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• The targets of these compounds are host enzymes of assembly missed previously 
because they are transient multi-protein complexes (MPCs) that we term assembly 
machines, that are not accessible by conventional proteomics (how drug discover is 
classically done). They constitute a novel molecular basis for homeostasis. 

• Our host-targeted compounds have some remarkable properties: pan-family anti-viral 
activity; barrier to resistance development; some targets shared between all 
respiratory disease-causing viruses. But this is too new to interest conventional drug 
development scientists at conservative pharmas. 

• Viruses hijack and convert assembly machines into aberrant forms essential for viral 
propagation. Using novel biochemical tools to drive structure-activity relationship 
(SAR) optimization to aberrant assembly machine selectivity, we have found host-
targeted anti-viral drugs that avoid host toxicity. 

• We are close to a Target Product Profile for pan-respiratory anti-viral therapeutics: 
one oral drug for all respiratory viral disease.

• Our host-targeted approach has diagnostic applications including identification of 
those at greatest risk of complications and Viral Sentry for future pandemic defense.

Executive Summary

Prosetta Biosciences

•   We already have compounds, validated in animals, with good safety profiles, that are    
effective against all families of viruses causing human respiratory disease 
regardless of strain – including Coronaviruses. 
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Proprietary*to*Prose,a*Biosciences* 2*The theme of host-catalyzed capsid assembly emerged from early studies in the academic labs 
of Prosetta’s founders elucidating the role of discrete assembly intermediates containing host 
protein assembly machines, their involvement in energy-driven steps through catalytic action of 
those host proteins. Moreover, each and every one of these novel, catalytic, host-viral protein-
protein interactions represents a novel potential drug target to be explored.  

Lingappa, J.R. et al. (1994) 
J Cell Biology 125:99-111. 
 

Lingappa, J.R. et al. (1997) 
J Cell Biology 136:567-81. 
 

Zimmerman, M. et al. (2002) 
Nature 415:88-92.  
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Dimensions of Host-Catalyzed Viral Capsid Assembly 

Non&confiden+al"
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Schematic illustration of the 
Prosetta de novo cell-free synthesis 

and assembly plate screen

Dose-dependent titrations were observed either to background (hitting an 
early target, left circle) or to a plateau (hitting a late target, right circle) 
consistent with the hypothesis of a multi-step/target assembly pathway. 

Prosetta Screening Approach and Outcomes 
2"Structure$Ac:vity'Rela:onship'Op:miza:on:'correla:on'of'Cell$

free'and'Cell'Culture'Data'
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Compound Log*Drop*10uM
A 0.5
B 0.5
C 0.75
D 0.75
E 1.2
F 2.5
G >5/

Cell+Free"Screen"to"Infec4ous"Virus"Correla4on"

RABV cell-free screen 

RABV infectious virus in cell culture 

Proprietary"to"ProseDa"

Correlation of extent of activity of distinct chemotypes in 
the cell-free system (x-axis) with efficacy against 

infectious virus in cell culture (y-axis). Data shown from 
FLUV program, and demonstrated for 3 of 3 others. 

Cell-free synthesis and assembly 
plate screen output correlates 
with activity against infectious 

virus in cell culture

Prosetta Biosciences 4
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40 analogs of Chemotype 1
120 analogs of Chemotype 2
600 analogs of Chemotype 3

134,000 library largely conforming to Lipinski’s rule

30,400 primary screen results analyzed (FLUV CFPSA Second Generation Plate)

3,053 initial screen hits

459 secondary screen hits

32 tertiary screen hits

70% validated against infectious influenza virus in cell culture

6 drug-like chemotypes worthy of advancement identified

3 chemotypes currently being advanced through medicinal chemistry

Summary of Influenza Virus Assembly Library 
Screen, Hit Selection and Analog Synthesis



Summary of the Prosetta Platform Applied to 
Capsid Assembly Across Viral Families

Viral family Virus Putative 
Capsid 

Assembled 

Putative 
Pathway 
identified 

Screen 
Established 

Live virus 
validated 

hits 

SAR 
improvement 

Flaviviridae HCV + + + + + 
 DENV + + + + + 
 WNV + +  +  
 YFV    +  
Togaviridae VEEV + + + + + 
 WEEV +   + + 
 EEEV +   + + 
 CHIKV +   + + 
Bunyaviridae RVFV + + + + + 
 HNTV + + + +  
 PTV      
Arenaviridae LASV + + + + + 
Filoviridae EBOV + + + + + 
 MARV + + + + + 
Poxviridae MPXV + + + + + 
 RPXV +   + + 
Orthomyxoviridae FLUV + + + + + 
Rhabdoviridae RABV + + + + + 
Herpesviridae CMV + + (+) + + 
Coronaviridae SARSCV + + (+)  + 
Paramyxoviridae NIPV + + (+)  + 
Hepadnaviridae HBV + + (+)  + 
Bornaviridae BDV + + (+)   
Picornaviridae RHNV + + (+)  + 
Retroviridae HIV1 + + + + + 
 HIV2 + +  +  
 SIV    +  
Reoviridae ROTV + + (+)   
Papillomaviridae HPV + + (+)   
Adenoviridae ADNV + + (+)   
Astroviridae ASTV + +    
Polyomaviridae BKV + +    
Caliciviridae       
Anelloviridae       
Parvoviridae       
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A rough 
phylogenetic 

tree of life

Bacteria

Archae

Eukaryotes

Plants
Animals Fungi

Cilliates

Flagellates

Microsporidia

Assembly machines are present in all 
branches of the tree of life, explaining 
the universality of Prosetta findings.

1 26 51 76 101 126 151 176 201 226

2 27 52 77 102 127 152 177 202 227

3 28 53 78 103 128 153 178 203 228

4 29 54 79 104 129 154 179 204 229

5 30 55 80 105 130 155 180 205 230

6 31 56 81 106 131 156 181 206 231

7 32 57 82 107 132 157 182 207 232

8 33 58 83 108 133 158 183 208 233

9 34 59 84 109 134 159 184 209 234

10 35 60 85 110 135 160 185 210 235

11 36 61 86 111 136 161 186 211 236

12 37 62 87 112 137 162 187 212 237

13 38 63 88 113 138 163 188 213 238

14 39 64 89 114 139 164 189 214 239

15 40 65 90 115 140 165 190 215 240

16 41 66 91 116 141 166 191 216 241

17 42 67 92 117 142 167 192 217 242

18 43 68 93 118 143 168 193 218 243

19 44 69 94 119 144 169 194 219 244

20 45 70 95 120 145 170 195 220 245

21 46 71 96 121 146 171 196 221 246

22 47 72 97 122 147 172 197 222 247

23 48 73 98 123 148 173 198 223 248

24 49 74 99 124 149 174 199 224 249

25 50 75 100 125 150 175 200 225

Diversity by anti-viral screen

Diversity by Anti-viral 
Screen



Efficacy of Chemotype 3 against 
Bovine Corona Virus 

Data generated by VIDO (U Saskatchewan) with blinded compounds on infected cells in culture
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Fig. 2. In vitro inhibitory effects of molecule FLU005 against viruses. Each dot represents one value 
of TCID50 of the biological triplicate. SIV: swine influenza virus; BHV-1: bovine herpes virus 1; 
BCV: bovine corona virus; BRV-B: bovine rhinitis B virus. 

(uM)

7Prosetta Biosciences



Pan-Respiratory Efficacy, Good TI and PK 
Properties of Advanced Analogs

8Prosetta Biosciences

Compound
Influenza
EC50 (µM)

In vitro

RSV
(CRO)

EC50 (µM)
In vitro 

RHNV-16 
EC50 (µM) In 

vitro 

TI 
Therapeutic 

Index

PK 
Properties 

Half-life (h) in 
rats (PO)

Lung 
Exposure

(ng/g)

PB 3.93 3.125 ND 5 2 ND ND

PB 3.190 ND ND 0.5 2 ND ND

PB 3.62 0.25 ND 0.1 12.5 ND ND

PB 3.75 0.225 ND 0.065 19.2 ND ND

PB 3.120 0.052 ND 0.016 20.3 0.41 13

PB 3.265 0.072 0.023 0.003 58.1 14.6 867

PB 3.298 0.050 0.011 0.002 83.9 >10 456

PB 3.204 0.048 0.011 0.002 121.0 11.3 1022



RSV Lung Titers (day 5 post infection) 
in Cotton Rats Treated with 3.120

9Prosetta Biosciences

RSV Lung Titers (day 5 p.i) in Cotton Rats Treated with 3.120 

Number of 
Cotton Rats

Dose IP 
(mg/kg)

Dosing Schedule 
(daily)

Number of 
Dosing Days 

Controls -4

Compound 
3.120 -7

2 2 -1 to 4

RSV Titers in Cotton Rat Lungs
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Number of cotton 
Rats

Dose IP 
(mg/kg)

Dosing Schedule 
(Daily)

Number of 
Dosing Days

Controls 4

Compound 3.120
2 2 -1 to 4

Drug-tr
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ted



Results by Treatment Group 

Validation of Chemotype 3 in 
Coronavirus-Infected Pigs

10Prosetta Biosciences

The testing model involves infecting newborn pigs with porcine epidemic diarrhea virus (PEDV) and
assessing efficacy of three Prosetta compounds or vehicle on survival. The graph above presents the
subset of litters in which all control (vehicle only) animals died, with significant levels of protection
observed upon administration of EL-2 (p=0.004) and EL-3 (p=0.002). Percent mortality is shown on the y-
axis. The x-axis shows the treatment groups, including three Prosetta compounds. The blue bars of the
graph represent percent survival whereas the red bars represent percent death

PEDv(Animal(Trial(Results(

Confiden<al( 2(
1"

PEDV%Animal%Trial%Results%

Treatment%Group%
Dose%
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Pharmacokinetics and Tox Studies-Summary

Study Dose

MTD in BALB/c mice • 0, 2, 5 and 10 mg/kg. 
• MTD of the compound was 2 mg/kg

PK in Sprague Dawley rats • IV-0.4, IP-2 and PO-2 mg/kg, single dose

Lung Uptake in Sprague Dawley 
rats • IP-2 mg/kg, single dose

Toxicity in BALB/c mice • IP-2 mg/kg, Repeat dose, daily once for 10 days

Formulation

IV and IP 10% DMSO + 45 % PG + 45% sterile water 

PO 100% Labrasol
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PK in Sprague Dawley rats: IV-0.4, IP-2 and 
PO- 2 mg/kg, single dose 

Route IV IP PO
Dose (mg/kg) 0.4 2 2

AUC (last) 
(ng.h/mL) 1065 9187 7063

AUC (0 to inf) 
(ng.h/mL) 1782 14049 8541

Cmax (ng/ml) 327 1173 518
Tmax (h) 0.08 0.25 4
Kel (1/h) 0.02 0.03 0.06

Half-life (h) 28 22 11
MRT (h) 10 11 10

CL (mL/min/kg) 3.7 - -
Vss (L/Kg) 7.6 - -

Bioavailability (%F) - >100 >100

• Cmax by IV was 14 fold higher than IC50 value: 327ng/mL at 0.08h, maintained above IC50 till 8h and 
almost equal to IC50 at 24h

• Cmax by IP was 51 fold higher than IC50 value: 1173ng/mL at 0.25h and maintained above IC50 till 30h
• Cmax by PO was 23 fold higher than IC50 value: 518ng/mL at 4h and maintained above IC50 till 30h
• It has long half life by IV - 28h, IP - 22h and PO - 11h
• It has low clearance of 3.7mL/min/Kg
• It has high tissue distribution of 7.6L/kg, as Vss was more than 2L/Kg 
• Bioavailability by IP and PO was found to be very good which is >100%

0 1 0 2 0 3 0 4 0
1 0

1 0 0

1 0 0 0

1 0 0 0 0

T im e  (h )

M
e

a
n

 p
la

s
m

a
 C

o
n

c
. 

(n
g

/m
L

)

IV  ( 0 .4  m g /k g )

IP  (2  m g /k g )

P O  (2  m g /k g )

IC 5 0 =  2 2 .9  n g /m L  o r  0 .0 5  µ M

Rat Liver blood flow-55 mL/min/kg
Rat body water-0.668 L/kg



Prosetta Biosciences

Lung Uptake in Sprague Dawley rats: 
IP- 5 mg/kg, Single Dose

13

Compound (IP-2 mg/kg)

Time (h) 0.5 2

Mean plasma conc. (ng/mL) 469 432

Mean Lung conc. (ng/g) 231 356

Lung /plasma ratio (ng/g)/(ng/mL) 0.6 0.8

0

100

200

300

400

0.5 2

ng
/g

Time (h)

Mean Lung conc.

0

0.2

0.4

0.6

0.8

1

0.5 2

(n
g/

g)
/(n

g/
m

L)

Time (h)

Lung /plasma ratio 

• Concentration in lungs was 10 times and 16 times higher than IC50 at 30 min and 120 min respectively
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Toxicity in BALB/c mice : 
IP-2 mg/kg, once daily for 10 days 
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% Change In Body Weight (Females)

Vehicle Group (G1)
Study Group (G2)

Mortality No Deaths

Body weight No Significant Difference between control and treatment groups

Clinical signs No Significant Difference between control and treatment groups

Haematology No Significant Difference between control and treatment groups

Clinical Chemistry No Significant Difference between control and treatment groups

Histopathology No Abnormality Detected

• Compound was tolerable in BALB/c mice, at dose IP- 2mg/kg, once daily for 10 days



Chemotype 3:  Lipinski Rule of 5 Data

Chemotype 
3

Molecular 
weight 
(g/mol)

log P H-bond 
donors

H-bond 
acceptors pKa

Polar 
surface 
area (Å²)

PB 3.93 332.398 1.52 1 5 6 78.27

PB 3.190 323.338 2.62 1 3 1.74 56.15

PB 3.62 331.409 2.74 1 4 1.64 65.38

PB 3.75 315.367 1.72 1 4 1.69 65.38

PB 3.120 369.338 3.3 1 4 13 65.38

PB 3.265 459.461 4.32 1 4 1.69 65.38

PB 3.298 401.355 3.03 1 4 12.7 65.38

PB 3.204 432.944 2.34 1 5 6.96 68.62

15Prosetta Biosciences



Approaching Target Product Profile for a 
Pan-Respiratory Viral Disease Small Molecule

16Prosetta Biosciences

Pan-Respiratory Virus Target Product Profile
Criteria Optimal 3.204 Comment

Efficacy
In vitro EC50 <100uM 0.002uM Excellent
In vitro CC50 >5uM 0.221uM in HeLa cells OK
TI >50 121 Excellent

In vivo Significant findings 
<10mg/kg PO

RSV and FLUV studies 
planned for Q3 2017

Safety

hERG (CV) IC50>10uM or x fold over 
[plasma]>300 hERG Negative hERG Negative

DDIs IC50>1uM IC50> 40uM Good
Genetox Ames is negative Ames negative Ames is negative
CEREP 40 Pan-labs >10uM Safety Screen 44 negative Good

Product/DMPK
Bioavailability %F>30% PO/IV F%>80% PO/IV (2mg/kg) Good

Clearance
CLint<100, T1/2>30 min in 
HLM/MLM, Mouse T1/2>3.5 
hr (PO)

HLM = 48.17                            
RLM = 14                                    
Rat T1/2 (PO)= 11.3 hr 

Good PO T1/2 in rats.  

Lung penetrant Rat lung/plasma>1 1022 ng/mL PO after 2 hrs Excellent

OK
OK

EXCELLENT

EXCELLENT

Herg Negative

Ames Negative

Mouse FLUV trial planned 
for Q3 2017

Mouse FLUV trial planned 
for Q4 2017

0.1uM

Earlier compounds validated in pigs (coronavirus) and cotton rat (RSV).  
Plan for follow up study in animal model chosen by whomever would 

like to partner with us on this program.



Evidence for Normal vs Aberrant Assembly 
Machines

11

2"A Riddle: How Can Host-Directed Antiviral Therapeutics Not 
Cause Host Toxicity? 

Iden%fied'
Proteins' U/a' 'I/a' U/b' I/b'

A' '' '' •' ''
B' '' •' '' ''
C' •' •' '' •'
D' •' •' '' ''
E' •' •' •' •'
F' '' •' '' ''
G' '' '' '' •'
H' '' '' '' •'
I' •' •' '' •'
J' •' •' '' •'
K' '' •' '' •'
L' '' •' '' ''
M' '' •' '' ''
N' •' '' '' •'
O' '' '' '' •'
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factors, and only a few of the validated candidates were as-
sessed for their function(s) in the viral life cycle. We therefore
used authentic influenza virus and a human cell line permissive
for influenza virus replication to conduct a systematic analysis
of influenza viral host interaction partners, which was followed
by extensive validation studies and a systematic assessment
of the functional roles of these host proteins in influenza virus
replication. This information was then used to identify targets
for antiviral drugs.

RESULTS AND DISCUSSION

Identification of Host Proteins that Coprecipitate with
11 Viral Proteins of Influenza A Virus and Are Involved in
Viral Replication
We first attempted to establish a comprehensive map of viral-
host protein interactions in human embryonic kidney (HEK) 293
cells, which support influenza virus replication (Hatta et al.,
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Figure 1. Overview of a Systematic Study to
Elucidate the Physical and Functional Host-
Viral Interactions in Influenza Virus Replica-
tion and to Identify Antiviral Drugs
(A and B) Schematic diagram of the identification

of host proteins that coprecipitated with 11 influ-

enza A viral proteins and affected viral replication.

(A) Mass spectrometry analysis identified 1,292

host proteins that coimmunoprecipitated with one

or more of the 11 FLAG-tagged influenza viral

proteins. (B) To identify host factors that affect

virus replication, cells were transfected with

siRNAs targeted to each of the 1,292 candidate

host genes and were then infected with influenza

virus. Virus titers and cell viability were then

determined. We identified 323 host genes whose

mRNA levels were downregulated, while virus

titers were reduced by more than two log10 units

compared with a control (299 host factors) or

increased by more than one log10 unit (24 host

factors).

(C) To better understand the role of the identified

host factors, we performed mechanistic studies

assessing different steps in the viral life cycle for

our ‘‘top hits,’’ i.e., 91 host factors whose siRNA-

mediated downregulation reduced viral replication

in cultured cells by at least three log10 units while

retaining > 80% cell viability.

(D) To identify antiviral drugs for influenza virus, we

searched for drugs targeting the 299 host factors

identified here and selected 11 drugs for in vitro

testing. See also Figures S1–S4 and Tables S1,

S2, and S3.

2007; Le Ru et al., 2010). Eleven FLAG-
tagged viral proteins (i.e., PB2, PB1, PA,
HA, NP, NA, M1, M2, NS1, NS2, and
PB1-F2, which represent all of the viral
proteins with the exception of the recently
identified potential accessory factors)
of an influenza A virus (A/WSN/33,
H1N1 subtype; WSN) were individually
expressed in HEK293 cells and then

immunoprecipitated with an anti-FLAG antibody. Mass spec-
trometry analyses of the coprecipitated proteins identified
1,292 host proteins in total: 388, 322, 304, 351, 574, 675, 659,
531, 113, 42, and 81 host proteins coprecipitated with the viral
PB2, PB1, PA, HA, NP, NA, M1, M2, NS1, NS2, and PB1-F2 pro-
teins, respectively (Figure 1 and Table S1; note that the data for
NS2 were reported previously [Gorai et al., 2012]).
The coprecipitated host proteins may be specific binding part-

ners of influenza viral proteins with essential or nonessential
functions in the viral life cycle. Alternatively, theymay be nonspe-
cific—that is, false positive—binding partners resulting from
experimental artifacts such as the overexpression of viral pro-
teins in our assay and/or the absence of other viral components.
Therefore, to identify host factors that are specifically involved in
virus replication, we transfected HEK293 cells with siRNAs tar-
geted to each of the 1,292 candidate host genes (two siRNAs
for each host gene were used, as shown in Table S2; AllStars
Negative Control siRNA [QIAGEN] was used as a negative
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SUMMARY

Host factors required for viral replication are ideal
drug targets because they are less likely than viral
proteins to mutate under drug-mediated selective
pressure. Although genome-wide screens have iden-
tified host proteins involved in influenza virus replica-
tion, limitedmechanistic understanding of how these
factors affect influenza has hindered potential drug
development. We conducted a systematic analysis
to identify and validate host factors that associate
with influenza virus proteins and affect viral replica-
tion. After identifying over 1,000 host factors that
coimmunoprecipitate with specific viral proteins,
we generated a network of virus-host protein interac-
tions based on the stage of the viral life cycle affected
upon host factor downregulation. Using compounds
that inhibit these host factors, we validated several
proteins, notably Golgi-specific brefeldin A-resis-
tant guanine nucleotide exchange factor 1 (GBF1)
and JAK1, as potential antiviral drug targets. Thus,
virus-host interactome screens are powerful strate-
gies to identify targetable host factors and guide
antiviral drug development.

INTRODUCTION

Viruses, which rely on host cellular functions to replicate, hijack
the host cell machinery and rewire it for their own needs. A
comprehensive understanding of host-virus interactions would

greatly improve our understanding of the viral life cycle and be
invaluable in identifying strategies to prevent or treat potentially
deadly virus infections.
Influenza viruses cause annual epidemics and recurring pan-

demics, which have claimedmillions of lives and had a consider-
able impact on public health and the global economy. Recent
sporadic human infections with avian viruses of the H5N1 and
H7N9 subtypes have raised concerns about the pandemic po-
tential of these viruses (Gao et al., 2013; Li et al., 2014; Webster
and Govorkova, 2006; Yen and Webster, 2009). Two antiviral
drugs (that inhibit the ion channel [M2] or neuraminidase [NA]
proteins) are available (Davies et al., 1964; Hayden, 2001), but
the emergence of drug-resistant viruses has become a serious
problem (Bright et al., 2005, 2006; Dawood et al., 2009; Nicoll
et al., 2008). Therefore, there is an urgent need to identify targets
for antiviral drugs.
In recent years, six genome-wide screens have identified a

total of 1,449 human genes (including 110 human orthologs of
Drosophila genes) with potential roles in the life cycle of influenza
virus (Brass et al., 2009; Hao et al., 2008; Karlas et al., 2010;
König et al., 2010; Shapira et al., 2009; Sui et al., 2009). Meta-an-
alyses revealed limited overlap among these studies (de Chas-
sey et al., 2012; Mehle and Doudna, 2010; Watanabe et al.,
2010). This limited overlap may be caused by differences in the
experimental conditions of the screens. Also, the experimental
methods used in the screens might be suboptimal to investigate
the whole life cycle of influenza viruses (e.g., using nonpermis-
sive cells for influenza virus infection and/or nonauthentic influ-
enza virus [i.e., recombinant viruses possessing reporter genes]).
Moreover, the criteria used to determine the candidate host fac-
tors likely differed among the screens, and each screen might
include a number of false positives. More importantly, most of
these studies validated only subsets of potential host interaction
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factors, and only a few of the validated candidates were as-
sessed for their function(s) in the viral life cycle. We therefore
used authentic influenza virus and a human cell line permissive
for influenza virus replication to conduct a systematic analysis
of influenza viral host interaction partners, which was followed
by extensive validation studies and a systematic assessment
of the functional roles of these host proteins in influenza virus
replication. This information was then used to identify targets
for antiviral drugs.

RESULTS AND DISCUSSION

Identification of Host Proteins that Coprecipitate with
11 Viral Proteins of Influenza A Virus and Are Involved in
Viral Replication
We first attempted to establish a comprehensive map of viral-
host protein interactions in human embryonic kidney (HEK) 293
cells, which support influenza virus replication (Hatta et al.,
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2007; Le Ru et al., 2010). Eleven FLAG-
tagged viral proteins (i.e., PB2, PB1, PA,
HA, NP, NA, M1, M2, NS1, NS2, and
PB1-F2, which represent all of the viral
proteins with the exception of the recently
identified potential accessory factors)
of an influenza A virus (A/WSN/33,
H1N1 subtype; WSN) were individually
expressed in HEK293 cells and then

immunoprecipitated with an anti-FLAG antibody. Mass spec-
trometry analyses of the coprecipitated proteins identified
1,292 host proteins in total: 388, 322, 304, 351, 574, 675, 659,
531, 113, 42, and 81 host proteins coprecipitated with the viral
PB2, PB1, PA, HA, NP, NA, M1, M2, NS1, NS2, and PB1-F2 pro-
teins, respectively (Figure 1 and Table S1; note that the data for
NS2 were reported previously [Gorai et al., 2012]).
The coprecipitated host proteins may be specific binding part-

ners of influenza viral proteins with essential or nonessential
functions in the viral life cycle. Alternatively, theymay be nonspe-
cific—that is, false positive—binding partners resulting from
experimental artifacts such as the overexpression of viral pro-
teins in our assay and/or the absence of other viral components.
Therefore, to identify host factors that are specifically involved in
virus replication, we transfected HEK293 cells with siRNAs tar-
geted to each of the 1,292 candidate host genes (two siRNAs
for each host gene were used, as shown in Table S2; AllStars
Negative Control siRNA [QIAGEN] was used as a negative
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Host factors required for viral replication are ideal
drug targets because they are less likely than viral
proteins to mutate under drug-mediated selective
pressure. Although genome-wide screens have iden-
tified host proteins involved in influenza virus replica-
tion, limitedmechanistic understanding of how these
factors affect influenza has hindered potential drug
development. We conducted a systematic analysis
to identify and validate host factors that associate
with influenza virus proteins and affect viral replica-
tion. After identifying over 1,000 host factors that
coimmunoprecipitate with specific viral proteins,
we generated a network of virus-host protein interac-
tions based on the stage of the viral life cycle affected
upon host factor downregulation. Using compounds
that inhibit these host factors, we validated several
proteins, notably Golgi-specific brefeldin A-resis-
tant guanine nucleotide exchange factor 1 (GBF1)
and JAK1, as potential antiviral drug targets. Thus,
virus-host interactome screens are powerful strate-
gies to identify targetable host factors and guide
antiviral drug development.
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Viruses, which rely on host cellular functions to replicate, hijack
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comprehensive understanding of host-virus interactions would

greatly improve our understanding of the viral life cycle and be
invaluable in identifying strategies to prevent or treat potentially
deadly virus infections.
Influenza viruses cause annual epidemics and recurring pan-

demics, which have claimedmillions of lives and had a consider-
able impact on public health and the global economy. Recent
sporadic human infections with avian viruses of the H5N1 and
H7N9 subtypes have raised concerns about the pandemic po-
tential of these viruses (Gao et al., 2013; Li et al., 2014; Webster
and Govorkova, 2006; Yen and Webster, 2009). Two antiviral
drugs (that inhibit the ion channel [M2] or neuraminidase [NA]
proteins) are available (Davies et al., 1964; Hayden, 2001), but
the emergence of drug-resistant viruses has become a serious
problem (Bright et al., 2005, 2006; Dawood et al., 2009; Nicoll
et al., 2008). Therefore, there is an urgent need to identify targets
for antiviral drugs.
In recent years, six genome-wide screens have identified a

total of 1,449 human genes (including 110 human orthologs of
Drosophila genes) with potential roles in the life cycle of influenza
virus (Brass et al., 2009; Hao et al., 2008; Karlas et al., 2010;
König et al., 2010; Shapira et al., 2009; Sui et al., 2009). Meta-an-
alyses revealed limited overlap among these studies (de Chas-
sey et al., 2012; Mehle and Doudna, 2010; Watanabe et al.,
2010). This limited overlap may be caused by differences in the
experimental conditions of the screens. Also, the experimental
methods used in the screens might be suboptimal to investigate
the whole life cycle of influenza viruses (e.g., using nonpermis-
sive cells for influenza virus infection and/or nonauthentic influ-
enza virus [i.e., recombinant viruses possessing reporter genes]).
Moreover, the criteria used to determine the candidate host fac-
tors likely differed among the screens, and each screen might
include a number of false positives. More importantly, most of
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Mechanism of Action Studied by Changes in 
Iodixanol Gradient Profiles of Influenza Assembly

19Prosetta Biosciences
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Peak fraction from sucrose step gradient was analyzed by iodixanol buoyant density gradient to reveal an 
altered density consistent with the hypothesis that  3.134 resulted in an aberrantly assembled capsid 
accounting for the demonstrated efficacy of this compound against infectious respiratory viruses in cell culture
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with altered density consistent with the hypothesis that Prosetta compounds normalize 
assembly machines resulting in formation of aberrant viral particles. 
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Over the time course of resistance development by influenza virus to Tamiflu (a 

small molecule targeting a viral enzyme), no resistance development is observed for 

Prosetta anti-influenza compounds targeting aberrant host assembly machines

Prosetta Biosciences



Diagnostic Applications of Host-Targeted Drugs

• Prosetta drugs target allosteric sites on transient multi-protein 
complex assembly machines.

• Analogs of active compounds have been conjugated to 
resins, informed by SAR data, and drug resin affinity 
chromatography (DRAC) used by proprietary methods, to 
identify distinctive host signatures of disease. 

• DRAC signatures should allow stratification of individuals into 
groups at high vs low risk of complications and identification of 
superspreaders, identifying those who most need treatment. 

• Viral Sentry is an approach to surveillance and typing of new, 
emerging and even engineered viruses with respect to host 
targets – a way to nip epidemics in the bud. 
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Host-Targeted Viral Sentry Algorithm

Suspected new viral outbreak 

Triazol extraction of clinical sample

PCR amplification with degenerate oligos

Expression by CFPSA and characterization of pathway

Determine patterns of expression in depleted extracts 

Select candidate compounds and confirm activity by CFPSA

SAR optimization and validation by CFPSA, cellular and animal models 
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Why have Assembly Machines been Missed?
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Abstract
The nuclear pore complex is the main transportation hub for exchange between the cytoplasm and the nucleus. It is built from 
nucleoporins that form distinct subcomplexes to establish this huge protein complex in the nuclear envelope. Malfunction-
ing of nucleoporins is well known in human malignancies, such as gene fusions of NUP214 and NUP98 in hematological 
neoplasms and overexpression of NUP88 in a variety of human cancers. In the past decade, the incremental utilization of 
next-generation sequencing has unraveled mutations in nucleoporin genes in the context of an increasing number of heredi-
tary diseases, often in a tissue-specific manner. It emerges that, on one hand, the central nervous system and the heart are 
particularly sensitive to mutations in nucleoporin genes. On the other hand, nucleoporins forming the sca!old structure of 
the nuclear pore complex are eminently mutation-prone. These novel and exciting associations between nucleoporins and 
human diseases emphasize the need to shed light on these unanticipated tissue-specific roles of nucleoporins that may go 
well beyond their role in nucleocytoplasmic transport. In this review, the current insights into altered nucleoporin function 
associated with human hereditary disorders will be discussed.

Keywords Cellular stress"· Neurodegeneration"· Nuclear pore complex"· Nucleocytoplasmic transport"· Nucleoporins"· 
Whole-exome sequencing

Introduction

Nucleoporins are the structural units of nuclear pore com-
plexes (NPCs), large protein complexes residing in the 
nuclear envelope (NE). NPCs are composed of approxi-
mately 30 di!erent nucleoporins that assemble into sub-
complexes to build the distinct modules of the NPC (Rout 
et"al. 2000; Cronshaw et"al. 2002). Scanning transmission 
electron microscopy and proteomic analyses have shown 
that one NPC makes up a total molecular weight of about 
110"MDa in vertebrates (Reichelt et"al. 1990; Ori et"al. 2013) 
and 60"MDa in yeast (Rout et"al. 2000). Most information 
about the evolutionary highly conserved NPC structure has 
been determined from isolated Xenopus oocyte nuclei but 
also from yeast, amoebozoa, plants, and humans (Sto#er 
et"al. 2003; Beck et"al. 2004; Kiseleva et"al. 2004; Fiserova 

et"al. 2009; Capelson et"al. 2010; Frenkiel-Krispin et"al. 
2010; Maimon et"al. 2012; Bui et"al. 2013). Briefly, NPCs 
are built of a central spoke–ring complex, the so-called scaf-
fold or central framework, which is continuous with a cyto-
plasmic and a nuclear ring moiety, respectively. The cyto-
plasmic ring anchors eight cytoplasmic filaments, while the 
nuclear ring retains the nuclear basket, which is formed by 
eight filaments that join into a distal ring. The central pore 
of the NPC facilitates the nucleocytoplasmic exchange of 
molecules of up to about 39"nm in a signal-, receptor-, and 
energy-dependent fashion (Pante and Kann 2002), whereas 
small molecules of up to 9"nm can di!use freely between the 
nucleus and the cytoplasm (Feldherr and Akin 1997). Medi-
ated nuclear import and export pathways are controlled by an 
intracellular gradient of the small GTPase Ran, with a high 
concentration of RanGTP in the nucleus and a high concen-
tration of RanGDP in the cytoplasm (Fried and Kutay 2003).

Nucleoporins typically group in subcomplexes and are 
distinguished according to distinct sequence and structural 
motifs (Schwartz 2005, 2016). Transmembrane nucleo-
porins reside in the NE at the intersection between the 
NPC sca!old and the pore membrane. Three vertebrate 
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Moonlighting is mainstream:
Paradigm adjustment required
Shelley D. Copley

Moonlighting – the performance of more than one

function by a single protein – is becoming recognized as

a common phenomenon with important implications for

systems biology and human health. The different

functions of a moonlighting protein may use different

regions of the protein structure, or alternative structures

that occur due to post-translational modifications and/or

differences in binding partners. Often the different

functions of moonlighting proteins are used at

different times or in different places. The existence of

moonlighting functions complicates efforts to under-

stand metabolic and regulatory networks, as well as

physiological and pathological processes in organisms.

Because moonlighting functions can play important roles

in disease processes, an improved understanding of

moonlighting proteins will provide new opportunities

for pharmacological manipulations that specifically

target a function involved in pathology while sparing

physiologically important functions.

Keywords:.GAPDH; lymphotactin; molecular evolution; moonlighting;
phosphoglucose isomerase

Introduction

The pioneering work of Garrod [1] and Beadle and Tatum [2],
which was carried out long before the structure of DNA
was identified, led to the general expectation that each gene
encodes a single protein, and each protein serves a single
function. However, this orderly view of biology has turned out
to be overly simplistic. Single genes can encode different
proteins as a result of alternative splicing, and single proteins
often serve multiple functions.

Moonlighting proteins constitute a subset of multifunctional
proteins in which two or more functions cannot be ascribed to
fusion of genes encoding proteins with distinct functions, splice
variants, or fragments of proteins that serve different functions
after proteolysis [3]. The first examples of moonlighting proteins
were recognized in the late 1980s. The cytokine neuroleukin was
found to be phosphoglucose isomerase (PGI) [4–6]. Crystallins
in the lenses of vertebrates were shown to be identical to various
metabolic enzymes [7]. Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) was found on the surface of Group A strepto-
cocci and shown to bind to fibronectin, suggesting that it might
play a role in colonization of the pharynx [8]. These initial
examples seemed exotic in the context of the expectation that
a protein should serve only one function. However, hundreds of
additional examples of moonlighting have been discovered over
the past 20 years [9]. Indeed, somany have been recognized that
recent reviews focus on only parts of the picture, such as moon-
lighting in certain lineages (e.g. plants [10] or yeast [11]), proc-
esses (e.g. bacterial virulence [12]), classes of proteins (e.g.
ribosomal proteins [13], chaperones [14], and membrane traf-
ficking proteins [15]), or even single proteins (e.g. GAPDH [16]).
In addition, the importance of ‘‘neomorphic’’ moonlighting
functions conferred by mutations has recently been recognized
[17]. Even though moonlighting is no longer an oddity, the
subject retains its fascination as we sort out the mechanisms
by which the various functions of moonlighting proteins are
orchestrated and adjust our picture of living systems to include
this added layer of complexity.

Moonlighting is one of many flavors of
multi-functionality

Multi-functional proteins often arise via gene fusions that link
functionally independent proteins into a larger unit. The

DOI 10.1002/bies.201100191

University of Colorado, Department of Molecular, Cellular and
Developmental Biology, Cooperative Institute for Research in Environmental
Sciences, Boulder, CO, USA

Corresponding author:
Shelley D. Copley
E-mail: shelley@cires.colorado.edu

Abbreviations:
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IRE, iron-regulatory
element; IRP-1, iron-dependent regulatory protein; PGI, phosphoglucose
isomerase.

578 www.bioessays-journal.com Bioessays 34: 578–588,! 2012 WILEY Periodicals, Inc.

R
e
vi
e
w

e
ss

a
ys

Allostery: an illustrated definition for
the ‘second secret of life’
Aron W. Fenton

Department of Biochemistry and Molecular Biology, The University of Kansas Medical Center, MS 3030, 3901 Rainbow Boulevard,
Kansas City, KS 66160, USA

Although allosteric regulation is the ‘second secret of
life’, the molecular mechanisms that give rise to allostery
currently elude understanding. In my opinion, exper-
imental progress is hampered by a commonly used
but misleading definition of allostery as protein struc-
tural changes that are elicited by the binding of a single
ligand. Allostery is more strictly defined in functional
terms as a comparison of how one ligand binds in the
absence, versus the presence, of a second ligand. There-
fore, as each of the two binding events involves two
protein complexes, a study of allostery must consider
four complexes and not just two. Such a comparison can
distinguish allosteric from non-allosteric protein
changes, the importance of which is frequently over-
looked. When a study of all four complexes is not feas-
ible, an alternative, albeit limited, strategy can identify
subsets of allosteric-specific changes.

Restricting allostery to a functional definition
The post-genomic era has renewed focus on protein func-
tion and regulation. Allosteric regulation (see Glossary) is
intrinsic to the control of most metabolic and signal-trans-
duction pathways. As a result, allosteric regulation enables
a defining principle of life, enabling living organisms to
adapt to ever changing environmental conditions. Monod’s
[1] recognition of this important biological role led to the
historical description of allostery as ‘the second secret of
life’, second only to the genetic code.

Classically, allosteric regulation, as applied to the study
of enzymes*, has had three defining characteristics: (i) the
effector is not chemically identical to the substrate, (ii)
the effector elicits a change in a functional property of the
protein (e.g. binding of a second ligand or altered catalytic
properties) and (iii) the effector binds at a site that is
topographically distinct from (i.e. does not overlap [2])
the functional site of the protein (e.g. active site or orthos-
teric site). Allostery is most often associated with protein
functions that respond to changes in concentrations of
small molecules. However, the same principles apply when
the function of a protein (or othermacromolecule) is altered
upon association with other proteins, DNA or membranes.

Opinion

Glossary

Allosteric coupling: for a K-type effect, this is the ratio of the affinity of the
protein for one ligand in the absence, versus presence, of a second protein-
bound ligand. The magnitude of this ratio can be varied by chemically
modifying the allosteric effector, mutating or covalently modifying the protein
and/or changing temperature, pH or other solution conditions.
Allosteric drugs: drugs that modify the function of a protein upon binding to
the protein at a site distinct from the functional site.
Allosteric effectors: also referred to as allosteric ligands or allosteric
modulators; ligands that elicits an allosteric response upon binding to a protein.
Allosteric mechanisms: allosteric pathways, communication pathways,
allosteric communications, pathways of interaction; series of changes that (i)
occur within a protein upon binding of one ligand and (ii) result in allosteric
responses involving a second ligand. Multiple allosteric mechanisms can
contribute to the total observed allosteric coupling.
Allosteric regulation: also termed ‘allostery’; a general term that does not
distinguish function (allosteric response), magnitude (allosteric coupling),
mechanism (allosteric mechanism) or physical components that act in the
mechanism (allosteric residues).
Allosteric residues: the subset of protein residues that participate in the
allosteric mechanism. Some of these residues must be in the binding sites for
each of the two ligands involved in the allosteric response; other residues can
be located in other regions of the protein.
Allosteric responses: also known as allosteric effects; the effect that binding of
one ligand to a protein has on the affinity of the protein and/or catalysis of a
second ligand. The two ligand-binding sites of the protein that are of interest are
distinct from each other. The only difference between classic allostery (i.e.
heterotropic response, heterotropic allostery or heterotropic cooperativity) and
classic cooperativity (i.e. homotropic response, homotropic allostery or homo-
tropic cooperativity) is the chemical relationship of the two ligands [55].
Therefore, it is common to consider allostery and cooperativity as subclasses
of the same phenomenon [12]. The subclass in which the two ligands of interest
are not chemically identical (classic allostery) is distinguished by the term
‘heterotropic’ [10]. The subclass in which the two ligands of interest are
chemically identical (classic cooperativity) is distinguished by the term ‘homo-
tropic’ [10]. Both homotropic and heterotropic responses can give rise to either K-
type or V-type effects, as defined elsewhere.
Allosteric site: the binding site on the protein to which the allosteric effector
binds.
K-type system: a system that demonstrates an allosteric response in which
binding of one ligand to a protein modifies the affinity of the protein for a
second ligand binding [10].
Non-allosteric analog: a ligand that does not elicit an allosteric response when it
binds to the same site on the protein to which the allosteric effector also binds.
Reciprocity: the principle that binding of X must impact the free energy, DG,
for A binding to E to the same magnitude that the binding of A impacts the DG
for X binding to E.
Structure: used here to include both conformation and dynamic descriptions of a
protein; a description of a protein ensemble at any one moment in time, which
includes the average conformation and details of individual molecules (con-
formational substates). There can be a hierarchy of substates [56]. The collection
of all substates can be used to describe the dynamic motions that a protein
molecule will sample given sufficient time. With the formalism in Figure 1 (in the
main text), no assumptions about protein structures have been made. Each
enzyme complex can be a single protein conformation, equilibrium of a limited
number of conformational substates, or an ensemble of conformational
substates.
V-type system: a system that demonstrates an allosteric response in which
binding of an allosteric effector to an enzyme alters the catalysis (kcat or Vmax) of
the enzyme [10]. Although not the focus here, some V-type allosteric mechanisms
might be analogous to K-type allostery involving changes in ligand affinity. Such
mechanisms would depend on the catalytic rate-limiting step and/or one of the
two relevant binding events involving the transition-state ligand.

Corresponding author: Fenton, A.W. (afenton@kumc.edu)
* Throughout this work, we use substrate (A) and effector (X) to distinguish the two

ligands that bind to an allosteric enzyme (E). However, allostery is not restricted to
enzymes: when considering a binding protein and/or receptors, the term ‘substrate’
can be substituted with ‘agonist’ or ‘ligand’ and ‘active site’ can be substituted with
‘orthosteric site’ or ‘binding site’. Abbreviations: A, substrate or agonist; AE, sub-
strate–enzyme complex; AEX, ternary substrate–enzyme–effector complex; E, free
enzyme; EX, enzyme–effector complex; X, allosteric effector.
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The Bene!ts of Cotranslational Assembly:
A Structural Perspective
Andre Schwarz1,2 and Martin Beck1,3,4,*

The faithful assembly of protein complexes in space and time is a hallmark of
cellular homeostasis. Complex assembly might be seeded already during trans-
lation, if interacting subunits are recruited to the nascent chain. Here, we review
recent discoveries suggesting that such cotranslational assembly is a prominent
feature throughout the proteome. It might contribute to the ef!ciency and
ef!cacy of assembly and occurs in coordination rather than competition with
chaperones. We discuss how cotranslational assembly structurally contributes
to the organizational order of assembly pathways and their surveillance. Taken
together, these novel insights suggest that cotranslational assembly is intimately
linked with the regulation of protein abundance, stability, and activity, offering an
attractive explanation for many cellular phenomena.

Coordinating Protein Complex Assembly
Protein complexes are a key organizational unit of the proteome. The assembly of such com-
plexes is a nontrivial task in the crowded interior of a cell, where each protein is in frequent contact
with other macromolecules and therefore in competition for binding partners. Inevitably, cells had
to come up with strategies to ensure faithful and ef!cient assembly. For many complexes, assem-
bly based on the random collision of subunits is suf!cient, as evidenced by assembly in vitro [1,2].
Others rely on the standard suite of cellular broad-speci!city chaperones [3], have evolved ded-
icated chaperones [4], or even entire assembly organelles, as exempli!ed by ribosomal assembly
in the nucleolus [5]. In all cases, premature or unintended interactions of nascent peptides are
prevented, either by cotranslational binding of chaperones or by active transport to a suitable en-
vironment. There is, however, another way to achieve this; namely, through immediate
cotranslational folding and concomitant association of binding partners.

As early as the 1960s, researchers showed biochemically, in prokaryotes, that nascentmultimeric
enzymes already possess enzymatic activity before their release from polysomes [6,7], indicating
cotranslational folding and assembly. This notion later solidi!edwith the realization that several cy-
toskeletal elements, including intermediate !lament and sarcomere components (notably exclud-
ing actin and tubulin), are constructed cotranslationally [8]. While these examples represented
homomeric or operon-encoded proteins, this concept was more recently extended to eukaryotic
heteromeric complexes [9–18]. Homomers and operon-encoded heteromers of prokaryotes
both emerge from a single mRNA, whereas heteromers in eukaryotes arise from several
monocistronic mRNAs, thus raising intriguing new questions. Is the translation of several tran-
scripts potentially coordinated in time and space? How does such regulation interplay with
other cellular mechanisms like the degradation of orphan subunits [19] or differential assembly
from different mRNA isoforms [14,20]?

To understand why cotranslational assembly has emerged as a pervasive part of the cellular as-
sembly system, one needs to consider many aspects of protein biology: local and coordinated
translation, folding, functional regulation, and cellular homeostasis. Just as every protein complex

Highlights
The cotranslational assembly of protein
complexes in eukaryotes is a more
prevalent phenomenon than previously
thought.

Cotranslational assembly of protein
complexes is likely to be interlinked with
various biological processes including
the regulation of local translation, buffer-
ing of protein complex stoichiometries,
orphan subunit degradation, and protein
evolution.

Structural constraints and theorder of pro-
tein complex assembly pathways might
necessitate cotranslational interactions.

Cotranslational assembly can increase
both the ef!ciency and the ef!cacy
of the process and generally occurs via
N-terminally biased interaction domains
in coordination with cotranslational
chaperones.
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Cotranslational assembly of protein complexes in 
eukaryotes revealed by ribosome profiling
Ayala Shiber1,2*, Kristina Döring1,2, Ulrike Friedrich1,2, Kevin Klann1,2, Dorina Merker1,2, Mostafa Zedan1,2, Frank Tippmann1,2, 
Günter Kramer1,2* & Bernd Bukau1,2*

The folding of newly synthesized proteins to the native state is a 
major challenge within the crowded cellular environment, as non-
productive interactions can lead to misfolding, aggregation and 
degradation1. Cells cope with this challenge by coupling synthesis 
with polypeptide folding and by using molecular chaperones to 
safeguard folding cotranslationally2. However, although most of 
the cellular proteome forms oligomeric assemblies3, little is known 
about the final step of folding: the assembly of polypeptides into 
complexes. In prokaryotes, a proof-of-concept study showed 
that the assembly of heterodimeric luciferase is an organized 
cotranslational process that is facilitated by spatially confined 
translation of the subunits encoded on a polycistronic mRNA4. In 
eukaryotes, however, fundamental differences—such as the rarity 
of polycistronic mRNAs and different chaperone constellations—
raise the question of whether assembly is also coordinated with 
translation. Here we provide a systematic and mechanistic analysis 
of the assembly of protein complexes in eukaryotes using ribosome 
profiling. We determined the in vivo interactions of the nascent 
subunits from twelve hetero-oligomeric protein complexes of 
Saccharomyces cerevisiae at near-residue resolution. We find nine 
complexes assemble cotranslationally; the three complexes that do 
not show cotranslational interactions are regulated by dedicated 
assembly chaperones5–7. Cotranslational assembly often occurs 
uni-directionally, with one fully synthesized subunit engaging 
its nascent partner subunit, thereby counteracting its!propensity 
for aggregation. The onset of cotranslational subunit association 
coincides directly with the full exposure of the nascent interaction 
domain at the ribosomal tunnel exit. The action of the ribosome-
associated Hsp70 chaperone Ssb8 is coordinated with assembly. Ssb 
transiently engages partially synthesized interaction domains and 
then dissociates before the onset of partner subunit association, 
presumably to prevent premature assembly interactions. Our 
study shows that cotranslational subunit association is a prevalent 
mechanism for the assembly of hetero-oligomers in yeast and 
indicates that translation, folding and the assembly of protein 
complexes are integrated processes in eukaryotes.

To test whether protein assembly in eukaryotes initiates during trans-
lation, we analysed 12 hetero-oligomeric complexes of S. cerevisiae 
(Extended Data Table!1). They were chosen to represent a variety of  
cellular functions, structural architectures, regulatory features,  
abundance and interface size. They are all verified complexes3, mainly 
stable ones3, with surface-exposed C termini for affinity tagging, and 
cytoplasmic or nuclear localization.

To identify the nascent-chain interaction profiles of complex sub-
units in vivo, we used selective ribosome profiling (SeRP)9. SeRP9,10 
compares the distribution of ribosome-protected mRNA footprints of 
two distinct samples generated from a single culture. One comprises 
the ribosome protected footprints of all translated open reading frames 
(ORFs) (total translatome). The other contains footprints of a selected 
set of ribosomes, co-purified with a tagged interaction partner (selected 

translatome). Accumulation of footprints in the selected translatome, as 
compared to the total translatome, directly indicates when it is during 
translation!that the nascent chain interacts with the affinity-purified 
tagged protein subunit, at near-residue resolution.

We first analysed the assembly of fatty acid synthase (FAS), a multi-
functional enzyme integrating all the fatty acid biosynthesis steps11. FAS 
is composed of two multi-domain subunits, ! and ", which assemble to 
a highly intertwined, 2.6-MDa, hetero-dodecameric (!6"6) complex11 
(Fig.!1a, d). To capture cotranslational assembly in vivo, we generated 
two strains, each chromosomally encoding one of the FAS subunits 
C-terminally fused to GFP for immunopurification. Tagging did not 
affect function (Extended Data Fig.!1a). SeRP demonstrates that FAS 
assembly initiates cotranslationally in a specific, asymmetric manner. 
Tagged ! does not engage ribosome–nascent-chain complexes (RNCs) 
translating ! or ". By contrast, tagged " engages RNCs synthesizing 
nascent !, leading to a strong, approximately 40-fold enrichment of 
selected footprints over total ribosome-protected footprints, starting 
near residue 125 of ! and persisting until synthesis ends (Fig.!1b). This 
asymmetry of cotranslational interactions contrasts!with immunob-
lotting results for the mature FAS, showing that each FAS subunit can 
immunopurify their partner subunit post-translationally with the same 
1:1 stoichiometry (Extended Data Fig.!1b). The FAS subunits hence 
have distinct roles in the cotranslational assembly of the complex.

The onset of cotranslational subunit engagement directly correlates 
with FAS structural features: it coincides with ribosome exposure of 
the first 94 amino acids of !—which are intertwined with the last 389 
amino acids of "—to form a single catalytic domain, the malonyl/ 
palmitoyl-transferase (MPT) domain11 (Fig.!1d). This implies that 
cotranslational assembly initiates upon formation of the MPT domain, 
the most stable interface between the two subunits12. To test whether 
the MPT interface is indeed required for cotranslational assembly of 
FAS, we analysed cotranslational interactions of FAS-deletion mutants 
lacking the MPT segments. Supporting the proposed model, MPT 
segments deletion, in either ! or ", strongly reduces cotranslational 
interactions (Fig.!1c).

We tested whether cotranslational interactions are nascent-chain 
dependent by puromycin treatment, triggering the release of nascent 
chains from ribosomes13. Quantitative reverse transcription!PCR  
(RT–qPCR) after immunopurifaction of the " subunit revealed that 
puromycin reduces the level of co-purified !-encoding mRNAs 
(Extended Data Fig.!1c, d), suggesting that cotranslational assembly 
relies on subunit association with nascent chains during translation. 
We next tested the extent of post-lysis association of " with nascent ! 
and found it to be very low (Extended Data Fig.!1e–g). We conclude our 
SeRP setup provides snapshots of physiological interactions with RNCs 
that were established in vivo. Taken together, our findings indicate that 
the assembly of the dodecameric (!6"6) FAS initiates cotranslationally 
by the formation of !" hetero-dimers, mediated by the interaction of 
the C terminus of " with the N terminus of nascent ! to form the MPT 
domain (Extended Data Fig.!1h).

1Center for Molecular Biology of Heidelberg University (ZMBH), DKFZ-ZMBH Alliance, Heidelberg, Germany. 2German Cancer Research Center (DKFZ), Heidelberg, Germany. *e-mail: a.shiber@
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Multi-subunit protein complexes mediate diverse cellular 
functions and have been the object of studies for many 
years. Although the functional and structural organization 

of many multi-subunit complexes is well established, our under-
standing of how they are assembled in vivo is still in its infancy.

The proteasome is a multi-subunit protease, and a major con-
tributor to degradation of short-lived proteins in eukaryotic cells. It 
consists of a 20S core particle that carries the catalytic activities, and 
one or two 19S regulatory particles bound to one or two ends of the 
core particle. Regulatory particles are composed of a base and a lid, 
and they have multiple roles including the recognition of substrates, 
their de-ubiquitination, unfolding and delivery to the core particle. 
The regulatory particle base contains a hexameric ring of ATPases, 
called Rpt1 to Rpt6, that are critical for regulatory particle function 
(for review see ref. 1).

The function of the proteasome and the process by which it is 
assembled have been extensively investigated2–4. Several chaper-
ones that efficiently and accurately mediate proteasome assembly 
have been identified5. In particular, the assembly of regulatory 
particles is tightly orchestrated by specific chaperones. There are 
three regulatory particle assembly intermediates, with specific 
base subunits and dedicated chaperones (Nas6, Rpn14, Adc17 and 
Hsm3)6–8. Genetic studies have indicated that the formation of the 
intermediary tetrameric base complex, consisting of Rpt1-Rpt2-
Rpn1 with the Hsm3 chaperone, is critical for proteasome regula-
tory particle assembly6,7,9,10.

Despite the large number of studies on proteasome assembly 
and the characterization of intermediates and chaperones, we are 
far from having a full understanding of how the proteasome is 
formed in vivo, and how this process is regulated. As with all protein  

complexes, in principle subunits can assemble after synthesis is 
completed, either per se or with the help of chaperones. In addition, 
they can assemble co-translationally, with one subunit associating 
with its partner protein as it is being synthesized at the ribosome, 
as soon as the interaction domain has been fully produced and 
folded11; this type of assembly is thought to be widespread12,13.

One subunit of the Ccr4–Not complex, Not4, was reported to be 
important for the functional integrity and assembly of the protea-
some14. The Ccr4–Not complex is a conserved multi-protein complex 
that regulates gene expression at all stages15,16. It is built on a central 
scaffold protein, Not1, on which several different functional modules 
assemble17. A recent study has indicated that Ccr4–Not contributes 
to co-translational assembly of the Spt-Ada-Gcn5-acetyltransferase 
histone18. This reported role of the Ccr4–Not complex and the 
observed importance of Not4 for proteasome assembly led us to 
investigate whether proteasome assembly might be regulated during 
translation, and whether this was connected to Ccr4–Not.

Here we show that an essential step in eukaryotic proteasome 
base assembly is the co-translational association of the base sub-
units Rpt1 and Rpt2, and we provide evidence that this occurs in 
types of bodies that we call Not1-containing assemblysomes (NCA).

Results
Ribosome pausing during translation of RPT1 and RPT2. We 
performed a ribosome-profiling experiment in yeast to obtain infor-
mation on the translation of proteasome mRNAs (Supplementary  
Fig. 1a–c). We noted that two proteasome mRNAs, RPT1 and RPT2, 
encoding two base subunits, showed an accumulation of ribosome 
footprints at a specific codon (Fig. 1a). These RPT1 and RPT2 
footprint peaks were amongst the most important, genome-wide 

Co-translational assembly of proteasome subunits 
in NOT1-containing assemblysomes
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The assembly of large multimeric complexes in the crowded cytoplasm is challenging. Here we reveal a mechanism that ensures 
accurate production of the yeast proteasome, involving ribosome pausing and co-translational assembly of Rpt1 and Rpt2. 
Interaction of nascent Rpt1 and Rpt2 then lifts ribosome pausing. We show that the N-terminal disordered domain of Rpt1 is 
required to ensure efficient ribosome pausing and association of nascent Rpt1 protein complexes into heavy particles, wherein 
the nascent protein complexes escape ribosome quality control. Immunofluorescence and in situ hybridization studies indicate 
that Rpt1- and Rpt2-encoding messenger RNAs co-localize in these particles that contain, and are dependent on, Not1, the 
scaffold of the Ccr4–Not complex. We refer to these particles as Not1-containing assemblysomes, as they are smaller than and 
distinct from other RNA granules such as stress granules and GW- or P-bodies. Synthesis of Rpt1 with ribosome pausing and 
Not1-containing assemblysome induction is conserved from yeast to human cells.
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Growing Recognition of the Importance of Assembly
-- and that it occurs Co-translationally! 

Review
Stealing the Keys to the
Kitchen: Viral Manipulation of
the Host Cell Metabolic
Network
Christopher M. Goodwin, [8_TD$DIFF]1 Shihao Xu, [9_TD$DIFF]1 and Joshua Munger [10_TD$DIFF]1,*

Host cells possess the metabolic assets required for viral infection. Recent
studies indicate that control of the host's metabolic resources is a core host–
pathogen interaction. Viruses have evolved mechanisms to usurp the host's
metabolic resources, funneling them towards the production of virion compo-
nents as well as the organization of specialized compartments for replication,
maturation, and dissemination. Consequently, hosts have developed a variety of
metabolic countermeasures to sense and resist these viral changes. The com-
plex interplay between virus and host over metabolic control has only just begun
to be deconvoluted. However, it is clear that virally induced metabolic reprog-
ramming can substantially impact infectious outcomes, highlighting the prom-
ise of targeting these processes for antiviral therapeutic development.

The Host Metabolic Network: Multifaceted Contributions to Viral Infection
Viruses are obligate parasites that depend on the host cell to provide the energy and molecular
precursors necessary for successful infection. A wide variety of evolutionarily divergent viruses
have evolved mechanisms that target the host cell metabolic network as part of their infectious
programs, and virally induced metabolic activities are commonly exploited for therapeutic inter-
vention. For example, numerousdifferent nucleotidemetabolic activities are targetedby a variety of
pharmaceuticals to treat viral infections, including hepatitis B virus (HBV), hepatitis C virus (HCV),[14_TD$DIFF]
human immunode!ciency virus [15_TD$DIFF](HIV[16_TD$DIFF]), human cytomegalovirus (HCMV), varicella-zoster Virus
(VZV), and [7_TD$DIFF]herpes simplex virus (HSV) (Table 1) [1–5]. In recent years, the number of metabolic[2_TD$DIFF]
activities that have been found to be important for viral infection has expanded. Further, our
understanding of the viral mechanisms through which viruses usurp cellular metabolic resources
has increased. Many of these viral mechanisms stimulate nutrient uptake and catabolism to
support the productionof viral progeny. In addition to providing the energy andbiomassnecessary
for turning cells into productive ‘virus factories’, new metabolic contributions to infection have
emerged. These include small-molecule enzymatic activities that organize viral maturation com-
partments, synthesize specialized virion components, or regulate the immunological environment
(Figure 1). Such virally induced metabolic changes do not go unnoticed by the host, but rather
represent a major host–pathogen interaction that can sway infectious outcomes. Collectively,
recent !ndings have made it clear that the landscape for metabolically targeted therapeutic
intervention has expanded.

Viral Targeting of Core Metabolic Pathways
A wide variety of viruses activate glycolysis, which drives the production of energy in the form of
ATP, NADH, and NADPH (Figure 2). Activated glycolysis also supplies the carbon necessary for

Trends
Numerous viruses modulate host-cell
metabolic processes to ensure suc-
cessful infection.

The host-cell metabolic network con-
tributes the energy, precursors, and
specialized components necessary to
produce infectious virions.

Viruses deploy host-cell metabolic
activities to organize viral maturation
compartments.

Metabolic control is a host–pathogen
interaction that can sway the outcome
of viral infection.
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Co-translational control of protein complex
formation: a fundamental pathway of cellular
organization?
Neal K. Williams and Bernhard Dichtl
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Analyses of proteomes from a large number of organisms throughout the domains of life
highlight the key role played by multiprotein complexes for the implementation of cellular
function. While the occurrence of multiprotein assemblies is ubiquitous, the understand-
ing of pathways that dictate the formation of quaternary structure remains enigmatic.
Interestingly, there are now well-established examples of protein complexes that are
assembled co-translationally in both prokaryotes and eukaryotes, and indications are that
the phenomenon is widespread in cells. Here, we review complex assembly with an
emphasis on co-translational pathways, which involve interactions of nascent chains with
other nascent or mature partner proteins, respectively. In prokaryotes, such interactions
are promoted by the polycistronic arrangement of mRNA and the associated co-transla-
tion of functionally related cell constituents in order to enhance otherwise diffusion-
dependent processes. Beyond merely stochastic events, however, co-translational
complex formation may be sensitive to subunit availability and allow for overall regulation
of the assembly process. We speculate how co-translational pathways may constitute
integral components of quality control systems to ensure the correct and complete for-
mation of hundreds of heterogeneous assemblies in a single cell. Coupling of folding of
intrinsically disordered domains with co-translational interaction of binding partners may
furthermore enhance the ef!ciency and !delity with which correct conformation is
attained. Co-translational complex formation may constitute a fundamental pathway of
cellular organization, with profound importance for health and disease.

How do protein complexes form?
Proteins rarely act in isolation but operate as components of so-called protein ‘machines’ [1]. A com-
prehensive understanding of the mechanisms that govern the formation of protein assemblies is, there-
fore, paramount for the understanding of cellular functions. A cell harbors hundreds of different
protein machines that vary immensely with respect to their complexity. Some proteins simply require
the association of multiple copies of the same subunit, like the homo-tetrameric GAPDH enzyme,
while others require many subunits like, e.g. the 26S proteasome with !31 different polypeptides [2]
and the ribosome that contains four RNAs in addition to some 85 protein molecules [3]. To facilitate
the ef!cient formation of a cell’s repertoire of protein machines, the availability of all components
must be warranted, the formation of correct interactions must be promoted, incorrect interactions
must be resolved and last but not least, the complete association of all necessary components must be
established. Currently, it remains largely unknown how those requirements are met, suggesting that
essential layers of cellular regulation remain to be uncovered.
The dynamic nature of assembly processes and the short lifetime of assembly intermediates are

major obstacles that hamper biochemical and cell biological analyses. Because of this, protein complex
formation often is being studied in vitro using puri!ed subunits. The outcomes of such approaches
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Next Steps
• Small molecule for pan-respiratory viral therapeutics:
- Clinical candidate nomination
- IND-enabling studies
- IND filing
- Human clinical trials phase I and IIa

• DRAC signature biomarkers to:
- Identify those infected with COVID-19
- Identify COVID-19 infected patients at greatest risk for 

complications/death
- Identify superspreaders

• Viral Sentry: 
- Rapid response algorithm to new and emerging viral disease

Seeking a partner for this novel, comprehensive, pan-
respiratory anti-viral program that could be completed in 12-
18 months. 25Prosetta Biosciences


