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The influenza virus PB1 protein is the core subunit of the heterotrimeric polymerase complex (PA, PB1 and
PB2) in which PBI is responsible for catalyzing RNA polymerization and binding to the viral RNA
promoter. Among the three subunits, PB1 is the least known subunit so far in terms of its structural
information. In this work, by integrating template-based structural modeling approach with all known
sequence and functional information about the PB1 protein, we constructed a modeled structure of PB1.
Based on this model, we performed mutagenesis analysis for the key residues that constitute the RNA
template binding and catalytic (TBC) channel in an RNP reconstitution system. The results correlated well
with the model and further identified new residues of PB1 that are critical for RNA synthesis. Moreover, we
derived 5 peptides from the sequence of PB1 that form the TBC channel and 4 of them can inhibit the viral
RNA polymerase activity. Interestingly, we found that one of them named PB1(491-515) can inhibit
influenza virus replication by disrupting viral RNA promoter binding activity of polymerase. Therefore, this
study has not only deepened our understanding of structure-function relationship of PB1, but also
promoted the development of novel therapeutics against influenza virus.

nfluenza A viruses are segmented, negative RNA viruses, which are dependent on a heterogenic trimeric poly-

merase complex consisting of PA (polymerase acidic), PB1 (polymerase basic 1) and PB2 (polymerase basic 2)

subunits to transcribe and replicate their RNA genomes'. An elucidation of the structure-function relationship of
the influenza replication machinery is indispensable not only for a profound mechanistic understanding of the viral
infection, activity and pathogenesis, but also for designing more effective therapeutics against the recurring pathogens
that have caused and will continue to cause significant morbidity and mortality in human population®*. Therefore,
many efforts have been devoted to understand the molecular mechanisms of the viral replication machinery® .
Within the influenza heterotrimeric polymerase complex, PB1 is the RNA-dependent RNA polymerase (RdRP)
subunit®''"', which carries out viral mRNA and genomic RNA synthesis in reactions with the cap-binding subunit
PB2 and the endonuclease subunit PA*'. As the central functional subunit for catalysis of influenza viral RNA
synthesis, the molecular mechanism of PB1 has been extensively explored, including the identification of several
critical sites in the four conserved RARP motifs that are essential for the RNA polymerase activity'”""*, mapping of the
epitopes on PB1%, determination of its nuclear location signal®?, characterization of its interactions with PA,
PB27#12 and RNA promoter** and more. Since PB1 plays a central role in synthesis of influenza virus RNA
genome, it has also become a promising target for developing new anti-influenza drugs'>***.

Despite the extensive attention to PB1 which has led to many discoveries of PB1 functionality, the progress
from its structural analysis is rather limited. So far, there is no crystal structure available for PB1 protein except its

| 4:7192 | DOI: 10.1038/srep07192 1



N terminal 25 amino acids and C terminal about 80 amino acids™®.
This is mainly due to its low solubility when expressed alone in
bacteria or the low productivity of the active heterotrimeric polymer-
ase complex when expressed in insect cells and mammalian cells®.
Therefore, the structural basis for PB1 functionality is still unclear.
Moreover, the lack of the structural information of PB1 hinders a
deep understanding of the influenza viral replication, infection and
pathogenesis.

Fortunately, structures of several RARPs of other positive-strand
RNA viruses have been determined and reported to have similar
architecture despite some structural divergence®'**. Moreover, based
on sequence and secondary structure analysis, at least four motifs
have been characterized as the “polymerase module”, which are
generally conserved in negative-strand, positive-strand and dou-
ble-strand RNA viruses'. Biswas et al further verified the involve-
ment of these conserved motifs in PB1 polymerase activity by
mutational analysis'®. Therefore, it is reasonable to assume that the
known structures of RARPs can be used as structural template to
model the structure of PB1. Recently, much progress has been
achieved in modeling of protein structures from known structural
templates, an approach called template-based modeling (TBM)*.
For example, we have developed a TBM method, called FR-t5, which
can improve structural modeling by considering the local structure
preference®. TBM method is widely used, before the structures are
solved, to decipher the structure and function relationship of pro-
teins like human APOBEC3G?*®, GBV-C RdRP?, L protein of Lassa
virus***, KERP1* and so on.

In this study, by integrating known functional information of PB1
into FR-t5%, we have constructed a structure model of PB1. The
modeled PBI structure correlates well with its known functional
characterizations, offering structural insights into its functionality.
Moreover, based on the model, we identified the residues forming a
RNA template binding and catalytic (TBC) channel. Many new resi-
dues surrounding the TBC channel are verified critical for influenza
virus RNA synthesis by using RNP reconstitution system. Then,
based on the modeled structure, we have derived 5 peptides from
PB1 to inhibit viral polymerase activity. More importantly, we found
that one peptide PB1(491-515) from template binding and catalytic
channel of PB1 can inhibit influenza virus replication by disrupting
the vRNA promoter binding activity of influenza virus polymerase.
Our work has not only deepened understanding of the structure-
function relationship of PB1, but also offered new lights into the
design of anti-viral therapeutics by targeting the essential protein
of influenza virus.

Results

Structure modeling of influenza A virus PB1 protein. Usually,
TBM can reliably build the structure for a protein based on the
structure of its homologous protein if they have a high sequence
similarity (over 30%). For PB1, its sequence similarity to the viral
RdARPs with known structures is close to or below 30% (~20-32%)
(Supplementary Table 1). Traditional TBM methods can not be used
to construct reliable structure of PB1. To model the PB1 structure
with high accuracy, we designed a computational framework by
integrating the known functional information of PB1 into the
general TBM method FR-t5 that consists of three steps® (Fig. 1A).
First, target sequence was threaded on every potential template
within structure database and their alignment was scored. Then,
the optimal template was selected based on the rank of their
normalized alignment scores. Finally, the structural model was
constructed according to the alignment between target sequence
and its optimal template. Two pieces of knowledge about PB1
RNA polymerase activity were considered in the modeling process
using FR-t5. One is the region from 110 to 637 as the PB1 RdRP
domain to be modeled according to Asano et al’s work'" (Fig. 1B).
The other is the four conserved sites D305, G406, D445 and K481

located on four conserved polymerase motifs A, B, C and D
respectively to guide the sequence-structure alignment in the
structure modeling process (Fig. 1B and Methods) since they have
been shown to be required for activity of all RARPs including that of
PB1'”'®. Indeed, the functionally related structure templates for PB1
were more effectively identified in the function-guided FR-t5 than
those without using site constrains (Fig. 1C, D). The RdRP of
Norwalk Virus (NV) (PDB ID: 2B43, 1208-1695AA) was identified
as the top-scored template and thus was used to construct the
structural model for PB1. Fig. 1E and Supplementary Table 2
shows that the alignment of RARP of NV (PDB ID: 2B43, 1208-
1695AA) with the PB1 sequence (71-612AA) presents good match
especially for five motifs which were conserved in all RdARPs. And
more importantly, the good match of secondary structure elements
between PB1 and NV RdRP indicates the reliability of the alignment
(Fig. S1).

A brief description of the modeled structure for PB1. Based on the
alignment results, the structural model of PB1 segment 71-612AA
was modeled with the optimal template (NV-RdRP: 2B43D) and
refined with SWISS-MODEL. Previous studies showed that the
“closed right-hand” conformation is a characteristic of all viral
RdRPs, which is composed of three domains, namely the palm,
fingers, and thumb domains. In our modeled PBI structure
(Fig. 2A), the two regions 267-313AA and 406-501AA form the
palm domain, 71-266AA and 314-405AA form the fingers domain,
and the thumb domain includes a continuous segment 502-600AA.
In addition to the overall “closed right-hand” topology, five
structural motifs have also been identified among all viral RARPs
including one (pre-motif A) at fingers domain and four (motif A,
B, C and D) located at palm domain (Fig. 2A), which are implicated
in metal binding, template recognition, and catalytic activity'”'®*".
Functionally, the most important feature of all viral RdRPs is the
formation of a viral RNA template binding and catalytic (TBC)
channel that is responsible for binding template, substrates and
cofactors, as well as catalyzing the nucleotidyl transferase
reaction’*"*>. We can see that PB1 contains TBC channel, formed
by palm, fingers, and thumb domains, in the central of the structure
(Fig. 2A). PB1-RNA complex was modeled according to the complex
structure of NV RdRP and RNA (PDB ID: 3BSN) (Fig. 2B). Based on
the conservation analysis of amino acids on PB1 (see Methods), the
inner surface residues that line the TBC channel contains more
conserved residues than on the outer surface (Fig. 2B). This not
only indicates the functional importance of the inner region for
RNA synthesis but also suggests the reliability of our modeled
structure. Next, we analyzed the electrostatic surface properties of
PBI. Interestingly, we found there are three positive charge patches
(PCP 1,2, 3) on the model (Fig. 2C, D). Moreover, we have found that
the NTP tunnel of PB1 is located on PCP1 (Fig. 2C). It is in line with
the fact that NTP tunnel is responsible for diffusing NTPs in positive
stranded RNA virus RdRP.

Previous studies showed that the “Flap” like structure was used
as a structure-marker to classify whether the RARP can use
dsRNA as template or not when initiating RNA synthesis®*>**,
Interestingly, we found the deletions of the “flap” loop (Fig. 3A)
for PB1 and NV RdRP correlated with their abilities to bind to
double-strand template-primer RNA (dsRNA) since the “flap”
loop was only present in RdRPs that binds single-strand RNA
(ssRNA)*»***. We also have collected the previously identified
important residues on PB1 as shown in Supplementary Table 3.
Remarkably, most of the previously reported functionally import-
ant sites were mainly located at the five conserved motifs which
are around the modeled TBC channel (Fig. 3B), while the nuclear
localization signals (187-195 and 203-216AA)*"** and antigenic
epitope (586-599AA)* are located on the surface of the modeled
structure (Fig. 3B). Thus our modeled structure has provided
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Figure 1 | Structural modeling of influenza A virus PB1 protein. (A) The modeling flowchart. (B) Selection of the PB1 core region 110—637 as initial seed
segment to search its potential structural templates. Four conserved residues (D305, G406, D445 and K481) on the RARP motifs (motif A to D) are
highlighted in red. The binding regions of PA and PB2 on PB1’s N and C terminuses are labeled in gray. NLS, Nuclear Localization Signal; POL,
Polymerase. (C-D) The comparison of the threading results by using (C) or not using (D) functional site constraints. The percentages of RARP and Non-
RdRP for top 5, 10 and 20 templates were presented in black and gray. (E) The sequence alignment between influenza A PB1 segment 71-612 and the

selected template, Norwalk Virus (NV-) RARP. Five conserved motifs (preA, A, B, C and D) were highlighted. Amino acids are colored according to its
polarity: basic amino acids in blue, acidic in red.

potential structural basis for the previously identified functional Identification of new residues of PB1 critical for RNA synthesis.
regions, enabling a deep understanding of PB1 structure-function  Besides providing a comprehensive view of PB1 structure-function
relationship. relationship, our structural model also can allow us to systematically
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Figure 2 \ Characteristics of modeled PB1 structure. (A) The overall view of the model. Three structural domains, “Fingers”, “Palm” and “Thumb”
domain were separated with dash lines approximately. Five conserved motifs (preA, A, B, C and D) were shown as flat ribbons colored with purple,
blue, drab, green and orange respectively. TBC (template binding and catalytic) channel is indicated in the central of the model. 40 newly identified
residues constituted the TBC channel were mapped on the PB1 model, presented side-chains with red. (B) The distribution of non-conserved sites
(highlighted by green mesh) on the PB1 model. The structure is rotated around Y axis by 180° refer to (A). The template binding and catalytic (TBC)
channel and NTP tunnel are indicated by two curved arrows. The docking of RNA duplex composed of template RNA (blue) and synthesized RNA
chains (orange) was based on the RARP-RNA complex structure of the Norwalk virus (PDB ID: 3BSN). The sites highlighted are the same to thatin (A).
(C-D) Electrostatic variation from negative to positive charges presented with the color differences from red to blue gradually. Three regions are highly

positively charged, designated as positive charge patch (PCP).

identify 40 new essential residues that constitute the TBC channel,
with accessible surface area > 10 A% the catalytic center of the
protein (Supplementary Table 4). To verify their critical roles in
the process of RNA synthesis, 9 sites (M179, K229, K278, K279,
K308, E491, F492, F495 and F496) around the TBC channel from
Supplementary Table 4 were randomly picked and their effects on
polymerase activity and RNA synthesis activity were analyzed by
mutational analysis (see Methods). The functions of these selected
residues are largely unknown. For controls we also randomly selected
6 sites (K288, F381, K391, K433, F551 and K586) outside these
regions (Fig. 4A). In order to observe the mutational effect clearly,
we did reverse charge mutations (such as lysine to glutamic acid or
glutamic acid to arginine) or changed the physiochemical property
by substituting methionine or phenylalanine to serine. Previous
study has discovered that the D445H substitution can disrupt the
influenza virus polymerase activity while V451A can not'
Therefore, we used these two mutants as controls in our

experimental system (Fig. 4B, C). The expression amounts of PB1
were on the similar level (data not shown). Then the effects of
mutations on polymerase activity were analyzed by RNP
reconstitution assay using firefly luciferase as reporter gene. Fig. 4B
shows, among the mutations located at TBC channel, except for the
one mutation at site 495 has mild effects on the polymerase activity
using 1.0% as the cutoff, the remaining nine mutations at site 179,
229, 278, 279, 308, 445, 491, 492 and 496 can destroy the enzyme
activity remarkably. While for the six sites located outside the TBC
channel, only two mutations at sites 288 and 381 can significantly
decrease polymerase activity and the other four mutations have little
or mild effects. By conducting primer extension assay based on a
minireplicon system of influenza A virus using CAT as RNA reporter
gene (details see Methods), we further analyzed the effects of these
mutants on viral mRNA, vRNA and cRNA synthesis. The results
showed that, for the sites that constitute the TBC channel, except
mutation at 495, other mutations at site 179, 229, 278, 279, 308, 445,
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Figure 3 | The functional features of PB1. (A) Local sequence and structural alignments between PB1 and RARP templates. Norwalk Virus (NV-RdRP)
and Dengue Virus (DV-RdRP) were colored with orange and gray separately. The “flap” insertion segment on DV relative to PB1 and NV was marked
with rectangle. As the 2nd structure (2ND-STR) elements alignment, H means helix, C means coil. (B) The mapping of the 17 reported functional sites
and 3 functional regions on the PB1 model. Reported 17 functional important sites (Supplementary Table 3), two nuclear localization signal (NLS)

regions (187-195 and 203-216) and antigenic epitope (586—599) were colored red, purple and blue separately. Epitope was highlighted with surface mesh.

491, 492 and 496 can also disrupt the RNA synthesis activity of the
enzyme remarkably. Moreover, for the six sites located outside the
TBC channel, four mutations have little or mild effects to the
polymerase activity or RNA synthesis (Fig. 4B, C). The polymerase
activity of PB1 K288E is very closed to the cut off (Fig. 4B) and its
RNA synthesis activity is not totally disrupted as shown in Fig. 4C.
The region containing F381 may evolve in interacting with other

subunits or host factors indicating the importance of the site F381.
These results are in agreement with those from the polymerase
activity assay (comparing Fig. 4B with Fig. 4C). Then, we have
rescued viruses within WSN33 background with 15 selected
mutations (K433E, V451A, not done), respectively and analyzed
their effects on virus production. As shown in Fig. S2, only the
viruses containing K391E, F495S, and K586E can be rescued with
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Figure 4 | Effects of mutations in the PB1 subunit on polymerase activity and RNA synthesis. (A) The location of all selected sites on the PB1 model.
Sites colored red if its polymerase activity is less than 1% of that of wild type PB1 as shown in (B), while others blue. Circled sites indicate that the locations
of these sites are around the template binding and catalytic channel. (B) The polymerase activity of influenza A in the presence of the indicated PB1
mutants. The activity detected with samples contained wild type PB1 (WT) was set to 100% and a transfection mixture with the omission of PB1 (-PB1)
used as negative control. (C) In vivo RNA synthesis mediated by PB1 mutants. In vivo primer extension of VRNA, mRNA and cRNA isolated from
293T cells, as indicated above the line, transfected either with pPollI-CAT-RT and pcDNA3.1 (indicated by “C”), with pPoll-CAT-RT, pcDNA-PB2,
pcDNA-PA (-PB1), or with pPoll-CAT-RT, pcDNA-PB2, pcDNA-PA and wild type (WT) or mutant pcDNA-PB1. Signals of VRNA, mRNA, cRNA, and

5 s RNA, used as control, are indicated.

high titers and M179S and F551S with relatively lower titers, while
the others can not be rescued. The mRNA level of PB1 M179S is
detectable as shown in Fig. 4C, which explained that the virus
containing M179S can be rescued with low titer. These results are
consistent with those from primer extension assay and polymerase
activity assay.

Moreover, in order to verify our model more extensively, we have
further mutated other 11 residues on surface of PB1 and analyzed
their effects on viral RNA synthesis. It showed that only one (R560E)
out of 11 mutants can disrupt the influenza polymerase activity and
RNA synthesis activity completely, while the other 10 remained sig-
nificant polymerase activities (Fig. S3). These results further sup-
ported our structural model since most of the mutations made on
the surface of PB1 are not critical for the polymerase activity and
RNA synthesis activity. And also, we have analyzed the conservation
of all the mutated sites. Fig. S4 shows that most of the selected
residues are conserved. It is difficult to find novel residues that are
critical for virus RNA synthesis if only based on sequence conser-
vation. The mutational analyses provide additional insights to sup-
port and elaborate the modeled structure of PBI, enabling us to
identify the novel critical regions or residues that constitute the
TBC channel.

Model-based derivation of peptides to inhibit influenza polymerase
activity and virus replication. As demonstrated above, our structural
modeling has revealed the critical sites and regions that constitute
the TBC channel of PBI1, suggesting the crucial roles of these sites
and regions in influenza virus replication. We further asked whether
these regions can provide effective anti-viral therapeutics for control
of influenza virus infection by disrupting the activity of influenza
polymerase. We followed 3 rules to select potential inhibiting
peptides. First, they all have stable secondary structures in our
model. Second, they are all located around the template binding
and catalytic channel. Third, the functions of two selected regions
are well explored such as 176-195AA contains NLS**** and 231-
255AA is responsible for binding RNA*. We therefore derived 5

short peptides which were composed of about 25 amino acids
around the modeled TBC channel, namely peptide 176-195, 231-
255, 271-295, 481-515 and 516-540. Also, as references, we selected
5 short peptides far from the channel according to our model noted
as peptide 296-330, 376-405, 406-435, 436-455, and 541-565. All
peptide-GFP fusion proteins were over expressed in HEK293T cells
with plasmids of minireplicon system of influenza A virus, and a
plasmid constitutively express Renilla luciferase which was used for
normalizing variation in transfection efficiency. The expression level
of every fragment-GFP fusion protein was semi-quantified with GFP
antibody by Western blot. The amounts of Flag-GFP were higher
than or equal to other fusion proteins (Fig. 5A). Results indicated
that four of five peptides around the TBC channel (176-195, 231-
255, 481-515 and 516-540) can inhibit RARP’s function efficiently
except peptide 271-295 (Fig. 5A). While for other 5 peptides far
from the TBC channel, only one peptide 516-540 can inhibit
RdARP’s function efficiently (Fig. 5B). These results further
confirmed our hypothesis that regions surrounding the TBC
channel are very important to the RNA synthesis. Among the
four peptides that have the inhibitory effects on PB1 polymerase
activity, we also found the peptide 481-515 was able to inhibit
influenza A/WSN/33 and A/Quail/G1/HK/97 virus replication
(Fig. 5C-D) while others need further investigation. Moreover,
the TAV-Luc virus®, a replicable influenza virus expressing
secreted Gaussia luciferase, was used to determine the inhibitory
effects of the peptide 481-515. Fig. 5E shows that the peptide 481-
515 can inhibit IAV-Luc replication effectively at 12 h post
infection (p.i.), while not so effective at 24 h p.i. And also, as
shown in Fig. 5F, like PB1, ,5-GFP, PBlyg; 5,5-GFP can inhibit
WSN33 replication at 12 h p.. since the NP expression was
inhibited.

PB1,9;.515 can disrupt influenza polymerase activity in vitro by
inhibiting its RNA promoter binding activity. We thus ask
whether the peptide in isolation can compete with the TBC
channel for viral RNA binding and interfere with influenza RARP

| 4:7192 | DOI: 10.1038/srep07192

6



Relative Activity (%)

541-565

12000 H1N1(A/WSN/33) 12000, HIN2(A/Quail/HK/G1/97) B 12HPI
o o —_
10000 10000 32100+ CJ24HPI F
2 = g
S 8000 S 80.00; £ P — NP
&£ 6000 & 60,001 S — e~ — ACtIN
£ 4000 2 4000 r
£ s 2 .
% 20.00 % 20.00. I o T e ___ _ GFP
13 = i
0.00 0.00 0- 2 A Q
4 & o O Q R Q & & &
SR ORI & WP g0 ° & q« & & £ 4
((\QQ Q@ ,\b?’\ Q\(bg Q% ’\bﬁb Q ,\;\D' Ns,;(? q%'\"\' N’b?,’\i
N
QQ’ QQJ QQ’ QQ,'\" R

Figure 5 | The PB1 structure model derived peptides inhibit influenza virus polymerase activity and virus replication. (A) Polymerase inhibitory

activity of 10 model-derived peptide-GFP fusion proteins in influenza A virus minireplicon systems. The activity detected with samples containing Flag-
GFP was set to 100%. PB1,_,5-GFP (1-25) was used as positive control. A transfection mixture without PB2 used as negative control.* indicates p < 0.05
(Student t-test). Error bars mean standard deviation (n = 3). (B) Location of these 10 peptides on the PB1 model. Five peptides with remarkable
inhibitory effects were marked and colored with red while other five peptides with green. The N- and C- terminus of each peptide was marked with
scissors. (C-D) The inhibitory effects of PB1,g;_5;5-GFP to HIN1 (A/WSN/33) (C) and HIN2 (A/Quail/HK/G1/97) (D) viruses replication in A549 cells.
The activity detected with samples containing Flag-GFP (Flag-GFP) was set to 100% after subtracting background of uninfected samples (Mock). PB1; »5
was used as positive control. (E). PB1,g 55 can inhibit influenza virus IAV-Luc replication. 293T cells were transfected with PX/PB1, ,5/PB1,g; 515-GFP
expressing plasmids, respectively. 24 h post transfection, cells were challenged with influenza virus (IAV-Luc) carrying Gaussia luciferase reporter gene at
MOI = 0.25. 12 or 24 h p.i., activity of Gaussia luciferase from supernatant was detected using microplate reader. The activity from samples containing
PX-GFP was set to 100%. (F). PB14g; 55 can inhibit influenza virus (A/WSN/33) replication. 293T cells were transfected with PX/PB1;_,5/PB1,g;_5,5-GFP
expressing plasmids. 24 h post transfection, cells were challenged with influenza virus (A/WSN/33) at MOI = 0.02. 12 h p.i., Western blot of whole cells

extracts were conducted to determine the expression level of actin, GFP fusi

activity since it is around the modeled TBC channel. As to the peptide
PBl,s; 515, we found that it also can inhibit the polymerase activity of
influenza virus after deletion of the N terminal 10 amino acids
(named as PBlyg; s5;5) compared to PBI1;,s-GFP (Fig. 6A).
Furthermore, in order to see whether this peptide alone can inhibit
influenza virus replication in vitro, the peptide PB1,9, 5,5-TAT with
PBl,g; 515 fused to a membrane permeable sequence from HIV
TAT*** was synthesized and added to the cell culture of A549
cells to test its inhibitory effect on influenza virus replication. A
peptide of 25 amino acids correlated to 69-93AA of BDV-P
(denoted as PX) was used as negative control since it showed no
inhibition to influenza virus replication in previous studies”*.
Then, the peptides were tested to see whether it can inhibit virus
replication using a Poll driven plasmid expressing Gaussia
luciferase as reporter gene for detecting viral infection®. A549 cells
were treated by peptides PBlyg; 5;5-TAT or PX-TAT as control
before and after infected with virus (A/Quail/HK/G1/97). As we
expected, PBl49;_515-TAT can inhibit virus replication efficiently at

on proteins and influenza virus NP.

10 pM while had no side effects to cells growth compared to PX-TAT
(Fig. 6B).

Next, we tested its inhibitory activity to influenza virus polymerase
in vitro transcription activity. Firstly, influenza virus polymerase
complex were purified using TAP pull down assay as described earl-
ier. In vitro ApG primed transcription assay was conducted by
incubation of polymerase complex and peptide at 30°C for 30 min
firstly and then the ApG and RNA promoter were added into the
reaction mixture®. As Fig. 6C shown, the peptide PBl,9; 5;5-TAT
can disrupt the transcription activity of polymerase at 5 uM while
the PX-TAT can not inhibit the polymerase activity even at higher
concentration. Since promoter binding is the first procedure when
polymerase conducted its transcription activity, we asked whether
the peptide can inhibit polymerase activity by inhibiting its binding
with RNA promoter. As shown in Fig. 6D, PBlyg; 515-TAT can
inhibit influenza virus polymerase binding to RNA promoter effi-
ciently in a dose dependent manner. Therefore we argue that the
inhibitory effects of PBlyg; 515 on influenza polymerase activity
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Figure 6 | The peptide PB1,; 5,5 can inhibit the activity of influenza virus RNA dependent RNA polymerase in vivo and in vitro effectively. (A) The
inhibitory effects of PB149;_5,5-GFP to activity of influenza virus RARP in influenza A virus minireplicon systems. (B) The inhibitory effects of synthesized
peptide PB1,g;_5;5-TAT to virus (A/Quail/HK/G1/97) infection. A549 cells were treated with indicated synthesized peptides before and after virus
infection. The activity detected with samples containing PX-TAT was set to 100% after subtracting background of uninfected samples. (C) In vitro ApG
primed transcription activity of PB2-TAP purified influenza A virus polymerase with synthesized peptides PX-TAT or PB1,9;_s;5-TAT at indicated
concentrations (LM). TP means transcription products. (D) 3’ vVRNA promoter binding activity of influenza virus RARP after adding indicated peptides.
The position of RNA cross-linked polymerase is indicated. Sample without polymerase (no protein) is used as negative control.

and virus replication could be due to its competition with TBC chan-
nel for viral RNA binding, suggesting that inhibition of the binding
between PB1 TBC channel and viral RNA templates offer potential
novel anti-flu therapeutics.

Discussion

Up to now, structural knowledge about influenza virus PB1 protein
has been very little except for its short N-terminal and C-terminal”®
and there have not been any FDA approved therapeutics against PB1
polymerase to inhibit viral replication. By integrating computational
modeling and functional assays, we described the structure-function
relationship of the PB1 subunit of influenza A virus for the first time
as we known. This work also provided new insights into designing
novel therapeutics to influenza virus.

In our study, in order to avoid the negative effect for alignment
from the low homological sequence segment, we chosen a core seg-
ment (111-640) to find the optimal template. Then we used con-
served sites to restrain sequence-structure alignment, and to make
sure four conserved sites in all viral polymerase (D305, G406, D445
and K481) to be aligned correctly. The final template was selected
based on the functional clusters analysis and motifs conservation.
These conserved functional information improved the results
remarkably (Fig. 1C-D). Therefore, the TBM method of integrating
target-specific functional constraints could be developed into a more
general threading method for protein structure modeling. Though
low sequence identity (11%) and insertions or deletions would affect
the accuracy of the modeling result, good motif conservations and
secondary structure elements identity (Fig. S1) indicated the reliabil-
ity of the structure topology. More importantly, the modeled struc-
ture can well explain the functions of the previously identified
functional regions. For example, the conserved RARP motifs were
modeled to constitute the TBC channel whereas NLS and antigenic
epitopes of PB1 were located on the surface of our model, correlating
with their functions.

Although all known structural data confirm the proposal that all
polynucleotide polymerases share similar structures and mechan-
isms of catalysis* ™, up to the present, there is still no crystal struc-
ture of negative-strand RdARP since it is difficult to express or to

crystallize. The solved structures of RNA polymerase can be divided
into two groups depending on whether it can bind dsRNA or not.
The structure difference between the two groups is that whether or
not it contains “Flap” like structure which can prevent RARP binding
to dsRNA*"***. Hass et al modeled structure of Lassa virus RARP
domain, which is from negative stranded RNA virus, using HCV
RdRP as template®. The limitation is obvious that HCV’s NS5B
can not bind to dsRNA because there is a flap in thumb domain
while Lassa virus’s L protein can bind dsRNA****. The same to PB1
as L, and NV RdRP, they both can use dsRNA as template®>>
although PB1 can also use ApG as primer to synthesis mRNA.

The modeled structure of PB1 also provides structural insights
into the mechanism of transcription and replication especially for
VRNA promoter binding. The VRNA promoter of influenza A virus is
composed by 13 and 12 nt of the influenza virus 5 and 3’ ends
respectively®®. Earlier researches found that the VRNA promoter
binding site mainly located on the PB1 subunit*. The N1 region
(231-249AA) was involved in binding to the 5 end of the vRNA
promoter while 5A region contained R571 and R572 was responsible
for the 3° vVRNA binding***. In our structure model of PB1, the N1
region located on the inner surface of template binding and catalytic
channel, it is consistent with the results reported by Jung et al**. The
5A region was on opposite direction to N1 region in our model. The
reason may be that the template we used was at its inactive form and
when it binds to the substrate, the thumb region may have a move-
ment towards the finger region like HIV RT when it matured or other
positive stranded RNA virus RARPs*'. This structure shift may be
initiated by binding to the 5 VRNA promoter. Based on our model,
we also found a “hinge” region between palm and thumb region of
PB1 which may facilitate the movement of thumb domain.

Targeting PB1 opens new avenues to develop efficient anti-flu
therapeutics. Recently, pioneer works by Ortigoza et al through
screening of chemical compounds, have identified small molecule
inhibitors ASN2 can target PB1*. Su et al also have found molecule
367 can inhibit influenza virus replication by binding to PB1%°. Until
to now, there was no FDA approved drug targeting PB1 to inhibit
virus replication. Based our model, we also found five new peptide
inhibitors to influenza virus polymerase activity (Fig. 5). Four out of
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five peptides that can inhibit polymerase activity were surrounding
the TBC channel. These peptides could inhibit the polymerase activ-
ity probably by disrupting the conformation changes of PBI, the
interactions between PB1 and substrates or template and so on,
which needs further investigation. However, only one peptide
(541-560) that far from the TBC channel can inhibit influenza virus
polymerase activity. It may stabilize the conformation change
initiated by binding to RNA substrate like pep A and pep B in HIV
RT to inhibit replication of HIV®>’. Moreover, the synthetic peptide
PBlyg;.5:5 which derived from the interface between the thumb
region and the template RNA, can inhibit the viral replication when
introduced into the cells. The reason for the other four peptides that
can inhibit influenza virus polymerase activity in the RNP recon-
stitution system, but can not inhibit virus replication is unknown.
We speculate that the presence of other viral proteins might preclude
the inhibition effects of the four peptides in infected cells. Further we
found the peptide disrupted the binding between the polymerase and
RNA promoter, confirming the reliability of our modeling of TBC
channel as structural basis for influenza RNA synthesis, but also open
new avenues for structure-based design of novel therapeutics target-
ing TBC channel. However, the mechanism underlying the peptide
can inhibit the binding between the polymerase and RNA promoter
needs further investigation.

Although PB1 and its template RARP of Norwalk Virus have con-
siderable conservation in the five conserved muotifs, it should be
noted that the overall sequence similarity (31.7%) between them is
not high. Therefore, the low similarity may affect the modeling accu-
racy of the regions with long insertion or deletion. However, given
the high conservation of the polymerase motifs and of the polymer-
ase catalytic and RNA binding channel, together with our supporting
functional analysis, it is likely that the model, at least for the core part
of the enzyme is correct. Surely, this model will await the real crystal
structure of PB1 or the polymerase complex to correct it. However, at
this moment, this PB1 model offers a potential structural view of the
functional domains of the PB1 that may provide a novel target for
developing anti-influenza virus therapeutics.

Methods

Cells and plasmids. HEK293T, human type II alveolar epithelial (A549) and MDCK
cells were maintained in Dulbecco’s modified Eagle’s medium containing 10% Fetal
Bovine Serum (FBS; Gibicol), and penicillin/streptomycin (100 units/ml and 50 pg/
ml, respectively) for MDCK. All cells were incubated at 37°C and 5% CO2.
Transfection assay was conducted according to the manual. pPolI-NP-luc, cDNA of
H5N1(A/goose/Guangdong/1/96) and IAV-Luc virus were generously provided by
professors Martin Schwemmle (University of Freiburg, German), Yingfang Liu
(Chinese Academy of Sciences, China), and Ling Chen (Chinese Academy of
Sciences, China) respectively.

Structure Modeling. A function-guided fold recognition framework (Fig. 1A) by
integrating specific conserved information into the general threading method FR-t5*
was developed to obtain the optimal structure template for PB1. Firstly, PB1 segment
110-637 was selected as initial seed domain and modeled since it is the polymerase
domain as previously described (Fig. 1B)*'”'***, Secondly, four conserved sites
(D305, G406, D445 and K481) for the activity of all RARPs'”'® were used to guide the
sequence-structure alignment in our developed threading method FR-t5°°. Namely,
these four sites were forced to be conserved in the dynamic programming algorithm.
Thirdly, the optimal template was selected according to the sequence/secondary
structure similarities and their biological functions. Finally, considering the integrity
of sequence alignment, the model of PB1 segment 71-612 was constructed with the
optimal template (NV-RdRP: 2B43D) and refined with SWISS-MODEL™.

Modeling Materials. Influenza A virus PB1 sequence (A/goose/Guangdong/1/96)
came from the Lab of Prof. Yingfang Liu. Influenza B and C virus PB1 sequences came
from NCBI with accession numbers as NP_056657.a and Q617C3.1 separately.
Secondary structure prediction of influenza A virus PB1 was done with PsiPred*
while secondary structures of the Top3 templates (2B43D, 2J7WA and 1U09A) were
calculated with DSSP*". The threading template library composed of 90334 single-
chain structures constructed from PDB database.

Construct PB1-RNA complex model. To get the PB1-RNA elongation complex
model, we used the Norwalk virus polymerase and primer-template RNA complex
(PDB ID: 3BSN) as template™. Structure matching between PB1 model and Norwalk

virus polymerase and PB1-RNA complex modeling were all carried on with software
Chimeral.5.3rc™.

Evolutional analyses for Influenza A virus PB1 protein. 5580 full-length, de
redundancy influenza A virus PB1 sequences were retrieved from the NCBI influenza
database®. All sequences were aligned using MUSCLE®'. The Shannon Entropy (SE)
of each site i was calculated. If SE(I) < —0.1, site i was defined as non-conserved sites
else conserved sites.

Mini replicon and reverse genetics systems for influenza A virus. 293T cells were
transfected using PEI reagent (Sigma) in 6-well plates. Each well contained plasmids
expressing A/WSN/33 PB2, PB1, PA, NP and a luciferase reporter plasmid pPolI-NP-
luc. The mixture also contained 100 ng plasmid constitutively expressing Renilla
luciferase, which used for normalizing variation in transfection efficiency. Cells were
lysised 24 h post transfection and 20 pl were used to detect the signal of firefly
luciferase and renilla luciferase using Dual Luciferase Assay system (Promega) by a
microplate reader (Tecan, GENiosPlus). The activity detected with samples
containing Flag-GFP was set to 100%. Recombinant WSN33 viruses were rescued
using 293T cells as previously described****. The rescued viruses were titrated on
MDCK cells.

Primer Extension Assay. As previously reported®, pPoll-CAT was used as reporter
in primer extension assay. 40 h post transfection of pcDNA-PB2/PB1/PA/NP and
pPolI-CAT, total RNA was extracted with trizol (BBI, shenggong). CAT primers (5’
CGCAAGGCGACAAGGTGCTGA 3, 5> ATGTTCTTTACGATGCGATTGGG 3)
were used for detecting VRNA and m/cRNA respectively. 5S RNA was detected by the
primer (5> ACCCTGCTTAGCTTCCGAGA 3’), the length of the product was 62 nt
RNA.

Viral Inhibition Assay. Recombinant influenza A/WSN/33 virus was prepared as
reported previously* and influenza viruses A/Quail/HK/G1/97 (H9N2, G1) and
TAV-Luc virus were amplified in MDCK cells. A549 cells in 24-well plates were
transfected with 1 pg of plasmids encoding Peptide-GFP fusion proteins and 0.4 ng
of a Gaussia luciferase reporter plasmid pPolI-Gluc to detect viral polymerase
activity®. At 12 h post transfection, cells were infected with either A/WSN/33 or G1
virus at multiplicity of infection (MOI) of 0.015 for 1.5 h. 12 h p.i,, the supernatant
were collected and tested using Gluc Assay Kit (New England Biolabs). The activity
detected with samples containing Flag-GFP was set to 100% after subtracting
background. 293T cells in 12-well plates were transfected with 1 pg of plasmids
encoding Peptide-GFP fusion proteins. 24 h post transfection, cells were challenged
with IAV-Luc or WSN33 virus. Then 12 h or 24 h p.i,, the Gaussia luciferase activity
from supernatant or NP level from cell lysates were detected, respectively. The
Gaussia luciferase activity from samples containing PX-GFP was set to 100%.

Virus protection assay in vitro. All peptides were purchased from Shanghai
ChinaPeptides Co., Ltd. A549 cells in 24-well plates were transfected with 1 pg of a
Gaussia luciferase reporter plasmid pPolI-Gluc to detect virus infection as described
previously®. 10 h post transfection, peptides were added into the medium and were
incubated at 37°C for 1.5 h. Then, cells were washed with PBS for twice and virus was
added at a MOI of 0.015 for 1 h. After that, cells were washed again with PBS and
incubated with medium containing peptides. 24 h p.i., activity of Gaussia luciferase in
supernatant was tested using Gluc Assay Kit (New England Biolabs). The activity
detected with samples containing PX-TAT was set to 100%.

ApG-primed transcription assay. Reactions were conducted with partially purified
TAP-tagged polymerase and 5’ end of the VRNA promoter (5’-
AGUAGAAACAAGGCC-3) and 3’ end of the VRNA (5-GGCCUGCUUUUGCU-
3’) (Shanghai GenePharma) as described before'>*. Peptides and polymerase were
incubated at 30°C for 30 min before adding the vRNA promoter.

Promoter binding assay. A/WSN/33 virus derived plasmids pcDNA-PB2/PB1/PA
were described previously”’. RNA binding assay were performed as previously
described with synthesized peptides'>***’. In brief, the purified influenza polymerase
complex was incubated with synthesized peptides for 30 min before adding the vVRNA
promoter. Both 5’ and 3’ VRNA promoter were used when testing the 3> VRNA
promoter binding activity, while only 5 VRNA promoter was added when testing the
5’ vRNA promoter binding activity. The polymerase complex was cross linked with
the VRNA promoter by UV and then separated on 8% SDS-PAGE.

Western Blot. PB1 was detected by rabbit polyclonal serum (1 : 1500), alpha-Tubulin
was detected by Rabbit antibody (1:2000); Anti-GFP antibody (1 :2000, Santa Cruz).
Primary antibodies were kept at room temperature for 2 h and then incubated at
room temperature for 1 h with HRP-conjugated secondary antibodies (1 : 10000,
Beijing ZSBio).
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