Reviewers' Comments:

Reviewer #1:

Remarks to the Author:

This manuscript presents cryo-EM studies of two archaeal halophilic viruses, HCIV-1 and HHIV-2. The
low resolution cryo-EM reconstruction of HHIV-2 was reported by Abrescia and colleagues in 2015.
Taking advantage of direct electron detectors in the cryo-EM field, now Abrescia and colleagues are
able to reach near-atomic resolution for the capsid region of HHIV2 and a similar virus HCIV-1, and
then build atomic models for the MCPs and pentons. In addition to that, they observed clear densities
for proteins (GPS-1I and GPS-III) beneath the morphologically distinct 2- and 3-tower capsomers,
which allowed them to trace the Ca of those two proteins. This certainly provides new insights for the
community interested in virus assembly mechanisms. The structural studies appear to be quite sound.
Other than (6) below, I only had minor points that need to be addressed.

(1) About resolution:

A) In supplementary figure 1, what is the green line? In panels a and b, it is inconceivable that the red
line is the half-maps FSC with masked capsid. One would never observe such a steep curve.

B) It is known that the half-maps FSC can be a poor estimator of cryo-EM resolution. For all the
atomic models built, the authors need to provide a model:map FSC and d99 (Afonine et al 2018, Acta
Crystallographica Section D).

(2) In Fig. 3, panels c and d are mislabeled.

(3) In supp fig5, some of the models from the I-TASSER server are apparently not reliable. As
mentioned by the authors, the confidence scores of predicted models are from -5 to 2, the higher the
better. Yet the models generated by authors are scored -4.12, -4.92 and -1.15. Apparently the first
two protein models are predicted with very low confidence, and those structures should be removed,
otherwise it may mislead the readers. For the VP2 with score -1.15, what is the template structure
and how similar is it compared with vp2 at the sequence level?

(4) The authors talked about the vertex complexes of the two viruses. Can you actually see those
complexes in the raw cryo-EM micrographs? It will be helpful to include a raw micrograph figure to
show those complexes by EM.

(5) Unlike crystallography, the map threshold in cryo-EM is an arbitrary value. Unless you are doing
comparison with different regions like the MCP region, mentioning this in the paper is not helpful.

(6) The GPS-II and GPS-III protein structures are some of the highlights of this paper to help
understand virus assembly. However, the authors only showed the main chain trace and secondary
structure of those two proteins, so it is unclear to me what they really are. Were the authors able to
identify their sequences among the viron proteins? Did they do MS/MS analysis and find candidates
whose predicted secondary structures match the observed secondary structures of GPS-II and GPS-
III? I believe this should be included in the paper.

Reviewer #2:

Remarks to the Author:

Santos-Pérez et al. present the cryo-EM structures of the major capsids of the Haloarcula californiae
virus 1 (HCIV-1) and the Haloarcula hispanica virus 2 (HHIV-2) at about 4 angstrom resolution. Two
major capsid proteins (MCPs) of the two viruses share high sequence identities (70-80%). It is



reasonable that their MCP structures are almost identical. It is interesting that the two viruses have
distinctly different fivefold vertex complexes. The authors claim that they built de novo the atomic
models of the two MCPs VP4 and VP7 based on the cryo-EM structures. The MCP heterodimer VP4-VP7
structurally resembles the MCP of Pseudoalteromonas phage PM2 belonging to the PRD1-adeno
structural lineage. These MCPs assemble into two types of hetero-hexamers, which have twofold and
threefold symmetries respectively. The different proteins (so called GPS-II and GPS-III) underneath
the twofold and threefold hexamers are not so well resolved that only backbones are traced. The
authors suggest that these GPS proteins direct as well as staple the MCPs into the hetero-hexamers
and to interact with transmembrane proteins on the viral internal membrane that encapsulates the
dsDNA genome. The assembly of the capsid, which is assisted by the transmembrane proteins on the
internal membrane, starts at the fivefold vertex (VP9), followed by the attachment of the hetero-
hexamers. The manuscript will be of specific interest to readers who study viruses in PRD1-adeno
structural lineage as well as other structural virologists. However, there are several major issues in
the manuscript that should be addressed before the paper can be accepted.

Major points:

P3, L53-56: In a cryo-EM density map at ~4 angstrom resolution, some main chains might be broken
and many side chains might not be resolved. How did the authors guarantee the accurate amino acid
registration of their models based on the cryo-EM density maps at ~4.2 angstrom resolutions? The
authors could try to average the maps of 12 copies of VP4 and the 15 copies of VP7 within the
asymmetric unit respectively to improve their resolutions.

P4, L78-79: Do all "GPS-III" proteins in the 3 three-tower capsomers in the asymmetric unit have the
identical conformation?

P4, L88-89: Could the twofold symmetry be caused by the random binding of the GPS-II protein to the
two-tower capsomer in two orientations? The two-tower capsomer is twofold symmetrical.

P5, L94: How did the authors identify the penton protein as VP9?
P5, L103: What does "its" stand for here?

P6, L134: How did the authors identify the penton protein as VP13?
What do the green lines represent in Supplementary Fig. 1?

Minor points:
P2, L42: The abbreviation "Nos" should be defined in the main text rather than in the figure legend.

P5, 107-109: Except for the vertex complexes, are there other differences between the HCIV-1 and
HHIV-27?

Reviewer #3:

Remarks to the Author:

The viruses in PRD1-adeno viral lineage use trimers of major capsid protein with double jelly roll fold
to form hexamer and use five minor capsid proteins with single jellyroll structure to form pentamer.
The icosahedral capsid of these viruses is formed by 12 pentamers and hundreds or thousands
hexamers which depending on the T numbers. This double jelly-roll major capsid protein was widely



found in plant RNA virus, such as cowpea mosaic virus and PBCV-1, Bacterial phage, such as PRD1
and PM2, archael virus STIV, vaccinia virus and even “virophage” Sputnik. Here, Santos-Perez et al.,
solved two membrane containing archaeal viruses at resolutions of 4.2 and 4.4 A, respectively. The
major capsid proteins of these viruses are single jelly-roll structures. The results showed that the vp4
and vp7 interacted with each other to form the building block. The so called "GPS” protein III helps to
form “three-tower” hexamer with three building blocks. "GPS” protein II connects with two building
blocks and two individual VP7 to form “two-tower” hexamer. The pentamer is formed by five vp9
proteins with single jelly-roll structure. 12 pentamers and 270 hexamers together form this T = 28
icosahedral virus. The pentamer connects with membrane protein to interact with the inner viral
membrane. The two viruses have distinct vertex complexes connecting the pentamer. This structure
shows an interesting story about how single jelly roll protein can be organized as major capsid protein
to form an icosahedral virus capsid. The evidence of "GPS” proteins is convincing. However, I do have
some minor points,

Minor points

1. The 4.0 and 4.2 A maps were used to build the atomic model for major capsid proteins and minor
capsid proteins. At such a resolution, it is easy to trace the main chain of the protein. However, the
registration of amino acids is very hard. Therefore, it is better to show the density map together with
atomic model when is describing amino acid-amino acid interactions (such as Page 3 line 55).

2. The micrographs were collected using Falcon camera with 58,000X or 60,000X magnifications. In
such large magnifications, there are normally very small anisotropic magnification problems. However,
since the authors are working on large viruses with diameter larger than 70 nm (I guess), it is better
to pay attention to this problem. Sometimes, it may be the fact that limit the resolution of a
reconstruction of a large virus.

3. As mentioned in the method section, ~ 3000 micrographs has been collected for each virus and ~
15, 000 thousand particles were extracted for HHIV2. However, the final resolution is only about 4.4
A. It indicates that the virus is flexible or you have some other problems in the reconstruction. It is
better to try some other softwares, such as the recent published “block-based reconstruction method”.
I think it may help to come over the concerns in this or above minor points and improve the
resolution.

4. Empty viruses have been found with 15% membrane’s volume shrinkage compared with that of full
virus. It has been suggested by authors that the empty virus are procapsid. It indicates that this virus
has a special vertex to package viral genome. Do you have any hint in the reconstruction? Or do you
have any idea about which viral genes may associated with this special vertex that helps the genome
packaging?

5. These viruses used two GPS proteins to help to form two distinct hexamers. However, it is unusual
that both viruses do not have any minor protein that connects the neighboring hexamers. As far as I
know, such minor proteins are existed almost in all other double jelly-roll viruses. It may be
interesting to compare the interactions between neighboring hexamers in these two viruses and other
double jelly-roll viruses to answer the question that why double jelly-roll virus need this kind of minor
capsid proteins.
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POINT-BY-POINT RESPONSE LETTER TO REVIEWERS

Blue denotes responses to reviewer comments otiguges

Red denotes changes that have been made to tler fegdres.

Reviewer #1 (Remarksto the Author):

This manuscript presents cryo-EM studies of twdaeal halophilic viruses, HCIV-1 and

HHIV-2. The low resolution cryo-EM reconstructioh ldHIV-2 was reported by Abrescia

and colleagues in 2015. Taking advantage of diedettron detectors in the cryo-EM field,

now Abrescia and colleagues are able to reach raamic resolution for the capsid region

of HHIV2 and a similar virus HCIV-1, and then buitddomic models for the MCPs and
pentons. In addition to that, they observed cleamgities for proteins (GPS-1l and GPS-III)

beneath the morphologically distinct 2- and 3-towapsomers, which allowed them to trace
the Ca of those two proteins. This certainly provides nesights for the community

interested in virus assembly mechanisms. The shalcstudies appear to be quite sound.
Other than (6) below, | only had minor points thatd to be addressed.

(1) About resolution:

A) In supplementary figure 1, what is the greeme?inn panels a and b, it is inconceivable
that the red line is the half-maps FSC with mastapsid. One would never observe such a
steep curve.

We are sorry for the confusion generated and forinmuding the corresponding legend for
the green line. Now the figure legend has beenected and each coloured FSC curve
explained; the green line is the resulting FSC frormasked half maps.

Please see revised Supplementary Figure 1, pag8i3 i

B) It is known that the half-maps FSC can be a mstimator of cryo-EM resolution. For all
the atomic models built, the authors need to pre@wdnodel:map FSC and d99 (Afonine et al
2018, Acta Crystallographica Section D).

We thank the Reviewer for pointing this out. We éanow included a new supplementary
figure (revised Supplementary Figure 2) in which st®w the model:map FSC for each of
the Icosahedral Asymmetric Unit (IAU) correspondiiogthe HCIV-1 and HHIV-2 viruses.
We have also derived the resolution estimation wité dy metric for the EM density
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corresponding to the 1AU, and reported both in $upplementary Tables 1-2. Previous and
current estimators are all in line with the visunspection of the submitted EM maps.

Please see revised Supplementary Figure 2 and Sueptary Tables 1-2, respectively at
pages 4 and 15-16 in Sl.

(2) In Fig. 3, panels c and d are mislabeled.
The labelling in the corresponding figure legend haen corrected.

(3) In supp fig5, some of the models from the | FAS server are apparently not reliable. As
mentioned by the authors, the confidence scorgwagficted models are from -5 to 2, the
higher the better. Yet the models generated byoasithre scored -4.12, -4.92 and -1.15.
Apparently the first two protein models are predéectwith very low confidence, and those
structures should be removed, otherwise it mayeaisthe readers. For the VP2 with score -
1.15, what is the template structure and how simg#at compared with vp2 at the sequence
level?

The two homology models corresponding to VP6 an® YiRve been removed accordingly.
We have added the sequence similarity of the dédiTASSER hit for VP2 and the
corresponding modelled structure.

Please see revised Supplementary Figure 7 andsponding legend (pages 9-10 in Sl).

(4) The authors talked about the vertex complexdabeotwo viruses. Can you actually see
those complexes in the raw cryo-EM micrographswilt be helpful to include a raw
micrograph figure to show those complexes by EM.

We can indeed see the vertex complexes in the riavographs.

We have now added a further Supplementary Figurebeved as 6 in the revised version
(page 8 in Sl), in which we show a raw image otheacus with insets highlighting the spike
complexes.

(5) Unlike crystallography, the map threshold iry@EM is an arbitrary value. Unless you
are doing comparison with different regions likee tMCP region, mentioning this in the
paper is not helpful.

We have removed the threshold value from the figegends.
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(6) The GPS-Il and GPS-III protein structures acene of the highlights of this paper to help
understand virus assembly. However, the authory shbwed the main chain trace and
secondary structure of those two proteins, so irislear to me what they really are. Were
the authors able to identify their sequences anmtbiegviron proteins? Did they do MS/MS
analysis and find candidates whose predicted semgndtructures match the observed
secondary structures of GPS-Il and GPS-III? | badig¢his should be included in the paper.

The Reviewer has a point here. We were indeed tablaodel the main chain trace and
secondary structure elements at best in both GBt8ips (the resolution decreases below the
capsid) but we failed to unequivocally identify ith@quence among the virion proteins.
However we had in mind possible candidates — VRI) \AP12 - based on the following
marginal evidence:

1) Previous genetic and biochemical studies showiagttie two proteins are the major
membrane associated proteins in both HCIV-1 andVHBH End that especially VP12
proteins share high sequence similarity (HCIV-2 UPdnd HHIV-2 VP10 share
~57% similarity; HCIV-2 VP12 and HHIV-2 VP12 shaB8% similarity) - see
Jaakkola et al., 2012 J. Virol; Demina et al., 26i6i0);

2) nano-LC-MS/MS analyses of protein complexes resbivenative gel performed in
this study;

3) and secondary structure predictions (see additiof@aimation only for Reviewers at
the end of this document).

Although we deliberately did not emphasize thisgiabty in the original manuscript in the
light of the Reviewer’'s suggestion we are now aieriit to extend this discussion in the
revised version.

The sentence has been now re-phrased in the magtuegoages 6-7 lines 198-223:

‘Nano-LC-MS/MS detected VP10 and VP12 (Fig. 3c) previous genetic and biochemical
studie$®!’ showed that the two proteins are the major memb@ssociated proteins in both
HCIV-1 and HHIV-2. VP10 and VP12 proteins sharenhsgquence similarity across the two
viruses (HCIV-2 VP10 and HHIV-2 VP10: ~57% simitgriHCIV-2 VP12 and HHIV-2
VP12: ~93% similarityy and secondary structure (PSSpred in I-TASSERind
transmembrane (TMHMM v. 1.0, http://www.cbs.dtisek/icess/TMHMM/) predictions
confidently indicate VP10 with higi-helical content and possessing a likely C-terminal
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transmembrane helix whereas VP12 being composeddfansmembrane helices (aa 13-35
and 50-68). These observations support VP10 asidatadfor the GPS-II proteins (Fig. 3c).’
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Reviewer #2 (Remarksto the Author):

Santos-Pérez et al. present the cryo-EM structofethe major capsids of the Haloarcula
californiae virus 1 (HCIV-1) and the Haloarcula penica virus 2 (HHIV-2) at about 4
angstrom resolution. Two major capsid proteins (MTPf the two viruses share high
sequence identities (70-80%). It is reasonable thair MCP structures are almost identical.
It is interesting that the two viruses have didlindifferent fivefold vertex complexes. The
authors claim that they built de novo the atomiasis of the two MCPs VP4 and VP7 based
on the cryo-EM structures. The MCP heterodimer WH- structurally resembles the MCP
of Pseudoalteromonas phage PM2 belonging to the R&I2no structural lineage. These
MCPs assemble into two types of hetero-hexamerghwihave twofold and threefold
symmetries respectively. The different proteinc@led GPS-1l and GPS-IIl) underneath the
twofold and threefold hexamers are not so well Ikesbthat only backbones are traced. The
authors suggest that these GPS proteins directelsag staple the MCPs into the hetero-
hexamers and to interact with transmembrane prst@n the viral internal membrane that
encapsulates the dsDNA genome. The assembly aofagsd, which is assisted by the
transmembrane proteins on the internal membranastsstat the fivefold vertex (VP9),
followed by the attachment of the hetero-hexanlére.manuscript will be of specific interest
to readers who study viruses in PRD1-adeno strattlineage as well as other structural
virologists. However, there are several major issue the manuscript that should be
addressed before the paper can be accepted.

Major points:

P3, L53-56: In a cryo-EM density map at ~4 angstre@solution, some main chains might be
broken and many side chains might not be resoltmv did the authors guarantee the
accurate amino acid registration of their modelséd on the cryo-EM density maps at ~4.2
angstrom resolutions? The authors could try to agerthe maps of 12 copies of VP4 and the
15 copies of VP7 within the asymmetric unit respelt to improve their resolutions.

We delivered two maps: one at 4.2 A (HCIV-1) and tither at 4.4 A (HHIV-2). In the
region of 4 A resolution, map interpretation canchallenging, but in our case the quality of
the two maps with the several large side chainsmeoasly helped the interpretation and the
sequence registering. We started the modellingeéndt2 A which appeared of higher quality
and the @ backbones for VP4 and VP7 were built aided by ssammparing the average
maps of VP4 and VP7 (across the corresponding stsbahthe IAU) and the individual
densities of VP4 and VP7 proximal to the five-fold.
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We have now included this information in the Meti@éction; please see revised text at page
13, lines 399-401

However, in light of comments of Reviewer-3 we hawew improved the resolution of
HCIV-1 to 3.7 A and HHIV-2 to 3.8 A, respectivelsome of the side-chains are now better
defined (please see as example the included Fignise for Reviewers at the end of this
document). This has also led to a slight improvenwénthe quality of the corresponding
models apart from further confirming the correctnekthe sequence registering.

Please see revised Supplementary Tables 1-2 at [ddgé6 in Sl. All stereoview insets
showing the density have now been updated usingrpeved maps.

We would also be happy to share the final maps models with the Reviewer before
publication, if necessary.

P4, L78-79: Do all "GPS-III" proteins in the 3 thedower capsomers in the asymmetric unit
have the identical conformation?

We are sorry not to have been clear on this pantICIV-1 the density corresponding to
GPS-Ill protein under the capsomer 3 is the strefgad it has been used to trace the GPS-
[l backbone while the density corresponding to @R $roteins under capsomers 2 and 1 are
weaker and we cannot state unequivocally that tpegsess identical conformations.
However, as we have determined the structure ofreleged HHIV-2 virus - the GPS-III
under capsomer 3 and 2 display the same conformatid are identically oriented relative to
the above capsomers. Therefore we infer that GR&@dteins within the IAU adopt a similar
fold in this type of viruses.

We have now clarified this issue within the revisext at page 4, lines 103-110:

‘The quality of the fitting of the HCIV-1 GPS-llloael into the corresponding HHIV-2
density implies that the proteins are the same. ddeer, in HHIV-2, the density
corresponding to GPS-III protein under capsomes hterpretable with an equivalent model
(Supplementary Fig. 5). This observation supptitéd the GPS-III proteins adopt the same
fold although the higher flexibility and/or wealdarkage to the membrane as the membrane
curvature increases towards the five-fold poles hinigreaken their density closer to the
apices.’

P4, L88-89: Could the twofold symmetry be causedhieyrandom binding of the GPS-II
protein to the two-tower capsomer in two orientai® The two-tower capsomer is twofold

CIC bioGUNE

Parque Tecnoldgico de Bizkaia, Edificio 801-A

48160 Derio (Bizkaia)

Tel.: +34 944 061 300 - Fax: +34 944 061 301 6
Email: info@cicbiogune.es - www.cicbiogune.es



Asociacion Centro de Investigacion Cooperativa en Biociencias - CIC bioGUNE - Inscrita en el Registro de Asociaciones del Gobierno Vasco con fecha 29 de enero de 2003 y nimero AS/B/10227/2003 - CIF: G-95229142

Nicola G. A. Abrescia, PhD
Ikerbasque Research Professor
Structure and Cell Biology of Viruses Lab.

. CIC bioGUNE,
Centre of Excellence Severo Ochoa
I O Bizkaia Technology Park, Bld 800
CENTER FOR COOPERATIVE RESEARCH IN BIOSCIENCES 48160 Derio - Spain

Email nabrescia@cicbiogune.es
Tel. +34 946 572 523
Fax +34 946 572 502

symmetrical.

The Reviewer raises the question of whether thdaidasymmetry detected in the GPS-II
protein is a consequence of the two-tower caps@ossessing twofold symmetry. This point
has some weight - we are sorry to have been unatetiris concept.

The formation of the two-tower capsomers is, inaew, subordinate to the pre-existence of
(pseudo)-dimeric GPS-II proteins on the membrarscies - supporting this view is the fact
that one of the GPS-II sits exactly on the icosafletivofold symmetry axis and that both
GPS-II are close to the membrane vesicle and pgsaitthored to it. However, we do not
know whether the GPS-Il is one single (or multigdedtein chain(s) displaying a pseudo-two
fold symmetry or simply a homodimer.

The scenario of pre-formed/existing two-tower capsp imposing twofold symmetry onto
the GPS-II protein(s) would require a mechanismther ‘non-assisted’ formation of the two-
tower capsomers for which there is no structurddiochemical evidence. Indeed biochemical
dissociation of the HHIV-2 capsid does not leadh® release of homogeneous two- and/or
three-tower capsomers in solution — see Gil-Cadbml. Structure 2015 (we have similar
results for HCIV-1,unpublished dafa— as opposed to what has been seen in verticddlelo
beta barrel viruses such as, for example, PRDloarf@dM2 (Benson et alCell, 1999;
Abrescia et alActa Crystallogr B1, 2005).

P5, L94: How did the authors identify the pentoatpm as VP9?

The EM density corresponding to the penton in H@N\éhowed clearly large side-chain

residues along the traced main-chain. As in Deratra. Virus 2017, VP9 was suggested to
be a minor protein composing the capsid (please ceepesponding Figure 3C of the

Demina’s article), we confronted the VP9 primargsence with the location of large side
chain within the density. The quality of the majpwakd us to unequivocally register the VP9
sequence into the map as shown in the revisedigimset.

We have now clarified the sentence at page 5, li82s134 (revised manuscript):

‘As previous biochemical datd proposed VP9 to be a minor protein composing tdVH1
capsid , we confronted its primary sequence with kbcation of the large sidechains
displayed by the penton density. We structuraliyidied VP9...’

P5, L103: What does "its" stand for here?
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This has now been clarified.
Please see revised page 5, lines 147-149:

‘In HHIV-2 the penton protein was identified by gdacus (gene 22) and the model built
accordingly (see Methods); the density below theqgreis weaker, indicating a flexibility of
the VP9’s first forty residues higher than its ctarpart in HCIV-1.

P6, L134: How did the authors identify the pentoot@n as VP13?
The original main-text at page 5, lines 99 — 1@2est:

‘This density is compatible with five spanning traambrane helices plausibly belonging to
VP13 based on nano-LC-MS/MS analysis of solublassémblies Fig. 3b-c); a structure
also used by Sulfolobus virus STIV with a doybbarrel MCP".

Because of the Reviewer's comment further down he tnain-text referring to the
identification of VP13, we have changed the ab@rgence to clarify the text.
The revised sentence, at page 5 lines 140-146 tad@ss

‘This density is compatible with five spanning sarembrane helices — a structure also used
by Sulfolobus virus STIV with a doulfidarrel MCP* - plausibly belonging to five copies of
protein VP13 (MW = 8.8 kDa). VP13 was detected &agoaLC-MS/MS analysis of soluble
subassemblies clustering with proteins composing Wertex complex (Fig. 4b-c); its
secondary structure prediction (see Methods) sugdesvP13 possessing a single
transmembrane helix and compatible with the dermatyeath the penton.’

What do the green lines represent in Supplemeritigyyl?

We apologize for the confusion generated with #uk lof explanation of the ‘green line’ in
the FSC graphs and the misleading curve colouring.

Now this has been fully clarified in the revisedpBlementary Figure 1 and corresponding
legend.

Minor points:
P2, L42: The abbreviation "Nos" should be definedhie main text rather than in the figure
legend.
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This has now been defined in the main-text.
See revised text at page 2, line 42.

P5, 107-109: Except for the vertex complexes, laeect other differences between the HCIV-
1 and HHIV-2?

From the structural point of view the vertex conxgle — plausibly containing the receptor
binding protein — display the most remarkable $tmat differences.

As mentioned within the main-text (revised) pagdines 102-105, we noticed differences in
signal strength for the different GPS-Il and GPISploteins across the two viruses and we
see a small polypeptide chain (about 18 residuesgdith the peripentonal VP4 subunit in
HCIV-1 that we do not clearly see in HHIV-2 — bytaat from the above no other striking

differences are detectable in the icosahedrallysmesl maps.
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Reviewer #3 (Remarks to the Author):

The viruses in PRD1-adeno viral lineage use trincémnajor capsid protein with double jelly
roll fold to form hexamer and use five minor capsidteins with single jellyroll structure to
form pentamer. The icosahedral capsid of thesesesuis formed by 12 pentamers and
hundreds or thousands hexamers which dependindgy@ thumbers. This double jelly-roll
major capsid protein was widely found in plant RWAJIS, such as cowpea mosaic virus and
PBCV-1, Bacterial phage, such as PRD1 and PM2, agtkirus STIV, vaccinia virus and
even ‘Virophage” Sputnik. Here, Santos-Perez et al., solved two brame containing
archaeal viruses at resolutions of 4.2 and 4.4 éspectively. The major capsid proteins of
these viruses are single jelly-roll structures. Tresults showed that the vp4 and vp7
interacted with each other to form the building ¢do The so called ‘GPS” protein |
helps to form ‘three-tower’” hexamer with three building blocks.'GPS” protein I
connects with two building blocks and two individv#7 to form ‘two-tower” hexamer.
The pentamer is formed by five vp9 proteins witlylsi jelly-roll structure. 12 pentamers and
270 hexamers together form this T = 28 icosahedrals. The pentamer connects with
membrane protein to interact with the inner virakmmborane. The two viruses have distinct
vertex complexes connecting the pentamer. Thistanel shows an interesting story about
how single jelly roll protein can be organized aajon capsid protein to form an icosahedral
virus capsid. The evidence of GPS” proteins is convincing. However, | do have some
minor points,

Minor points

1. The 4.0 and 4.2 A maps were used to build thkmiatmodel for major capsid proteins and
minor capsid proteins. At such a resolution, ie@sy to trace the main chain of the protein.
However, the registration of amino acids is verycdhalherefore, it is better to show the
density map together with atomic model when is rd@eg amino acid-amino acid
interactions (such as Page 3 line 55).

We agree. The panel c in the original Fig. 1 has hecome Fig. 2 in the revised version.

In this new revised version of Fig. 2, more vistibrmation has been provided in terms of
atomic interactions and charge distribution on \&#d VP7 MCPs. In particular, insets have
been added showing the described interactions aeitresponding density and models (new
map and re-refined model have been used).

2. The micrographs were collected using Falcon camwith 58,000X or 60,000X
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magnifications. In such large magnifications, thexee normally very small anisotropic
magnification problems. However, since the authars working on large viruses with
diameter larger than 70 nm (I guess), it is bettepay attention to this problem. Sometimes,
it may be the fact that limit the resolution ofexonstruction of a large virus.

We thank the Reviewer for pointing this out. We édnagad with attention the two papers that
deal with anisotropic magnification correction Granhal. 2015 and Yu et al. JSB 2016.
Implementation of Grant et al., 2015 is best penkdl on collected super-resolution data
which is not our case, whereas implementation ofeYal., 2016 methodology requires re-
processing of the whole dataset with a softwareerothan the originally used RELION
(which doesn’t correct for anisotropic magnificatiget). Although this is possible, it would
imply a re-start of the whole study which with th@wv improved corresponding EM maps for
HCIV-1 and HHVI-2 to 3.74 A and 3.78 A resolutiorespectively (thanks also to the
suggestion made by this Reviewer on correctingtierEwald sphere effect, see below) we
feel that — as at this stage the improvement &f ¢orrection on our data is not assured - it
might jeopardize the timeline of this work.

We will assess a possible influence of the anigpatranagnification on our data in a follow-
up more methodological contribution.

3. As mentioned in the method section, ~ 3000 mpiaphs has been collected for each virus
and ~ 15, 000 thousand particles were extractedHdiVV2. However, the final resolution is
only about 4.4 A. It indicates that the virus exfble or you have some other problems in the
reconstruction. It is better to try some other w@ites, such as the recent publishethlock-

based reconstruction methdd | think it may help to come over the concernthis or above
minor points and improve the resolution.

As mentioned in the previous point we have takerboard the Reviewer’s suggestion. The
‘block-based reconstruction method’ which recapites$ the correction of the Ewald sphere
effect on large particles was published in Aprill20(Zhu et al., Nature Communications,
2018); this type of correction was also implemeenin the new released version 3 of
RELION in September 2018 (Zivanov et al. Elife, 801

In light of the Reviewer's comment and of this niemplementation in RELION v3 (we have
been using RELION v1.4 and v2.0 for the processimg)have revisited our processing not
only for the HHIV-2 virus at 4.4 A resolution busa for the HCIV-1 virus at 4.2 A.

In the case of HHIV-2, applying the Ewald spherer@ction and threshold masking in the
post-processing routine has led to an improvenrent #.4 to 3.78 A resolution whereas for
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HCIV-1 the same workflow map improves the final nfegm 4.2 to 3.74 A resolution (see
new FSC in revised Supplementary Fig. 1). We hage ancluded a figure only for
Reviewers in which we compare the previous andeatirmaps (for HHIV-2) showing the
clear improvement of the density at 3.78 A for @irtside chains in the capsid region (this
figure is attached at the end of this document).

This information has now been added in the Metlsads$ion at page 10, lines 305-307 and at
page 11, lines 330-332, respectively. Consequetiity previous atomic models have been
re-refined against the corresponding improved EMpsnand show an improved geometry
(see revised Supplementary Tables 1-2) - correspgrsiereoview insets showing details of
the density have now been updated.

Finally, because of the relevance of the abovelesti they have both been included in the
reference section (new references 24 and 25).

4. Empty viruses have been found with 15% membraneolume shrinkage compared with
that of full virus. It has been suggested by awhibrat the empty virus are procapsid. It
indicates that this virus has a special vertexackage viral genome. Do you have any hint in
the reconstruction? Or do you have any idea aboickvviral genes may associated with
this special vertex that helps the genome pack&ging

HCIV-1 and HHIV-2 both have genes encoding putatpeckaging ATPases (HCIV-1
ORF13 product; HHIV-2 ORF7). In addition, the typetheir genomes (linear molecules)
supports the idea that there could be a procapeg svhich is used for packaging through a
single vertex. These genes are conserved among 2HRNCIV-1, SH1, and PH1 (~95%
amino acid similarity). SNJ1 with a circular genoimes a more diverse putative packaging
ATPase. Amino acid similarity between the HCIV-H&NJ1 ATPases is ~37%.

We expect that the packaging ATPase would be Idcatehe special vertex based on the
knowledge coming from PRD1 (Hong et &L.0S Biology2014) and we are convinced that
there must be a membrane-anchor for the portal mageme small transmembrane proteins.
Structurally, during localised reconstruction ok thertex complex of HHIV-2 we have
detected pentons lacking the pentameric spikesysions(see main-text page 11, line 366)
that we named ‘empty pentons’, about 36% of the,357 spikes extracted. The unique
vertex might be ‘hidden’ within this subset andssification of these spikeless vertices
masking different regions along the five-fold axias been embraced. Currently we are
working on it using also other strategies; thedtrtal search and determination of the unique
vertex with the asymmetric reconstruction of tlyiset of viruses (both HHIV-2 and HCIV-1)
might constitute materials for a future publication
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We thank the Reviewer for anticipating the releveaata such follow-up study.

5. These viruses used two GPS proteins to helprito fwo distinct hexamers. However, it is
unusual that both viruses do not have any minortginothat connects the neighboring
hexamers. As far as | know, such minor proteinsexisted almost in all other double jelly-
roll viruses. It may be interesting to compare ihkeractions between neighboring hexamers
in these two viruses and other double jelly-rotlges to answer the question that why double
jelly-roll virus need this kind of minor capsid pemns.

We have re-inspected the densities for the twosestHCIV-1 and HHIV-2 — specifically the
new higher resolution maps corrected for the Eveglldere effect — along the edges of the
facet and the crevices formed by the jelly-roll &ws: In neither of the two EM maps could
we distinguish minor proteins gluing/cementing timeighbouring pseudo-hexameric
capsomers from either the exterior or the intebrthe capsid shell. Of course, this
observation refers to icosahedrally ordered pretesmwe cannot exclude that other proteins
not obeying to icosahedral symmetry might exist.

However, in the revised manuscript we have now ieiiyl stated that no other minor
proteins have been detected across the edges cdpgemers, page 4 lines 88-91:

‘These interactions may make up for the absencetluér minor proteins cementing the
pseudo-hexameric capsomers across their edgesnvitibi IAU or across the virus facets as
seen in double jelly-roll virusés?’

A new reference 12 has been added. Further douhreinevised text we have also explained
the possible reasons why these vertical single bateel viruses do not display cementing
proteins across pseudo-hexameric capsomers, pages 230-233:

‘The absence of ordered proteins connecting neighbg pseudo-hexamers would ease the
adjustments or repositioning of the above heteredsmand monomers whose interactions
would rely on interface affinities and outermostngecting loops within the MCPs
(Supplementary Fig. 4).’

Yours sincerely,
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INFORMATION ONLY FOR REVIEWERS

In order:

1) stereoview in COOT of details of previous 4.4 A NHR cryo-EM map (red) and
improved one (3.78 A in blue) showing that the bhuap displays a better definition
of the side-chainse(g.in VP7 MCP, chain D, residues R111 and R97).

2) Prediction of transmembrane helices with TMHMM o -1 proteins VP12 and
VP10.

3) HCIV-1 VP10 secondary structure prediction usintAISSER.
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TMHMM result http://www.cbs.dtu.dk/cgi-bin/webface2.fcgi?jobid=5C18EA4F...

TMHMM result

HELP with output formats

# WEBSEQUENCE Length: 173

# WEBSEQUENCE Number of predicted TMHs: O

# WEBSEQUENCE Exp number of AAs in TMHs: 13.41002

# WEBSEQUENCE Exp number, first 60 AAs: 0.0361

# WEBSEQUENCE Total prob of N-in: 0.21764
WEBSEQUENCE TMHMM1.0 outside 1 173

TMHMM posterior probabliities for WEBSEQUENCE
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# plot in postscript, script for making the plot in gnuplot, data for plot
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TMHMM result
TMHMM result
HELP with output formats
# WEBSEQUENCE Length: 94
# WEBSEQUENCE Number of predicted TMHs: 2
# WEBSEQUENCE Exp number of AAs in TMHs: 38.26938
# WEBSEQUENCE Exp number, first 60 AAs: 30.62909
# WEBSEQUENCE Total prob of N-in: 0.86240
# WEBSEQUENCE POSSIBLE N-term signal sequence
WEBSEQUENCE TMHMM1.0 inside 1 12
WEBSEQUENCE TMHMM1.0 TMhelix 13 35
WEBSEQUENCE TMHMM1.0 outside 36 49
WEBSEQUENCE TMHMM1.0 TMhelix 50 68
WEBSEQUENCE TMHMM1.0 inside 69 94
TMHMM posterior probabllities for WEBSEQUENCE
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# plot in postscript, script for making the plot in gnuplot, data for plot
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[-TASSER results file:///C:/Nicola_Laptop/Admin/ManuscriptPreparation/HR_HHIV2-HCIV/Phyre-ITASSER _models...

[Home] [Server] [Queue] [About] [Remove] [Statistics]
I-TASSER results for job id S377186

(Click on S377186_results.tar.bz2 to download the tarball file including all modeling results listed on this page. Click on Annotation of I-TASSER Output to read the instructions for how to interpret the results on this page. Model results are kept on the server for
60 days, there is no way to retrieve the modeling data older than 2 months)

Submitted Sequence in FASTA format

>seq
MGKFALASRLADEIGSSTDEAMRFVDEVGAPAVRDTLDEAAEGASRTVSKWWKPTAAGTG

LVGGGALVWRQQDLQQAEATASQQQDYTSAVQS IMDSDLPPERKKEMLEALNONAPASGA
NNGGGDGGDGGLLGGDIEGTLIKLLVVMMVVGFLLNYAGSSLPS IGVSAGGGV

Predicted Secondary Structure
20 40 60 80 100 120 140 160
|
Sequence MGKFALASRLADEIGSSTDEAMRFVDEVGAPAVRDTLDEAAEGASRTVSKWWKPTAAGTGLVGGGALVWRQODLQQAEAIASQQQDYTSAVQSIMDSDLPPERKKEMLEALNQNAPASGANNGGGDGGDGGLLGGDIEGTLIKLLVVMMVVGFLLNYAGSSLPSIGVSAGGGV
Prediction CCHHHHHHHHHHHHCHHHHHHHHHHHHHCCHHHHHHHHHHHHHHHHHHHHHHCHHHHHCCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHE CCCCHHHHHHHHHHHHHCCCCCCCCCCCCCCCCCCCCCCCCCCHHHHHHHHHHHHHHHHHHCCCCCCCCCCCCCCCC
7876 56997 4487668888888889887667776401999999999999999853366875442478899

Conf.Score 9257899998998653599888888730852889999998763678998740013443011143032325877
H:Helix; S:Strand; C:Coil

06/01/2019 13:54
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Reviewers' Comments:

Reviewer #1:

Remarks to the Author:

The authors have done a very good job addressing the concerns raised. My only remaining point is
that the 3.74 & given for the resolution should be presented as 3.7 A, unless the authors have some
argument or justification for why they have the ability to determine the resolution (poorly defined) to
within a hundreth of an Angstrom.

Reviewer #2:
Remarks to the Author:
The authors have adequately addressed my concerns.

Reviewer #3:

Remarks to the Author:

My concern has been well addressed. However, in Fig. S2, the 0.5 threshold for FSC model vs map is
normally used. I have no further comment.
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January 29, 2019

RESPONSE TO THE REVIEWERS' COMMENTS:

Reviewer #1 (Remarks to the Author):

The authors have done a very good job addressiagdmcerns raised. My only remaining
point is that the 3.74 A given for the resolutidrosld be presented as 3.7 A, unless the
authors have some argument or justification for viingy have the ability to determine the
resolution (poorly defined) to within a hundrethasf Angstrom.

In the Abstract and Main-text we now present the reolution as 3.7 A for the HCVI-1
and 3.8 A for the HHIV-2.

However, as numerically RELION defines the FSC cubff at 0.143 at 3.74 and 3.78 A
resolution for HCIV-1 and HHIV-2, respectively, we have left the two digit after the
decimal point in the Methods section and in the ceesponding Supplementary Figure 1.

Reviewer #2 (Remarks to the Author):
The authors have adequately addressed my concerns.

Reviewer #3 (Remarks to the Author):
My concern has been well addressed. However, in$2gthe 0.5 threshold for FSC model vs
map is normally used. | have no further comment.

In the revised Sl version, we have also reported éhFSC at 0.5 in the Supplementary
Figure 2.
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