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Energetic cost of building a virus
Gita Mahmoudabadi, Ron Milo, and Rob Phillips

Viruses rely entirely on their host as an energy source.
Despite numerous experimental studies that demon-
strate the capability of viruses to rewire and undermine
their host’s metabolism, we still largely lack a quan-
titative understanding of an infection’s energetics.
However, the energetics of a viral infection is at the
center of broader evolutionary and physical questions
in virology. By enumerating the energetic costs of
different viral processes, we open the door to quan-
titative predictions about viral evolution. For example,
we predict that, for the majority of viruses, translation
will serve as the dominant cost of building a virus, and
that selection, rather than drift, will govern the fate of
new genetic elements within viral genomes. (See pp.
E4324–E4333.)

Spread of Zika virus in the Americas
Qian Zhang, Kaiyuan Sun, Matteo Chinazzi, Ana
Pastore y Piontti, Natalie E. Dean, Diana Patricia Rojas,
Stefano Merler, Dina Mistry, Piero Poletti, Luca Rossi,
Margaret Bray, M. Elizabeth Halloran, Ira M. Longini Jr.,
and Alessandro Vespignani

Mathematical and computational modeling ap-
proaches can be essential in providing quantitative
scenarios of disease spreading, as well as projecting
the impact in the population. Here we analyze the
spatial and temporal dynamics of the Zika virus epi-
demic in the Americas with a microsimulation ap-
proach informed by high-definition demographic,
mobility, and epidemic data. The model provides
probability distributions for the time and place of in-
troduction of Zika in Brazil, the estimate of the attack
rate, timing of the epidemic in the affected countries,
and the projected number of newborns from women
infected by Zika. These results are potentially relevant
in the preparation and analysis of contingency plans
aimed at Zika virus control. (See pp. E4334–E4343.)

Controllable load sharing for soft adhesive
interfaces on three-dimensional surfaces
Sukho Song, Dirk-Michael Drotlef, Carmel Majidi, and Metin Sitti

In transfer printing, robotics, and precision manufactur-
ing, adhesion-controlled grasping of complex 3D sur-
faces is very challenging because the adhesive must be
soft enough to enable intimate contact under light
pressure but stiff enough to support high load and
fracture strength. We address this dilemma by replacing
the adhesive with a pressurized microfiber array that
enables independent control of 3D conformability and

bond strength. This architecture exhibits enhanced and
robust adhesion on various sizes of 3D and deformable
surfaces. In contrast to other microfiber adhesives, it has
the area scalability of the natural gecko footpad. These
features suggest that the proposed soft-gripping system
can outperform conventional adhesive systems for a
broad range of surface shapes and length scales. (See
pp. E4344–E4353.)

Large-moment antiferromagnetic order in
overdoped high-Tc superconductor
154SmFeAsO1−xDx

Soshi Iimura, Hiroshi Okanishi, Satoru Matsuishi, Haruhiro
Hiraka, Takashi Honda, Kazutaka Ikeda, Thomas C. Hansen,
Toshiya Otomo, and Hideo Hosono

Using neutron powder diffraction measurements on
the bulk highest-Tc superconductor 154SmFeAsO1−xDx,
we discovered a new antiferromagnetic (AFM) phase in
the electron-overdoped regime, x ≥ 0.56 (AFM2). The
magnetic moment on Fe in AFM2 reaches 2.73 μB/Fe,
which is the largest in all the nondoped iron-based an-
tiferromagnets reported so far. Our theoretical calcula-
tions reveal that the AFM2 phase in SmFeAsO1−xHx

originates in the kinetic frustration of the Fe-3dxy orbital,
in which the Fe-3dxy nearest-neighbor hopping pa-
rameter becomes zero. The unique phase diagram,
i.e., the highest-Tc superconducting phase adjacent to
the strongly electron-correlated phase in heavily
electron-doped regime (not nondoped regime), yields
important clues to the unconventional origins of
superconductivity. (See pp. E4354–E4359.)

EHD2 restrains dynamics of caveolae by an
ATP-dependent, membrane-bound,
open conformation
Maria Hoernke, Jagan Mohan, Elin Larsson, Jeanette
Blomberg, Dana Kahra, Sebastian Westenhoff, Christian
Schwieger, and Richard Lundmark

The EHD2 protein controls the association of membrane
pits termed caveolae to cell surfaces. Caveolae are im-
plicated in muscle, pulmonary, and lipid disorders. We
establish functionally, and structurally, how EHD2 cycles
between an active, membrane-bound state and an in-
active state in solution. We present an approach to re-
solve the structure of proteins in their membrane-bound
state, which is difficult to obtain otherwise. A dramatic
conformational change of EHD2 upon membrane
binding is demonstrated. ATP binding is required for
partial membrane insertion and subsequent oligomer-
ization. In solution, internal regulatory regions inhibit
the conformational change. This stringently regulated

www.pnas.org/cgi/doi/10.1073/pnas.ss11422 PNAS | May 30, 2017 | vol. 114 | no. 22 | 5567–5570

P
N
A
S

P
L
U
S

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.ss11422&domain=pdf
www.pnas.org/cgi/doi/10.1073/pnas.ss11422


mechanistic cycle might be prototypical for a large family of pro-
teins involved in membrane fission and may open avenues to
control the process in vivo. (See pp. E4360–E4369.)

Control of Hsp90 chaperone and its clients by N-terminal
acetylation and the N-end rule pathway
Jang-Hyun Oh, Ju-Yeon Hyun, and Alexander Varshavsky

We found that the yeast Hsp90 chaperone system is greatly im-
paired in naa10Δ cells, which cannot N-terminally acetylate
a majority of normally N-terminally acetylated proteins, including
Hsp90 and its cochaperones. Hsp90 clients, including Chk1, Kar4,
Tup1, Gpd1, Ste11, and even the Hsp90 chaperone (Hsc82) itself,
became short-lived substrates of the Arg/N-end rule pathway in
naa10Δ cells. Ubr1 targets the Chk1 kinase through its internal
degron. Interactions of Hsp90 with Chk1 could be detected in wild-
type but not in naa10Δ cells. These results revealed a major role of
N-terminal acetylation in the Hsp90-mediated protein homeostasis
and showed that a number of Hsp90 clients are previously unknown
substrates of the Arg/N-end rule pathway. (See pp. E4370–E4379.)

Ubiquitin- and ATP-dependent unfoldase activity of P97/
VCP•NPLOC4•UFD1L is enhanced by a mutation that
causes multisystem proteinopathy
Emily E. Blythe, Kristine C. Olson, Vincent Chau,
and Raymond J. Deshaies

The ATPase p97 plays an important cellular role by extracting
proteins modified with ubiquitin (Ub) from membranes, chroma-
tin, or protein complexes. However, the unstable and compli-
cated nature of p97 substrates has hindered a detailed study of
mechanism. To overcome these issues, we developed Ub-GFP as
a fluorescent reporter of p97 activity. When Ub-GFP is conju-
gated with ubiquitin chains, p97 and its cofactor NPLOC4-UFD1L
unfold it in an ATP-dependent manner, explicitly demonstrating
that p97 is an unfoldase. We also show that a p97 mutation as-
sociated with multisystem proteinopathy has enhanced unfoldase
activity, which suggests a novel approach to disease therapy. Our
method opens the door for future studies of p97 mechanism that
were until now not feasible. (See pp. E4380–E4388.)

Kinematics of the lever arm swing in myosin VI
Mauro L. Mugnai and D. Thirumalai

Myosin VI (MVI), a molecular motor whose malfunction is linked to
deafness, moves on the actin filament fueled by ATP. The che-
momechanical transduction culminates in a power stroke, in which
the motor domain undergoes a conformational transition exagger-
ated by the lever arm. We performed simulations of the MVI power
stroke, showing that the lever arm undergoes a nearly free rotational
diffusion that is only weakly biased by the rest of the motor. Our
model yields a molecular picture of the MVI power stroke that is in
quantitative agreement with experiments showing evidence for the
pliancy of the lever arm. Our findings provide insights into the broad
step-size distribution of MVI. (See pp. E4389–E4398.)

Translation and folding of single proteins in real time
Florian Wruck, Alexandros Katranidis, Knud H. Nierhaus, Georg Büldt,
and Martin Hegner

How proteins fold natively with efficient fidelity while being syn-
thesized remains largely unexplored. Understanding protein syn-
thesis on a single-molecule level is of particular interest to the life
sciences and relevant for various diseases. Although protein syn-
thesis and folding are well-studied subjects, cotranslational folding

has been proven difficult to observe. Using optical tweezers, we
measured the mechanics of synthesis and simultaneous folding in
real time. We found that cotranslational folding occurs at predict-
able locations, exerting forces on the nascent polypeptide. Fur-
thermore, we show that transient pauses and gradual slowing of
translation occur in particular locations along the protein sequence,
facilitating native secondary-structure formation. Thus, the rate of
synthesis is inherently coupled to cotranslational folding, assuring
reliable and fast native folding. (See pp. E4399–E4407.)

Direct observation of structure and dynamics during phase
separation of an elastomeric protein
Sean E. Reichheld, Lisa D. Muiznieks, Fred W. Keeley, and Simon Sharpe

An increasing number of proteins have been shown to undergo
liquid–liquid phase separation in response to changes in their
environment, resulting in formation of a dense protein-rich phase
(coacervate), and plays an important role in several systems regu-
lating the growth and development of cells and tissues. Determining
the effects of phase separation on protein structure and dynamics is
critical for understanding how it modulates protein function. How-
ever, structural studies have been limited by the intrinsic disorder
and decreased mobility of coacervated proteins. We report direct
observation of protein structure and dynamics during the phase
transition of an elastomeric protein. Despite large changes in dy-
namics, coacervation has little effect on protein structure, such that
intrinsic disorder is retained. (See pp. E4408–E4415.)

Control of metastatic niche formation by targeting APBA3/
Mint3 in inflammatory monocytes
Toshiro Hara, Hiroki J. Nakaoka, Tetsuro Hayashi, Kouhei Mimura, Daisuke
Hoshino, Masahiro Inoue, Fumitaka Nagamura, Yoshinori Murakami,
Motoharu Seiki, and Takeharu Sakamoto

Metastasis complicates cancer treatment. This process is intricately
orchestrated by both cancer and normal cells. Thus, new anti-
metastasis drugs targeting normal cells that interact with cancer cells
constitutes a promising approach, as long as body homeostasis is
unaffected. Here, we focused on a unique feature of metastasis-
promoting monocytes/macrophages: their dependence on aerobic
glycolysis for energy production. APBA3 promotes aerobic glycolysis
by activating HIF-1 in macrophages. APBA3 depletion decreases
ATP production by approximately 60% in macrophages without af-
fecting other cells. We show that depletion of APBA3 in monocytes
suppresses their recruitment to the metastatic niche and E-selectin
induction in endothelial cells, resulting in metastasis inhibition. Thus,
targeting APBA3 may be useful for preventing metastasis, with few
side effects. (See pp. E4416–E4424.)

Spatially restricted dental regeneration drives pufferfish
beak development
Alexandre P. Thiery, Takanori Shono, Daisuke Kurokawa, Ralf Britz, Zerina
Johanson, and Gareth J. Fraser

Teleost fishes have evolved a wonderful array of diverse denti-
tions. The highly derived order Tetraodontiformes exhibits the
most unique dental forms among teleosts. The novel beak-like
dentition of the pufferfish develops through a drastic shift in
dental morphology during ontogeny. A simple first-generation
tooth set is followed by the repetitive development of multiple
elongated jaw-length tooth bands, which fuse together over
time to form the characteristic beak. A restriction of the tooth-
regenerative process in all but four tooth sites, coupled with the
maintenance of lifelong stem cells for perpetual tooth development,
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is essential for the formation of this unique dentition. In pufferfish,
regeneration plays a vital role in producing this novel dental
form from highly conserved developmental underpinnings.
(See pp. E4425–E4434.)

Long-read sequencing uncovers the adaptive topography
of a carnivorous plant genome
Tianying Lan, Tanya Renner, Enrique Ibarra-Laclette, Kimberly M. Farr,
Tien-Hao Chang, Sergio Alan Cervantes-Pérez, Chunfang Zheng,
David Sankoff, Haibao Tang, Rikky W. Purbojati, Alexander Putra,
Daniela I. Drautz-Moses, Stephan C. Schuster, Luis Herrera-Estrella,
and Victor A. Albert

Carnivorous plants capture and digest animal prey for nutrition. In
addition to being carnivorous, the humped bladderwort plant,
Utricularia gibba, has the smallest reliably assembled flowering
plant genome. We generated an updated genome assembly
based on single-molecule sequencing to address questions re-
garding the bladderwort’s genome adaptive landscape. Among
encoded genes, we segregated those that could be confidently
distinguished as having derived from small-scale versus whole-
genome duplication processes and showed that conspicuous ex-
pansions of gene families useful for prey trapping and processing
derived mainly from localized duplication events. Such small-scale,
tandem duplicates are therefore revealed as essential elements in
the bladderwort’s carnivorous adaptation. (See pp. E4435–E4441.)

Alterations in cellular metabolism triggered by URA7 or
GLN3 inactivation cause imbalanced dNTP pools
and increased mutagenesis
Tobias T. Schmidt, Gloria Reyes, Kerstin Gries, Cemile Ümran Ceylan,
Sushma Sharma, Matthias Meurer, Michael Knop, Andrei Chabes,
and Hans Hombauer

The duplication of the genetic information (DNA) requires high ac-
curacy to prevent potentially deleterious genetic alterations (muta-
tions). The fidelity of this reaction depends on DNA polymerase
selectivity and proofreading functions, postreplicative mismatch repair
(MMR), and the abundance of dNTPs, the building blocks of DNA.
Here, in a genome-wide screen in budding yeast, we uncovered a
group of genes required for high-fidelity DNA replication. When these
genes are absent, cells are prone to incorporate incorrect nucleotides,
and consequently they heavily rely on DNA polymerase functions and
MMR to prevent severe hypermutability. These findings suggest that
similar genetic interactions could play a role in human cancer, where
inactivation of these genes might act as “minidrivers” that facilitate
tumor evolution. (See pp. E4442–E4451.)

Loss of the homologous recombination gene rad51 leads
to Fanconi anemia-like symptoms in zebrafish
Jan Gregor Botthof, Ewa Bielczyk-Maczy�nska, Lauren Ferreira, and Ana Cvejic

The homologous recombination protein RAD51 has been extensively
studied in prokaryotes and lower eukaryotes. However, there is a
significant lack of knowledge of the role of this protein and its reg-
ulation in an in vivo context in vertebrates. Here we report the first
viable vertebrate mutant model of rad51 in zebrafish. These mutant
fish enabled us to confirm the recently discovered role of RAD51 in
Fanconi anemia pathogenesis. We report that p53-linked embryonic
stem cell defects directly lead to hematological impairments later in
life. Comutation of rad51 with p53 rescues the observed hemato-
logical defects, but predisposes the fish to early tumor development.
The application of this model opens new possibilities to advance
Fanconi anemia drug discovery. (See pp. E4452–E4461.)

Probing the lithium-response pathway in hiPSCs implicates
the phosphoregulatory set-point for a cytoskeletal
modulator in bipolar pathogenesis
Brian T. D. Tobe, Andrew M. Crain, Alicia M. Winquist, Barbara Calabrese,
Hiroko Makihara, Wen-ning Zhao, Jasmin Lalonde, Haruko Nakamura,
Glenn Konopaske, Michelle Sidor, Cameron D. Pernia, Naoya Yamashita,
Moyuka Wada, Yuuka Inoue, Fumio Nakamura, Steven D. Sheridan, Ryan W.
Logan, Michael Brandel, Dongmei Wu, Joshua Hunsberger, Laurel
Dorsett, Cordulla Duerr, Ranor C. B. Basa, Michael J. McCarthy,
Namrata D. Udeshi, Philipp Mertins, Steven A. Carr, Guy A. Rouleau, Lina
Mastrangelo, Jianxue Li, Gustavo J. Gutierrez, Laurence M. Brill, Nikolaos
Venizelos, Guang Chen, Jeffrey S. Nye, Husseini Manji, Jeffrey H. Price,
Colleen A. McClung, Hagop S. Akiskal, Martin Alda, De-Maw M.
Chuang, Joseph T. Coyle, Yang Liu, Yang D. Teng, Toshio Ohshima,
Katsuhiko Mikoshiba, Richard L. Sidman, Shelley Halpain, Stephen J.
Haggarty, Yoshio Goshima, and Evan Y. Snyder

One-third of bipolar disorder (BPD) patients are lithium-
responsive (LiR) for unknown reasons. Were lithium’s target to be
identified, then BPD’s pathogenesis might be unraveled. We
identified and mapped the “lithium-response pathway,” which
governs the phosphorylation of CRMP2, a cytoskeleton regulator,
particularly for dendritic spines: hence, a neural network modu-
lator. Although “toggling” between inactive (phosphorylated)
and active (nonphosphorylated) CRMP2 is physiologic, the “set-
point” in LiR BPD is abnormal. Lithium (and other pathway-
modulators) normalize that set-point. Hence, BPD is a disorder
not of a gene but of the posttranslational regulation of a de-
velopmentally critical molecule. Such knowledge should enable
better mechanistically based treatments and bioassays. In-
structively, lithium was our “molecular can-opener” for “prying”
intracellularly to reveal otherwise inscrutable pathophysiology in
this complex polygenic disorder. (See pp. E4462–E4471.)

Involvement of a gut–retina axis in protection against
dietary glycemia-induced age-related
macular degeneration
Sheldon Rowan, Shuhong Jiang, Tal Korem, Jedrzej Szymanski, Min-Lee
Chang, Jason Szelog, Christa Cassalman, Kalavathi Dasuri, Christina
McGuire, Ryoji Nagai, Xue-Liang Du, Michael Brownlee, Naila Rabbani,
Paul J. Thornalley, James D. Baleja, Amy A. Deik, Kerry A. Pierce, Justin M.
Scott, Clary B. Clish, Donald E. Smith, Adina Weinberger, Tali Avnit-Sagi,
Maya Lotan-Pompan, Eran Segal, and Allen Taylor

Food is medicine, and diet impacts the risk for and progression of
age-related macular degeneration AMD, but we have few clues as
to why. We found that wild-type mice fed a high-glycemic-index
diet similar in composition to the Western diet developed a disease
state that resembles dry AMD. To gain insight into the mechanism,
we used LC-MS– and NMR-based metabolomics to discover
diet-, metabolic-, and AMD-associated phenotypes. These studies
revealed changes in the gut microbiota that altered the production
of metabolites that protected against AMD, including serotonin.
Changing the diet to a low-glycemic-index diet, even late in life,
arrested the development of AMD, offering dietary interventions
for AMD. (See pp. E4472–E4481.)

Embryonic transcription factor SOX9 drives breast cancer
endocrine resistance
Rinath Jeselsohn, MacIntosh Cornwell, Matthew Pun, Gilles Buchwalter,
Mai Nguyen, Clyde Bango, Ying Huang, Yanan Kuang, Cloud Paweletz,
Xiaoyong Fu, Agostina Nardone, Carmine De Angelis, Simone Detre, Andrew
Dodson, HishamMohammed, Jason S. Carroll, Michaela Bowden, Prakash Rao,
Henry W. Long, Fugen Li, Mitchell Dowsett, Rachel Schiff, and Myles Brown

Resistance to endocrine treatment remains a significant clinical
obstacle. ESR1 mutations were found to be the mechanism of
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endocrine resistance in a substantial number of patients with
metastatic ER-positive breast. However, these mutations are pri-
marily linked to aromatase inhibitor resistance and are not strongly
associated with tamoxifen resistance. Herein, we show that ta-
moxifen treatment promotes a RUNX2–ER complex, which
mediates an altered ER cistrome that facilitates the up-regulation
of SOX9. We show that up-regulation of SOX9, an embryonic
transcription factor with key roles in metastases, is a driver of en-
docrine resistance in the setting of tamoxifen treatment. Our data
provide putative targets for the development of new strategies to
treat tamoxifen-resistant breast cancer. (See pp. E4482–E4491.)

Thiophene antibacterials that allosterically stabilize
DNA-cleavage complexes with DNA gyrase
Pan F. Chan, Thomas Germe, Benjamin D. Bax, Jianzhong Huang, Reema K.
Thalji, Eric Bacqué, Anna Checchia, Dongzhao Chen, Haifeng Cui,
Xiao Ding, Karen Ingraham, Lynn McCloskey, Kaushik Raha, Velupillai
Srikannathasan, Anthony Maxwell, and Robert A. Stavenger

The spread of multidrug-resistant bacteria constitutes a significant
unmet medical need. Fluoroquinolone antibiotics have been
compromised by resistance mutations in their targets: DNA gyrase
and topoisomerase IV. Using biochemical and genetic techniques,
we have identified and characterized a class of antibacterials which
transforms DNA gyrase into toxic DNA-cleavage complexes, sim-
ilar to fluoroquinolones, but with a distinct mechanism of action.
X-ray crystallography shows that the inhibitors access a previously
unexploited pocket in gyrase, leading to their activity against
fluoroquinolone-resistant bacteria and providing a strategy to tar-
get bacterial topoisomerases. (See pp. E4492–E4500.)

Development of visual category selectivity in ventral visual
cortex does not require visual experience
Job van den Hurk, Marc Van Baelen, and Hans P. Op de Beeck

The brain’s ability to recognize visual categories is guided by
category-selective ventral-temporal cortex (VTC). Whether visual

experience is required for the functional organization of VTC into
distinct functional subregions remains unknown, hampering our
understanding of the mechanisms that drive category recognition.
Here, we demonstrate that VTC in individuals who were blind since
birth shows robust discriminatory responses to natural sounds
representing different categories (faces, scenes, body parts, and
objects). These activity patterns in the blind also could predict
successfully which category was visually perceived by controls. The
functional cortical layout in blind individuals showed remarkable
similarity to the well-documented layout observed in sighted
controls, suggesting that visual functional brain organization does
not rely on visual input. (See pp. E4501–E4510.)

Critical roles of DNA demethylation in the activation
of ripening-induced genes and inhibition of
ripening-repressed genes in tomato fruit
Zhaobo Lang, Yihai Wang, Kai Tang, Dengguo Tang, Tatsiana
Datsenka, Jingfei Cheng, Yijing Zhang, Avtar K. Handa,
and Jian-Kang Zhu

DNA methylation is generally considered an epigenetic mark
for transcriptional gene silencing. In this work, we generated
loss-of-function mutant alleles of SlDML2. We characterized
the mutant fruits that failed to ripen and discovered that
SlDML2 is required for the demethylation and activation of
genes important for fruit ripening, including genes involved in
fruit pigment and flavor synthesis, ethylene synthesis and
signaling, and cell wall hydrolysis. Unexpectedly, we found
that SlDML2-mediated DNA demethylation is also necessary
for fruit ripening-induced repression of hundreds of genes
involved in photosynthesis and cell wall synthesis and orga-
nization. Our study has therefore revealed a broad and critical
role of DNA methylation as an activation mark for the ex-
pression of many genes in a eukaryotic organism. (See pp.
E4511–E4519.)
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