portion of the predicted N-terminal α-helix of the delta domain; Del2

removes most of the first predicted α-helix; Del3 removes the first and half of the second

predicted α-helix; Del4 removes the first and most of the second predicted α-helix.

High-level expression experiments were again used to characterize the four additional delta

domain deletion mutants (Fig. 3). On the non-denaturing agarose gel, the wild-type control

produced prohead and head bands (lanes 1–3, Fig. 3B). The corresponding wild-type control

lanes in the SDS gel showed cleaved mcp at the expected size of 31 kDa (lanes 1–3, Fig.

3C), indicating that the prohead band is indeed Prohead II and confirming successful

assembly and cleavage of the delta domain. (In vivo, the wild-type plasmid produces only

Prohead II, but the freeze/thaw step used to induce lysis also induces in vitro conversion of

some of the Prohead II present to Head II(Duda et al., 1995b)). The mutants Del2, Del3, and

Del4 did not produce any identifiable bands in the agarose gel and thus appeared to produce

no soluble assembly products (lanes 7–15, Fig. 3B). Del2 did not produce a detectable mcp

band in the SDS gel in any fraction, (lanes 7–10, Fig. 3C, confirmed by a repeat

experiment), which suggests that this unnatural protein is very unstable in the host cells and

is rapidly degraded. Del3 and Del4 each produced a distinct band in the SDS gel, which
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migrate at the positions expected for the sizes of the deletion proteins (indicated by circles

next to lanes 10 and 14, Fig. 3C). However, each was found exclusively in the pellet

fraction, which strongly suggests that Del3 and Del4 produced insoluble protein similar to

the product from pNoDelta2. These results provide further support for the crucial role of the

delta domain in the folding and solubility of the HK97 major capsid protein.

Del1 was the only deletion mutant that produced detectable bands in the agarose gel. These

faint Del1 bands were found in both the supernatant and PEG fractions at the position

expected for proheads (lanes 5 and 6, Fig. 3B), indicating that the Del1 protein is capable of

assembling into proheads, although not as efficiently as the wild-type protein. The Del1

lanes in the SDS gel each showed a band of the appropriate mobility to be the uncleaved

version of the Del1 protein (indicated by a circle next to lane 6, Fig. 3C) showing that

cleavage did not occur for this mutant and that the proheads produced were a form of

Prohead I. The pellet fraction of the SDS gel contained the highest concentration of the Del1

protein, indicating that the protein that did not assemble into Prohead I either misfolded and

aggregated, or assembled abnormally into structures that were trapped in the pellet. This

finding suggests that the Del1 mutant is defective in folding, even though it has retained

some ability to assemble. The pellet fraction was not examined further.

Complementation tests were done to assess the functionality of the four N-terminal deletion

mutants. All four mutants exhibited no significant complementation, indicating that they are

all biologically dead (Table 1), including the Del1 mutant. None of the deletion mutants

interfered with the growth of wild-type phage in the complementation test controls, showing

that there were no dominant negative effects observed. Dominant negative effects have been

observed with other HK97 mutants (Dierkes et al., 2009).

The lack of capsid protein cleavage for the Del1 mutant could be due to failure to

incorporate the protease, or to a different kind of block to proteolysis. To test for Del1’s

ability to co-assemble with the protease, the Del1 deletion was transferred to a plasmid that

contains both the HK97 portal and an inactive variant of the HK97 protease with the active

site mutation H65A (Duda et al., 2013). Following protein expression, the proheads were

purified and compared to the proheads produced by an identical plasmid without the

deletion. Electron microscopy showed that the two types of proheads were essentially

identical in appearance in negative stain (Fig. 4A, B), indicating that the Del1 mutant made

capsids of the proper size and shape. SDS gel analysis of the purified control proheads

showed uncleaved major capsid protein, portal, and inactivated protease bands (Fig. 4C, lane

1), as expected. The yield of Del1 proheads was lower than wild-type, as indicated by the

weaker mcp band observed when equivalent samples from the two preparations were

compared (Fig. 4C, lane 2). A portal protein band was clearly visible in the Del1 sample,

showing that the portal was incorporated. Strikingly, however, no protease band was

detected in the Del1 sample, even when the total amount of protein loaded was increased to

match the conditions where the inactive protease band was readily detectable in the control

Prohead I (compare lanes 1 and 3 in Fig. 4C). These results show that the cleavage defect of

the Del1 mutant is due to a failure to incorporate the HK97 protease, and further suggest that

the N-terminal helix of the delta domain may participate in protease binding.
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The multiple essential roles of the HK97 delta domain

We have shown that the HK97 delta domain behaves like a scaffolding protein analog and is

essential for assembly of the HK97 major capsid protein into a procapsid. The HK97 delta

domain also appears to have chaperone-like qualities, because all large deletions in the delta

domain produced unstable or insoluble protein. Deletion of only nine amino acids near the

N-terminus in Del1 drastically reduced this protein’s solubility and interfered with

assembly. Many internal viral scaffolding proteins have their N-terminal regions positioned

toward the center of the capsid, which allow them to make intermolecular interactions

(Dokland, 1999) (Parker et al., 1998) (Parker et al., 1997) (Wood et al., 1997). Similar

interactions may be required in the delta domain, which could explain why the larger delta-

domain deletions are unable to assemble capsomers into proheads. Furthermore, these

interactions may involve coiled-coil interactions between delta domains. We believe that the

highly α-helical nature of the HK97 delta domain may be important for delta-domain

function by providing it with the ability to form such coiled-coil interactions with itself, and

with other partners, including the protease and portal proteins.

In P22 procapsid assembly, mutations which block portal incorporation map to a near-C-

terminal region of the scaffolding protein (Greene and King, 1996), showing that the

multiple functions of a scaffolding protein map to different parts of the protein. While our

current study did not reveal if the HK97 portal binds to any part of the delta domain, we did

find that an intact N-terminal delta domain α-helix is required for protease incorporation,

strongly suggesting that the protease may bind there. We have previously shown that the C-

terminus of the HK97 protease contains the capsid targeting signal (Duda et al., 2013). The

C-terminus of the protease is predicted to be largely α-helical, which together with the

results reported here supports the idea that α-helical regions at the C-terminus of the HK97

protease may form coiled-coils with the N-terminal region of the delta domain to mediate its

assembly into proheads (Duda et al., 2013). We have begun expanded studies of the HK97

delta domain that target specific residues and regions identified in analyses of aligned

protein sequences of a larger set of phage delta domains. These studies will provide deeper

insight into the specific roles of delta domains and scaffolding proteins in viral capsid

assembly.

Materials and Methods

Bacterial strains, plasmids and plasmid construction

T7 promoter expression strain E. coli BL21(DE3)pLysS (Studier et al., 1990) was used for

capsid protein expression and for complementation spot tests. E. coli stain DH10b was used

for propagating plasmids. All plasmids were based on T7 expression vector pT7-5

(GenBank ACCESSION: AY230150). The wild-type HK97 expression plasmid, pV0 (pT7-

Hd2.9) (Duda et al., 1995b) contains a part of HK97 gene 3 and all of genes 4 and 5.

Plasmid pVB is pV0 with the protease gene inactivated (pT7-Hd2.9(fsBstBI)) (Duda et al.,

1995b). Plasmid pV0SacI has a silent codon change that introduces a SacI site between

codons 4 and 5 of gene 5. Plasmid pVP0 was made from pV0 by adding a genomic EcoRI

fragment that contains the rest of the portal gene. Plasmid pVP0-g4H65A has a gene 4

mutation H65A that inactivates the protease (Duda et al., 2013). Plasmid pVP0 was used as
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the PCR template with Pfu polymerase (Stratagene) for making the no-delta plasmids. PCR

products were purified by gel electrophoresis and pressure-extrusion (Gubin and Kincaid,

1998). The PCR products and plasmid pT7-5 were digested with EcoRI and HindIII, gel

purified, ligated and transformed into E. coli DH10b cells. Del1, Del2, Del3, and Del4 were

created in plasmid pV0SacI using Phusion polymerase (Finnzymes OY). Segments of gene

5 were amplified using primers that introduce a new SacI site at their 5′ ends and re-joined

to the original SacI site to create the deletions. All PCR-amplified segments in the plasmids

used for this work were verified by DNA sequencing.

Radiolabeling

Radiolabeling was done in M9-dMAM medium, which is M9 medium (Kellenberger and

Sechaud, 1957) supplemented with 0.4 % glucose and 1% DIFCO Methionine Assay

Medium. Overnight cultures of pNoDelta1 and pNoDelta2 were diluted into M9-dMAM

with 50 μg/ml ampicillin and 25 μg/ml chloramphenicol and incubated with no shaking at

30°C. The next day, the cultures were transferred to a 37°C water bath, grown with shaking

at 250 rpm until the OD550 reached ~ 0.3–0.4 and induced with 0.4 mM IPTG for 30 min.

Rifampicin was added to 200 μg/ml and later, 35S-Met was added to 1 μCi/ml. Samples were

taken after 1, 5, and 45 min, TCA precipitated, and processed for SDS gel analysis. The

remaining cultures were centrifuged. The pelleted cells were suspended in 50 mM Tris-HCL

(pH 8.0), 5 mM EDTA, and lysed at 24°C after adding Triton X100 to 0.1%. MgSO4 was

added to 25 mM, followed by DNase I to 20 μg/ml and the lysates were incubated at 24°C

for ~5′ to reduce viscosity and centrifuged at 14,000 × g for 10 min. The supernatant was

saved and the pellet was suspended in TKG50 buffer (Tris 20 mM Tris-HCl, pH 7.5, 50 mM

Potassium Glutamate). Fractions were TCA precipitated and denatured in SDS for gel

analysis.

High-level expression experiments

HK97 capsid genes were expressed using the autoinduction methods and media described by

Studier (Studier, 2005), which produce high yields of HK97 procapsids from our expression

plasmids. The high protein yields allow the use of autoinduction in small scale cultures for

analyzing mutants. Overnight cultures of BL21(DE3)pLysS containing HK97 expression

plasmids grown in MDG (non-inducing) media with 50 μg/ml ampicillin and 25 μg/ml

chloramphenicol were diluted ~300 fold into 1.5 ml of TYM5052 (autoinduction) media and

grown at 37°C with aeration (shaking at 300 rpm) in 18 mm diameter tubes for 24 hrs. Cells

were collected and suspended in 0.3 ml of 50 mM Tris-HCL (pH 8.0), 8 mM EDTA. Cells

were lysed by adding Triton X100 to a final concentration of 0.15%, freezing in dry ice, and

thawing at room temperature. MgSO4 was added to 25 mM, followed by DNase I to 15

μg/ml and the lysates were incubated at 28°C for ~5′ to reduce the viscosity. The lysates

were centrifuged at 14,000 × g for 10 min. The supernatant was divided into two tubes; one

to act as the supernatant fraction, the other to be used for the PEG (polyethylene glycol)

precipitation fraction. Pellets were suspended in 0.3 ml of DL buffer (20 mM Tris HCl, pH

7.5, 40 mM NaCl). For the PEG fraction, 1/2 volume of 12% (w/v) PEG 8000 in 1M NaCl

was added, the mixture left on ice for ~20 minutes, and centrifuged at 14,000 × g for 10 min.

The PEG supernatant was removed and discarded. Residual liquid was removed after a
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second quick centrifugation, and the PEG pellet was suspended in 0.15 ml Buffer G (20 mM

Tris HCl, pH 7.5, 100 mM NaCl). Fractions were stored cold for biochemical analyses.

Purification of proheads

Control and Del1 proheads were purified from cleared lysates made from induced 0.5 L

cultures of BL21(DE3)pLysS containing plasmids pVP0-g4H65A or pVP0-g4H65A-Del1.

Purification was done as described previously (Dierkes et al., 2009; Li et al., 2005) and

included PEG precipitation, pelleting by ultracentrifugation and separation by velocity

sedimentation in glycerol gradients. The final samples were concentrated by

ultracentrifugation and resuspended in buffer containing 20 mM Tris-HCL and 50 mM

potassium glutamate.

Electrophoresis methods

For native agarose gels, samples were diluted into a dye-glycerol mixture in TAMg buffer

(40 mM Tris base, 20 mM acetic acid pH 8.1, and 1 mM magnesium sulfate), loaded onto a

native 0.9% agarose gel, electrophoresed, and stained for protein using Coomassie Brilliant

Blue R250 as described previously (Duda et al., 1995a). For SDS-polyacrylamide gels,

samples were precipitated by adding TCA to ~10%, or diluted 25 fold into 10% TCA with 2

mg/ml sodium deoxycholate (DOC) for autoinduction samples. Following incubation on ice

for 10 min, the pellets were collected by centrifugation, washed with acetone, dried,

suspended in SDS sample buffer (Laemmli, 1970), and denatured at 100°C. Samples were

electrophoresed in 12% low-crosslinking SDS-polyacrylamide gels made from a 33.5%

(w/v) acrylamide/0.3% (w/v) methylene bisacrylamide stock (Dreyfuss 1984) using the

traditional buffers (Laemmli, 1970), and stained with Coomassie Brilliant Blue R250. The

gels in Fig. 4 were made from a 30% (w/v) acrylamide/1.6% (w/v) methylene bisacrylamide

stock to help separate the portal band from the mcp band.

Complementation Spot Tests

These tests rapidly evaluate whether a gene expressed from a plasmid makes a protein that

can substitute for the one missing from cells infected with a phage carrying an amber

mutation. Overnight cultures of the BL21(DE3)plysS mutant strains were mixed with soft

agar supplemented with ~1% lactose (to induce gene expression) and used to create a

bacterial lawn on an LB plate. Serial dilutions (109 pfu/ml - 104 pfu/ml) of WT HK97

phage, phage am1 (amber mutation in gene 5), phage amU4 (amber mutation in gene 4), and

phage amC2 (negative control amber mutation) were spotted as 4 μl drops, and the plates

were incubated overnight at 37°C. pV0 served as the wild-type control plasmid. Titers were

estimated by assigning a score of 10 for each fully clear spot and 3 for each partially cleared

spot (not including those with only a few plaques) and multiplying the results (Dierkes et al.,

2009). WT usually gives 5 clear spots and one partially cleared spot, so its plating score is

10 × 10 × 10 × 10 × 10 × 3 = 3×105. Relative complementation values (efficiency of plating,

EOP) were calculated by dividing the titer obtained for a mutant plasmid by that obtained

for the wild-type plasmid.
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Transmission Electron Microscopy

Carbon/formvar grids (400 mesh, Ted Pella, Redding, CA) were treated by glow-discharge

before use. Samples were applied, rinsed with water, stained with 1% uranyl acetate in water

and blotted dry. Digital micrographs were taken at 56000× using a Morgagni 268(D) EM

(FEI, Eindhoven, Netherlands).
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• HK97 major capsid protein is insoluble when its entire delta domain is deleted

• Even short deletions in the HK97 delta domain are deleterious

• A short N-terminal delta domain deletion abolishes protease incorporation
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Fig. 1. HK97 Capsid Assembly Pathway
The E. coli chaperonin proteins GroEL and GroES assist in the folding and assembly of the

mcp subunit into hexamers and pentamers. These, collectively called capsomers, assemble,

along with the portal and the protease, into Prohead I. The active protease, present inside the

capsid, cleaves the delta domains, then cleaves itself. The resulting peptides escape from the

capsid, leaving an empty Prohead II shell. DNA is packaged through the portal and induces

the capsid to transform, via a series of expansion intermediates, into the mature Head II.

Head II is stabilized by covalent crosslinks and is ready to attach a tail to form a viable

phage. B. HK97 capsid assembly genes with protein names. The HK97 protease substrates,

including the delta domain are identified. C. The major forms of the HK97 major capsid

protein.
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Fig. 2. Expression of the HK97 major capsid protein without the delta domain
A. Radiolabelled proteins produced by the wild-type expression plasmid and plasmid

pNoDelta2 were analyzed on a SDS polyacrylamide gel. The control plasmid synthesizes

both the protease and the mcp, gp5. B. SDS gel analysis of high-level expression of

pNoDelta2. Protease− plasmid (pVB) has a protease knockout mutation and produces

Prohead I composed of 42 kDa gp5. pNoDelta2 produces mcp at the expected size in the

pellet fraction only (labeled with circle). C. Fractions from the high-level expression were

run on a 0.8% agarose gel, and stained. Prohead, head and capsomer bands are indicated.

The pNoDelta2 mcp did not produce any distinct capsid assembly structures. The
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background smears of protein in the supernatant fractions are from cell proteins, which are

also present when an empty plasmid vector is expressed.
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Fig. 3. Analysis of four delta domain deletions of increasing length
A. Delta domain sequence and deletion map showing predicted secondary structure. B.
Mutant protein fractions from plasmids containing four different-sized deletions in the delta

domain were analyzed using a 0.8% non-denaturing agarose gel. The wild-type plasmid

produced distinct prohead and head bands, indicated in the figure. Del1 produced a prohead

band in the supernatant and PEG fractions. The other deletion mutants did not show any

distinct HK97 assemblies. C. SDS gel analysis of protein fractions of deletion mutants.

Positions of wild-type and truncated mcp bands are indicated by small circles. The wild-type

plasmid produced cleaved mcp (31 kDa). Del1 shows an uncleaved mcp band at the

expected size for this deletion in all three fractions. Del2 did not show any detectable mcp.

Del3 and Del4 showed mcp in the pellet fractions only, at the sizes expected for these

deletions.
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Fig. 4. Comparison of Del1 proheads (deleting residues 9–13) with wild-type proheads
A and B. Electron micrographs of purified particles stained with 1% uranyl acetate. Both

images were taken at the same magnification. The scale bar represents 100 nm. A. Wild-type

Prohead I. B. Del1 proheads. C. SDS gel analysis of the composition of proheads: lane 1,

Prohead I with portal and inactivated protease from plasmid pVP0-g4H65A; lanes 2 and 3,

portal-containing Del1 proheads made in the presence of inactivated protease from plasmid

pVP0-g4H65A-Del1.
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Table 1
Complementation of gene 4 and gene 5 amber mutant phage by deletion plasmids

The complementation efficiency of the delta-domain deletion-mutant plasmids was compared to

complementation of the wild-type expression plasmid using spot test scores to calculate a relative efficiency of

plating (EOP), as described under Materials and Methods. The delta-domain deletion-plasmids were all

reduced by 3 to 4 log10 in complementation efficiency in comparison to wild type.

Plasmid Wild-type relative EOP Gene 5 amber relative EOP Gene 4 amber relative EOP

Wild-type 1* 1* 1*

pNoDelta2 1 0.0001 n/a

Del1 1 0.001 1

Del2 1 0.001 1

Del3 1 0.001 1

Del4 1 0.001 1

The asterisks (*) indicate that the wild-type plasmid scores were set to 1 and used as the denominator in EOP calculations. (n/a: not applicable)
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