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ABSTRACT As they mature, many capsids undergo massive conformational changes that transform their stability, reactivity, and
capacity for DNA. In some cases, maturation proceeds via one or more intermediate states. These structures represent local min-
ima in a rich energy landscape that combines contributions from subunit folding, association of subunits into capsomers, and
intercapsomer interactions. We have used scanning calorimetry and cryo-electron microscopy to explore the range of capsid
conformations accessible to bacteriophage HK97. To separate conformational effects from those associated with covalent cross-
linking (a stabilization mechanism of HK97), a cross-link-incompetent mutant was used. The mature capsid Head I undergoes
an endothermic phase transition at 60°C in which it shrinks by 7%, primarily through changes in its hexamer conformation. The
transition is reversible, with a half-life of ~3 min; however, >50% of reverted capsids are severely distorted or ruptured. This
observation implies that such damage is a potential hazard of large-scale structural changes such as those involved in matura-
tion. Assuming that the risk is lower for smaller changes, this suggests a rationalization for the existence of metastable interme-
diates: that they serve as stepping stones that preserve capsid integrity as it switches between the radically different conforma-

tions of its precursor and mature states.

IMPORTANCE Large-scale conformational changes are widespread in virus maturation and infection processes. These changes are
accompanied by the release of conformational free energy as the virion (or fusogenic glycoprotein) switches from a precursor
state to its mature state. Each state corresponds to a local minimum in an energy landscape. The conformational changes in cap-
sid maturation are so radical that the question arises of how maturing capsids avoid being torn apart. Offering proof of princi-
ple, severe damage is inflicted when a bacteriophage HK97 capsid reverts from the (nonphysiological) state that it enters when
heated past 60°C. We suggest that capsid proteins have been selected in part by the criterion of being able to avoid sustaining
collateral damage as they mature. One way of achieving this—as with the HK97 capsid—involves breaking the overall transition
down into several smaller steps in which the risk of damage is reduced.
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aturation is the final phase of virus assembly in which a

noninfectious precursor particle is transformed to an infec-
tious virion. In this sense, maturation is comparable to enzyme
activation but takes place on a larger scale and is usually irrevers-
ible. An essential feature of numerous viral systems (e.g., see ref-
erences 1 to 4), maturation generally involves conformational
changes within the viral particle. These changes are triggered—in
many but not all systems—by limited proteolysis of the capsid
proteins.

Maturation has been studied in depth for the capsids of tailed
bacteriophages and their evolutionary codescendants, herpesvi-
ruses (5). Capsid maturation by itself does not confer infectivity,
butitis a prerequisite for infectivity. The bacteriophage precursor
particle (procapsid) expands by about 20% in diameter, and its
shape changes from round to polyhedral, with thinner walls and
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flatter facets. The expansion results in an approximate doubling of
its capacity for DNA. Maturation also stabilizes the capsid, en-
abling it to resist the outward pressure of densely packaged DNA.
Stabilization can be effected by any of several molecular mecha-
nisms, depending on the virus: creation of binding sites for clamp-
ing proteins that bridge the intercapsomer interfaces (e.g., T4 [6,
7] and lambda [8, 9]), formation of covalent cross-links between
adjacent subunits (e.g., HK97 [10]), or simply switching to a
stronger set of intermolecular interactions (e.g., P22 [11, 12] and
T7 [13]).

Although they employ a variety of stabilization mechanisms,
the capsid proteins of tailed bacteriophages share a fold, first vi-
sualized in the case of HK97 (14). Essentially the same fold is
reproduced in all such viruses studied to date, despite the absence
of sequence similarity and the diversity of hosts. It also appears to
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FIG 1 Cartoon outlining the assembly and maturation pathway of the HK97 capsid, both for the wild-type capsid protein gp5 (cleaved form, gp5*), which
undergoes cross-linking, and for the K169Y mutant, which cannot cross-link. The wild-type EI was originally thought to consist of two subclasses (14) but is now
perceived as a somewhat heterogeneous population in which the particles exhibit various amounts of cross-linking. Head I and Head II are approximately 20%
larger than Prohead I or II. EI, Head I*, and Prohead I* are similar in size, about halfway between the two extremes, but they differ structurally in some local
features. The capsid of the DNA-filled head is slightly but significantly different from empty Head II, having flatter facets (52).

be adopted by the capsid “floor” domain of herpesviruses (15, 16),
animal viruses whose capsids share many structural properties
and maturation-related behaviors with phage capsids (5, 17).

HK97 maturation has been particularly amenable to study be-
cause the procapsid can be assembled by simply expressing the
gene that codes for the capsid protein, gp5 (42 kDa), with or with-
out coexpression of the viral protease (18), and subsequent steps
in the maturation pathway may be induced in vitro (14, 19, 20).
The pathway is outlined in Fig. 1. Detailed structures have been
determined for most of these conformations by X-ray crystallog-
raphy and/or cryo-electron microscopy (cryo-EM) (21). More-
over, possible pathways of maturation have been explored theo-
retically by molecular dynamics calculations (22). In the first step
toward maturation, the precursor capsid protein gp5 (42 kDa) is
cleaved to gp5* (31 kDa) by removal of its N-terminal A-domain.
This converts Prohead I to the metastable Prohead II, whose gp5*
shell is only subtly different from that of Prohead I but is primed
for expansion (23). In vivo, expansion is coupled with and prob-
ably driven by DNA packaging; in vitro, it may be induced by
manipulating the pH. Acidification to pH ~4 followed by reneu-
tralization leads the maturing capsid through two intermediates,
called Expansion Intermediate (EI) and Balloon, to the end state,
Head II (14, 24). Covalent cross-linking, an autocatalytic process,
starts at the EI stage and is completed in Head II. The same struc-
tural changes take place in the absence of cross-linking with the
K169Y mutant in which a cross-linking lysine is replaced with a
cross-linking-incompetent tyrosine. Why there should be meta-
stable icosahedrally symmetric intermediates along a maturation
pathway—three of them in the case of HK97, when Prohead II is
included (Fig. 1)—has not been clear. A possible answer emerged
in the course of this study.

The energetic basis of HK97 capsid maturation has been inves-
tigated by combining scanning calorimetry with cryo-electron mi-
croscopy to study purified capsids in various conformational
states (25, 26). Each kind of capsid denatures at a distinctive melt-
ing temperature (T,,). These observations formed the basis for the
“free energy cascade” hypothesis, whereby the maturation path-
way is envisaged as passing through a sequence of progressively
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lower local minima in the free energy landscape (26). However,
some of the thermograms show additional endothermic events at
temperatures lower than the T,,. These transitions are reversible
and represent phase transitions of the capsid, typically involving
input of 5 to 10% of the heat (enthalpy) required for denaturation
(AH,,). The 54° endotherm of Prohead I, producing Prohead I*,
represents switching to a state in which the gp5 pentamers retain
their original conformation while the hexamers switch to their EI
state, with their A-domains disordered (27), bypassing their Pro-
head IT conformation. Here, we have applied a similar approach to
characterize the 60° endotherm of Head I. Our goal was to further
explore the range of conformational states accessible to the gp5*
capsid, thereby to illuminate the maturation pathways of HK97
and other viral capsids.

RESULTS

When purified Head I is thermally scanned in our standard buffer
(near-neutral pH, moderate ionic strength; see Materials and
Methods), it registers an endothermic event that peaks at 60°C and
is over by 63°C (see Fig. 3 of reference 25). The onset of thermal
denaturation comes later at 77°C, peaking at 81°C. In order to
capture Head I in its supra-60° conformation (Head I*), we incu-
bated drops of specimen mounted on EM grids at 65°C or 70°C for
10 min (consistent results were obtained with both temperatures)
and then vitrified them for observation by cryo-EM. This was
done as rapidly as possible to minimize the risk of reversion, i.e.,
failing to capture the thermally excited state. Because aqueous
drops evaporate rapidly at elevated temperatures, these experi-
ments were performed using an environmental chamber in which
humidity and temperature could be controlled. We estimate the
interval from the specimen being at incubation temperature to its
being immobilized in vitreous ice to be a fraction of a second (~0.1
to0 0.3 s) (27).

A cryo-electron micrograph of a typical field of heated capsids
is shown in Fig. 2A and compared with the starting material in
Fig. 2B. The heated capsids are markedly smaller and rounder and
have thicker walls than Head I. These features are indicative of a
concerted conformational change in the surface lattice.
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FIG 2 Cryo-electron micrographs showing fields of Head I before (B) and after (A) incubation at 70°C and at various time points after restoration to room
temperature (22°C) (D, F, and G). Also shown is Head II before and after a high-temperature incubation (C and E).

Previous calorimetric experiments determined that the 60°
event is reversible, i.e., if Head I is incubated at a temperature
above 60°C and then cooled and subsequently rescanned, it again
exhibits the same event (25). In the present study, we investigated
the time course of reversion. To do so, we transferred a sample of
Head I to a 20°C water bath after heating it at 65°C for 10 min and
then vitrified samples for cryo-EM at various time points from 80 s
out to 75 min. A consistent feature of the cooled samples was a
much higher incidence of visibly distorted or ruptured particles
(Fig. 2D, F, and G) than in either the starting material (Fig. 2B) or
the heated sample (Fig. 2A).
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To quantitate these observations, we measured the average di-
ameters of several hundred capsids from each sample. The mean
and standard deviation for each sample are plotted in Fig. 3. We
also measured the percentage of regular capsids (P,) for each time
point (red data points in Fig. 3) and hence the percentages of
ruptured or distorted capsids (100 — P,). By 12 min of cooling, the
capsids had all reverted to their original conformation, as judged
by the diameters and appearance of the regular capsids and by the
smooth surface and thin walls of the distorted/ruptured capsids.
The incidence of distorted/ruptured capsids at later time points
remained consistently about 55%, approximately 5-fold higher

mBio mbio.asm.org 3


mbio.asm.org

Cardone et al.

600 T T T T T T T T I T i ] 100
i ? } Je0
590 [ ]
i Js0
L 2
< 580 | 3
T I &
3 J70 £
% r 2
£ r T
s [ 5
Q 570 - 460 ©
o [+
L (7]
L L ]
i + Is0
560 % %
i J ]
L a0
550 L 1 1 1 1 1 1 1 1 1 ] 1
| He | 12min | 3omin | | Hll@es®
H-l

H-1 80 sec 20min 75 min

FIG 3 Diameters of regular capsids and percentages of regular (nondistorted)
HK97 capsids under various conditions. The diameter data are in blue, and the
percentages are in red.

than in the control sample. Because the percentage of regular cap-
sids in the heated sample was no lower than that in the starting
material, the observed deformations must have been sustained
during cooling as the capsids attempted to revert to their original
conformational state.

An atypically large standard deviation in a set of diameter mea-
surements would suggest that more than one structural species
was present. Such was the case for the regular capsids captured
after 80 s of cooling, which also appear to be intermediate in av-
erage diameter between the heated sample and the control (Fig. 3).
Computational classification of 1,025 randomly chosen regular

capsids indicated that they consisted of ~80% Head I* and ~20%
Head I. These data suggest that reversion is triggered with a half-
life of ~3 min under these experimental conditions.

In order to ascertain whether the Head I-to-Head I* transition
would be affected by cross-linking, we subjected a preparation of
purified Head II (the mature, cross-linked, wild-type capsid) to
the same treatment. These capsids remained unchanged in size
and in their low incidence of distorted particles (Fig. 2C and E and
3). Thus, cross-linking blocks this transition. As Head II does not
exhibit a 60° endotherm (25), this finding confirmed the correla-
tion between that endotherm and the structural transition of
Head L.

To examine the conformational change, we calculated a three-
dimensional (3D) reconstruction of Head I*. The resolution of
this density map (Fig. 4A) was 12.9 A. Normally, we would expect
somewhat higher resolution for HK97 capsids with data in this
amount and of this quality (as assessed from the spectral limit of
Fourier transforms of the scanned micrographs), and indeed,
10.6 A was achieved in a parallel analysis of Head I. This shortfall
in resolution may indicate a microheterogeneity in Head I* struc-
tures, such as small departures from icosahedral symmetry that
are not evident by visual appraisal. Notwithstanding, the recon-
struction clearly shows Head I* to be ~7% smaller than Head I
(625 A versus 670 A in diameter, vertex to vertex) and rounder (cf.
Fig. 4A and B). Of note, Head I* is the same size as the EI (14) and
Prohead I* (27) capsids, but direct comparison with the latter
particles (see Fig. S2 in the supplemental material) shows that they
represent significantly different conformations; see, for instance,
the indentation at the 2-fold axis of Head I* (arrowhead in
Fig. 4A), which is not present in the other two particles.

In order to interpret the density map of Head I* in greater
detail, we performed “flexible fitting,” starting from the crystal
structure of Head I. The resulting model fits essentially perfectly
into the density map (Fig. 5A and B). It identifies the changes
undergone by gp5* subunits that produce the observed shrinkage

FIG 4 Cryo-EM reconstructions of Head I* (A) and Head I (B), viewed along a 2-fold symmetry axis. (Left) Outer surfaces; (middle) inner surfaces; (right)
central sections. The arrowhead in panel A (right panel) points to a distinctive indentation at the 2-fold axis. Bar, 10 nm.
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FIG 5 Flexible fitting and molecular modeling of the asymmetric unit (one
hexamer plus one pentamer subunit) of Head I*. The fit of the resulting pseu-
doatomic model into the cryo-EM reconstruction is illustrated in panels A and
B. (A) Side view through a cross-sectional slab. (B) Top view from the outside.
The inset at bottom right is a ribbon diagram showing the main features of the
subunit fold (Head II conformation). (C) Ribbon diagrams of Head I (red;
PDB ID 2FS3) and Head I* (blue; after flexible fitting) are compared.
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of the capsid. These changes are most easily appraised from mov-
ies simulating the transition (see Movies S1 to S4 in the supple-
mental material). The pentamer shows no significant changes in
tertiary structure, although it undergoes an inward radial move-
ment (the model appears to show a change in the pentamer E-loop
[Fig. 5C; see also Movie S2], but we do not assign significance to
this as this E-loop was arbitrarily modeled in Head I, its coordi-
nates not being defined in the atomic model). On the other hand,
the hexamer undergoes several modifications, the most notable
being a reduction in diameter from ~158 A to ~151 A. This reduc-
tion is achieved by the P- and A-domains moving closer to each
other, through a rotation of ~10° about the residues linking the
two domains. Each E-loop, sitting above the P-domain of the ad-
jacent subunit (see Movie S2), maintains that relative position. In
the model, the N-arm appears to swivel into a position closer into
the hexamer, although its extended structure and the limited res-
olution of the reconstruction make a firm conclusion difficult.
Finally, the angle between the pentamer and the surrounding hex-
amers is increased slightly, giving the capsid a rounder appear-
ance. In sum, the observed shrinkage of the capsid is achieved by a
compaction of the hexamers involving a relative movement of the
A- and P-domains and a small change in relative orientation be-
tween pentamers and hexamers.

DISCUSSION

Each capsid conformation corresponds to a local minimum in a
free energy landscape. As noted above (introduction), its energy
receives contributions from subunit folding, subunit association
into capsomers (hexamers and pentamers), and assembly of the
capsomers. In the HK97 system, the conformational changes pri-
marily involve subunit rotations. In this scenario, the initial con-
formation represents a relatively high-energy but kinetically ac-
cessible state, and as it matures, the capsid proceeds along a
pathway of staging posts through the energy landscape. According
to the free energy cascade hypothesis (27), these staging posts are
at progressively lower energies. However, alternative off-pathway
conformations are also possible.

Comparison of Head I* with Prohead I*: revision of the free
energy cascade hypothesis. In Prohead I*, the thermally excited
variant of Prohead I, the hexamers are in their EI conformation,
although their gp5 is still uncleaved (27) (Fig. 1). Prohead I* has
the same diameter as EI, whose protein is cleaved (gp5*). Head I*
also has the same diameter as EI, and it has cleaved gp5*. Both
thermally induced transitions are reversible, but Prohead I* re-
verts ~500 times more rapidly than Head I*, when cooled.

It is striking that the capsid switches to the same intermediate
diameter when heated, regardless of whether that size is attained
by expansion (of Prohead I) or shrinkage (of Head I). It follows
that this diameter corresponds to a particularly stable conforma-
tion or, more precisely, three similar (but nonidentical) confor-
mations. The one arrived at depends on a specimen’s history: for
example, Head I* is reached only from the Head I starting point. It
appears that Head I* represents a lower-free-energy state than
Head I, but there is a kinetic barrier between the two states that is
not passed unless there is an infusion of thermal energy (Fig. 6A).
In turn, Head I has a lower denaturation temperature (7,,, 83°C)
than does Prohead II (T,,, 84.5°C) (25). (The present observations
indicate that the former T, actually refers to Head I*: it is not clear
how the T,, of Head I could be measured.) Thus, if the capsids are
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FIG 6 Schematic diagram of energetic transactions involved in conforma-
tional changes of a capsid. (A) There are two states fairly close in the energy
landscape, of which the one at right (state B) is a lower-energy state, but the one
at left (state A) is kinetically more accessible (level 1). A particle may switch
from A to B upon heating, which overcomes the barrier between the two states
(level 2), from which it may relax into state B (level 3). (B and C) A large
conformational change is alternatively accomplished in three subtransitions
via intermediates 1 and 2 (B) or in a single step (C).

listed in descending order according to thermal stability, they ap-
pear as Prohead I > Head I* > Head L.

At first sight, this ordering appears contrary to the free energy
cascade hypothesis (26), which assigns more-mature conforma-
tions to lower-free-energy (i.e., more-stable) states (Head I repre-
sents the endpoint of a maturation pathway, and Head I* resem-
bles an intermediate [EI-like] stage, later than Prohead II). This
conundrum may be resolved by recognizing that the wild-type
maturation pathway involves factors other than the structure of
the protein shell. One is the cross-links whose formation, starting
in EI, drives maturation onwards by a Brownian ratchet-like
mechanism (25, 28). A second is the packaging of DNA which
imposes outward pressure on the capsid wall, presumably driving
the system toward structures with greater internal capacity, e.g.,
favoring Head over EL

Structural intermediates as stepping stones on maturation
pathways. A greatly increased incidence of distorted/ruptured
capsids is observed after cooling Head I* (Fig. 2 and 3). It follows
that the Head I*-to-Head I transition is not fully reversible, at least
in terms of overall structure. This observation also suggests a ra-
tionalization for the existence of metastable, icosahedrally sym-
metric, intermediate particles.

First, let us consider the extent to which icosahedral symmetry
may be maintained as a capsid matures. It seems unlikely (to us) that
its 60 asymmetric units can somehow be physically coordinated so as
to remain identical in conformation throughout maturation. In the
same vein, coarse-grained molecular dynamics calculations have sug-
gested that the slowest modes of vibration of HK97 capsids should be
asymmetric (29). More plausible is a sequence of icosahedrally sym-
metric conformations, with the symmetry requirement being relaxed
in the transitions between successive states. For instance, a transition
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may initiate locally at some site or sites and propagate over the entire
surface. Indeed, such a mechanism has been explicitly proposed (30).
To date, there have been only a few observations of capsids with dif-
ferent regions having clearly different structures, but precedents have
been set in maturing giant capsids of phage T4 (31, 32) and rubella
virus (33). The paucity of such observations suggests that the putative
subtransitions, once triggered, tend to be rapid. However, the rela-
tively low resolution of our Head I* reconstruction (discussed above)
raises the possibility that there may also be other departures from
icosahedral symmetry that are less conspicuous than the gross distor-
tions but nevertheless sufficient to limit the resolution of this recon-
struction. A similar phenomenon may underlie the empirical fact
that in cryo-EM reconstructions of capsids generally, the data sets are
found to contain subsets of images that do not fit cohesively with the
rest of the data set and are rejected for that reason.

In principle, a wave-like propagation mechanism threatens the
integrity of the maturing particle. At the wave front, the subunits
in a given capsomer are in different, nonequivalent, local environ-
ments, and as their core domains rotate, there must be a point at
which the intercapsomer contacts are weakened if not discon-
nected. If such faults were to propagate along lattice lines, rupture
or distortion of the capsid would be possible if not probable. The
risk of damage may depend on the location of the initiation site:
for instance, it may be lower in a vertex than in a less symmetrically
positioned site on a facet. Moreover, the risk appears to depend on
the transition in question, at least in the HK97 system, where the
Head I-to-Head I* transition is low risk but the Head I*-to-Head
I transition is high risk.

We posit that, in general, the likelihood of such a catastrophe is
greater the larger the conformational difference between the “be-
fore” and “after” states, and conversely. Thus, the likelihood of a
successful outcome (an intact mature capsid) should be enhanced
by breaking the overall transformation down into several smaller,
relatively low-risk steps (Fig. 6B and C). Hence, it should be ben-
eficial to have one or more icosahedrally symmetric intermediates
to serve as stepping stones along the maturation pathway.

Intermediates in other viral systems. How widespread are meta-
stable transition states of maturing capsids? Assessment is con-
strained by the fact that pertinent data are available for only a few
viruses. However, it is clear that the HK97 system is not unique in this
respect. Similar behavior has been observed in the maturation path-
way of the double-stranded RNA (dsRNA) bacteriophage ¢6 (34).
Despite having a capsid protein fold and procapsid morphology dif-
ferent from those of HK97 (35, 36), this capsid also undergoes radical
structural changes as it matures (1). These changes also involve sub-
unit rotations, and there are two intermediates. Of these, the second is
the lowest-energy state for the empty capsid, with the mature capsid
structure being reached only after the genome has been packaged,
and pushes the capsid wall out into its final spherical shape. If the
genome is lost, the capsid reverts to a polyhedral intermediate con-
formation (34). Moreover, the maturing capsid of herpes simplex
virus, which is based on a core domain with an HK97-like fold (15),
passes through multiple icosahedrally symmetric intermediates (37),
and NwV, a T=4 insect virus, passes through a near-continuum of
intermediate states as it undergoes acid-induced maturation (38, 39).

On the other hand, intermediates may not be universal, as the
T5 capsid has been reported to switch directly from its precursor
conformation to its mature conformation (40). However, some
such states may be short-lived and consequently difficult to detect.
It may also be that there is more than one molecular mechanism
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that mediates this process (damage-free maturation), as with the
stabilization mechanisms compared in the introduction. Thus,
one such pathway involves stepping through intermediates, while,
in another, the capsid protein has evolved to be able to mature
securely without requiring intermediates.

MATERIALS AND METHODS

Preparation of Head I. Head I and Head II were made by expanding
purified wild-type Prohead II or Prohead II-K169Y (19, 20) in vitro. Both
were prepared as previously described for the wild-type particles (18, 41).
The two variants of gp5 were coexpressed with the HK97 protease from
plasmid pV0 (pT7-5Hd2.9) for wild type (19) or from plasmid pVo0-
K169Y (18) for the mutant. Proheads were purified from cell lysates by
polyethylene glycol precipitation, differential centrifugation, velocity sed-
imentation in glycerol gradients, and ion-exchange chromatography on a
Poros HQ20 (ABI, Foster City, CA) column using a BioCad Sprint system
(ABI, Foster City, CA). The Proheads were matured by the same urea/
low-pH method previously used to make Head II for X-ray crystallo-
graphic studies (19, 20, 42). Before starting the expansion reaction, the
capsids were diluted to ~10 mg/ml in 0.2 M KCl in the presence of 1 mM
2-mercaptoethanol to avoid aggregation. Then, they were treated with 7
M urea in pH 5 buffer (50 mM sodium acetate) at 20°C for 1 h before being
diluted 20-fold into a neutralizing buffer (50 mM Tris-HCI, pH 7.5) and
dialyzed exhaustively at 4°C to remove the urea. The final sample was
concentrated by ultracentrifugation, and the pellet was resuspended in
calorimetry buffer (0.1 M KCl, 0.02 M KPO,, pH 7.5).

Thermo-cryo-EM. To vitrify particles for cryo-EM observation from
defined conditions of elevated temperature and humidity, we used a
custom-made environmental chamber that mounts over a cryo-station
(see Fig. S1 in the supplemental material). In brief, 3- ul drops of specimen
were applied to EM grids mounted within the chamber, incubated for
10 min at 65°C or 70°C, and then blotted to thin films and vitrified in an
otherwise conventional manner. Finally, grids were transferred into the
electron microscope and low-dose micrographs were recorded on a
CM200-FEG electron microscope (FEI, Hillsboro, OR) equipped with a
Gatan 626 cryo-holder using procedures previously described (43). The
Head I* sample was imaged at a magnification of X38,000 and defocus
values in the range of 0.78 wm to 2.15 um. Films were digitized with a
Zeiss SCAI scanner with a 7-um sampling rate to yield 1.84 A/pixel at the
sample. The Head I sample was imaged at a magnification of X50,000, and
films were scanned on a Nikon Super CoolScan 9000 scanner with a
6.35-pwm sampling rate, yielding 1.27 A/pixel. Capsid diameters were
measured by hand as averages of three measurements at positions 60°
apart for each capsid. To estimate the incidence of damaged capsids, ~400
capsids from three representative micrographs were scored independently
for each sample by two observers.

Image reconstruction. Capsid images were boxed out from digitized
micrographs using x3dpreprocess (44). Contrast transfer functions were
estimated with Bsoft (45), and corrections were applied during orienta-
tion refinement and image reconstruction with AUTO3DEM (46). Initial
models were calculated de novo using the RMC method (47). For the Head
I* reconstruction, 4,654 capsid images were picked and the best (highest-
correlating) 2,314 images yielded a density map with 12.9-A resolution,
according to the Fourier shell correlation (FSC) criterion with an 0.5
threshold. For the control Head I reconstruction, the corresponding
numbers were 4,897 total images, 2,445 reconstructed, and 10.6-A reso-
lution. To ensure a fair comparison in Fig. 4, the resolution of the control
Head I map was limited to match that of the Head I* map.

Pseudoatomic modeling. A model consisting of seven gp5* subunits
arranged in the asymmetric unit of an icosahedral capsid was obtained by
a flexible fitting procedure. The atomic coordinates from the crystal struc-
ture of Head I (Protein Data Bank [PDB] identifier [ID] 2FS3) (48) were
taken as the initial model, after modeling in the E-loop (residues 159 to
171) that is missing from the pentamer subunit. The seven subunits were
then fitted manually, as a single rigid body, into the cryo-EM density of the
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reconstruction, using the “fit in map” tool in Chimera (49). This model
was refined iteratively, using the molecular dynamics flexible fitting
(MDFF) procedure (50), complying with the symmetry constraints of the
capsid without having to model more than one asymmetric unit. Ten
iterations were performed in total. Before each of the first eight iterations,
the current coordinates for one asymmetric unit were used to extend the
model by adding the five closest neighboring units (tool Sym in Chimera).
The reconstructed density corresponding to each unit of this extended
model was then segmented separately (tools Color Zone and Split Map in
Chimera), and the portion corresponding to the central asymmetric unit
was filtered to 13 A, i.e., the nominal resolution of the map (bfilter in Bsoft
[45]) and set as the target density for flexible fitting. Then, a molecular
dynamics simulation of 50 ps was run in vacuo using the MDFF program
that is part of NAMD (51), with the density providing an additional force
field. To limit the degrees of freedom in the simulation, the secondary
structure of the model was preserved. In the last two iterations, the bound-
aries of the model were refined by performing 2,000 iterations of energy
minimization on the composite model containing the latest solution and
copies of the 5 surrounding neighboring units, with the corresponding
density being resegmented after each iteration to provide an additional
force field. Finally, the coordinates of the central asymmetric unit defined
our pseudoatomic model of Head I*.
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