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A B S T R A C T

Yellow fever virus (YFV) is responsible for devastating outbreaks of Yellow fever (YF) in humans and is asso-
ciated with high mortality rates. Recent large epidemics and epizootics and exponential increases in the numbers
of YF cases in humans and non-human primates highlight the increasing threat YFV poses, despite the avail-
ability of an effective YFV vaccine. YFV is the first human virus discovered, but the structures of several of the
viral proteins remain poorly understood. Here we report the structure of the full-length NS5 protein, a key
enzyme for the replication of flaviviruses that contains both a methyltransferase domain and an RNA dependent
RNA polymerase domain, at 3.1 Å resolution. The viral polymerase adopts right-hand fold, demonstrating the
similarities of the Yellow fever, Dengue and Zika polymerases. Together this data suggests NS5 as a prime and
ideal target for the design of pan-flavivirus inhibitors.

1. Introduction

Yellow fever virus (YFV) is a mosquito-borne virus (Epelboin et al.,
2017), along with several other flaviviruses such as the Zika virus
(ZIKV) and Dengue virus. The population of the mosquito Aedes aegypti,
which is the major mosquito species responsible for transmission of
these viruses, is growing due to global climatic changes (Monaghan
et al., 2018). As a result, flaviviruses are becoming a global threat to
mankind as documented by the recent Zika (Abushouk et al., 2016) and
Yellow Fever (YF) outbreaks (Blake and Garcia-Blanco, 2014; Couto-
Lima et al., 2017). The outbreaks are moreover associated with high
mortality (YF) or cause microcephaly in infants and Guillain-Barré
syndrome (ZIKV) in some patients (Krauer et al., 2017). Unfortunately,
despite the availability of an effective YFV vaccine, large epidemics and
epizootics of YF were recently reported in Brazil and Angola with ex-
ponential increases in the numbers of YF cases in humans and non-
human primates (Barrett, 2018). These outbreaks indicate that both an
effective antiviral vaccine and antiviral cure are important.

YFV and its transmission by mosquitoes was discovered in 1900
(Reed et al., 1900) and significant progress in understanding this virus
has been made since then. For instance, the structure of the YFV capsid
was solved by cryo-electron microscopy (Zhang et al., 2003) and the
crystal structure of NS3 helicase is also available (Wu et al., 2005).
Despite these advances, the structures of several of the viral proteins
remain poorly understood (Douam and Ploss, 2018). Of these, the NS5

protein is a key enzyme for the replication of flaviviruses because it
contains an N-terminal methyltransferase (MTase) domain and a C-
terminal RNA dependent RNA polymerase (RdRp) domain (Fig. 1A)
(Selisko et al., 2018). The MTase domain has two enzymatic activities:
it is responsible for guanine-N7 and nucleoside-2′-O methylation
(Coutard et al., 2017; Dong et al., 2010; Hercik et al., 2017a), both of
which increase the stability of newly synthesized RNA by preventing
degradation by 5′–3′ exoribonucleases. RNA methylation also helps the
virus to avoid the innate immunity (Hyde and Diamond, 2015) as non-
methylated RNA is recognized by the innate immunity factor Ifit1 (IFN-
induced RNA-binding protein) and its translation inhibited. The RdRp
domain is essential for replication of viral RNA because its enzymatic
activity cannot be replaced by any host enzyme. Therefore, both do-
mains are indispensable for flaviviral replication making the NS5 en-
zyme a prime target for drug discovery (Lim et al., 2015).

For some flaviviruses including Zika and Dengue the structure of the
NS5 protein was reported (Duan et al., 2017; Godoy et al., 2017;
Upadhyay et al., 2017; Zhao et al., 2015, 2017). In the case of Yellow
fever, however, only the structure of the methyltransferase domain was
described (Geiss et al., 2009). Here, we describe the crystal structure of
the full-length Yellow fever NS5 enzyme at 3.1Å resolution. It reveals
the right-hand fold typical for viral polymerases and highlights con-
served regions between Yellow fever, Dengue and Zika, thus providing
critical information for structure-aided drug design.
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2. Results

We aimed to obtain the crystal structure of the Yellow fever poly-
merase, as understanding the structural conservation and differences
across flaviviruses will help in rational drug design. We expressed the
full-length NS5 protein from the Yellow fever strain 17D vaccine in E.
coli and optimized the purification protocol to obtain highly pure pro-
tein (Fig. 1B). After crystal optimization, we obtained crystals that
diffracted to ∼3Å and were able to collect a complete dataset at 3.1Å
resolution. The crystals contained two molecules of the NS5 enzyme in
the asymmetric unit and we solved the structure by molecular re-
placement using the methyltransferase domain and a homology model
of the RdRp domain (described in detail in M&M section). This made it
possible to trace the entire polypeptide chain except for the very first
five residues at the N-terminus, the very last eleven residues at the C-
terminus, and a disordered loop between Ile410 and Glu418. The two
molecules in the asymmetric unit are virtually identical and super-
impose with an RMSD of 0.29 Å (SI Fig. 1). The final model was refined
to Rwork= 22.07% and Rfree= 27.00% (Table 1).

The overall structure can be divided into an RdRp domain and a
methyltransferase domain that is stacked on the fingers and F motif of
the RdRp domain (Fig. 1C). The MTase domain consists of nine helices
and nine β-strands that forms a classic α/β/α sandwich structure
(Byszewska et al., 2014), which form the GTP and SAM binding sites.
We clearly observed the electron density of a ligand in the SAM pocket
(SI Fig. 2) and we modeled the SAH (S-adenosylhomocysteine) into the
map. However, the observed electron density probably corresponds to a
mixture of SAH and SAM (S-adenosylmethionine) since both these li-
gands are present in E. coli. and they co-purify with the recombinant
protein. Because a high resolution structure of YF MTase domain is

already available (Geiss et al., 2009) and we didn't observe any dis-
crepancies (RMSD of 0.94 Å, SI Fig. 3) we will not describe the structure
of the MTase domain in detail here.

The RdRp domain has a right-hand fold as expected (Fig. 1) with
three channels (template entry, dsRNA and NTP entry channel) and can
be divided into fingers, palm and thumb subdomains (Fig. 1C). The
fingers subdomain is composed of two regions, the first of which is

Fig. 1. Structure of the full-length YF NS5 protein.
A. YFV NS5 is composed of the MTase domain and
the RdRp. Three subdomains and seven motifs (A-G)
occur in the RdRp domain.
B. Recombinant YFV NS5 FL protein was used for all
experiments (99% pure based on SDS PAGE ana-
lysis).
C. The structure of the YF FL NS5 protein in ribbon
representation. The MTase domain is shown in cyan
and the RdRp domain is shown in orange.
D. Structure of the RdRp domain. The template
entry, dsRNA and NTP entry channels as well as the
fingers, palm and thumb subdomains are high-
lighted.
E. Positions of the seven motifs of the RdRp domain.
The template entry channel contains the F and G
motifs, while the NTP entry channel contains the B,
C, D and E motifs.

Table 1
Statistics of crystallographic data collection and refinement.

Data collection

Space group P212121
Cell dimension (Å) a= 108.3 b= 142.1 , c= 152.2
X-ray source BESSY ID 14-2
Resolution (Å) 47.8 - 3.0 (3.11 - 3.00)
Unique reflections 47,148 (4576)
I/σ (I) 9.91 (1.13)a

Wavelength (Å) 0.9184
Multiplicity 8.3 (8.5)
Completeness (%) 99.19 (97.65)
R-pim, % 8.1 (68.7)
CC1/2 0.994 (0.419)
CC* 0.999 (0.769)

Refinement

R-work, % 22.07 (32.22)
R-free, % 27.00 (33.90)
RMS(bonds), ° 0.002
RMS(angles), Å 0.51
Ramachandran (outliers/favored) (%) 0.0%/97.8%

Numbers in parentheses refer to the highest resolution shell.
a I/σ (I)= 2 at 3.1Å.
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located in helices α11 - 14 and sheets β10 - 12 (residue 305–368) and
the second of which is located in helices α16 - 20 and sheets β13 - 14
(residues 402–495). In contrast, the palm subdomain is spread
throughout the RdRp. It consists of three regions, helix α10 (residues
275–305), helices α15 – 16 (residues 368–402) and helices α21 – 31
together with beta sheets β16 – 20 (residues 495–720) and forms the
core of the RdRp. The thumb subdomain is composed of the C terminus
of RdRp (helices α32 – 40 and beta sheets β21 - 22, residues 722–905)
and together with the palm subdomain form the dsRNA channel.

The seven catalytic motifs (A - G), that are present in every viral
RdRp (Lu and Gong, 2017), could also be detected in the YF RdRp
domain. Motif A is located in helix α23 and contains the catalytically
important aspartate residues Asp535 and Asp541. Motif B contains
highly conserved Ser603 and Gly604 residues. The sidechain of Ser603
interacts with the 2′-hydroxyl group of the ribose ring during active side
closure (Appleby et al., 2015) while motifs C and E, located in β18 and
19 respectively in a loop between helix α31 and sheet β20, interact
with the backbone of the RNA product. Motif D that is localized ad-
jacent to helix α30 is important for the active site closure by the con-
served lysine residue Lys359 (Yang et al., 2012). Motif F consists of
three beta sheets (β13 – 15) and connecting loops, it is located at the
top of the NTP entry channel and its primary function is to bind the NTP
nucleotide. Importantly, it contains a conserved phenylalanine residue
Phe466 at the interface of the RdRp and MTase domains. Motif G
contacts the backbone of the template RNA in other non-flaviviral RdRp
enzymes (Appleby et al., 2015; Gong et al., 2013; Gong and Peersen,
2010) is located in a loop located between α16 and 17 (Fig. 1A).

The template entry channel is surrounded by the fingers and thumb
subdomains with the priming loop above. It also contains motifs G and

F, which interact with the RNA template. It is followed by the dsRNA
channel which forms a ∼45° angle to the template entry channel. The
dsRNA channel is formed mainly by the palm subdomain and motifs C
and E. The NTP channel is localized between the template and dsRNA
channels and contains the A, B and D motifs (Fig. 1E). Surface elec-
trostatic potential analysis reveals that the channels are positively
charged (Fig. 2) which is essential for RNA binding. The priming loop
(Fig. 1D in red) is localized above the interface of the three channels. Its
purpose is to properly position nucleotides for RNA polymerization (Ng
et al., 2008). Based on structural analysis of the HCV polymerase it was
proposed that a stacking interaction occurs between a residue in the
priming loop (tyrosine in the case of HCV) and the initiating nucleotide
(Butcher et al., 2001). In Zika this role was proposed to be played by the
highly conserved tryptophan residue Trp797 (Zhao et al., 2017) which
corresponds to Trp799 in YF. In a computational (QM/MM devised)
model of Zika NS5 with RNA, the Trp797 is positioned above the base
suggesting a T-shaped stacking interaction (Sebera et al., 2018).

Two zinc binding sites occur in the fingers and thumb subdomains
of the RdRp (Fig. 3). These are also present in every flaviviral RdRp
structure solved so far. The first zinc atom is coordinated by Cys448,
Cys451, His443 and Glu439 and the second zinc binding site is formed
by Cys732, Cys851, His716 and His718. A glutamate residue in a zinc
binding site is somewhat unusual, however, this glutamate and other
residues forming the first zinc binding site are absolutely conserved
among NS5 proteins from YFV, ZIKV, DEN, and WNV (Fig. 3C). The
second zinc binding site is partially conserved: Cys732, Cys851, His716
are conserved, while His718 is replaced by an asparagine residue in
Zika and by a threonine residue in WNV (Fig. 3C). As a consequence,
the zinc ion is coordinated by water molecule instead of a histidine at

Fig. 2. Surface and structural analysis of YF RdRp.
A. The surface of the template entry channel is po-
sitively charged and, optimized to bind the RNA
substrate.
B. Surface representation of the YF RdRp domain
colored according to sequence conservation (cyan:
not conserved, dark magenta: conserved). This shows
the highly conserved protein core and variable per-
iphery.
C. Sausage representation based on a combination of
sequence and structural alignments of Flaviviral NS5
proteins reveals structural differences in regions in
which the sequence is conserved. Structures used for
this alignment are: WNV (2hcn, 2hfz), DENV(2j7u,
3vws, 4v0q, 4v0r, 5ccv, 5dto, 5iq6, 5k5m), JEV
(4hdg, 4k6m, 4mtp), ZIKV (5m2x, 5tfr, 5tmh, 5u0b,
5u0c, 5u04, 5wz3).
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Fig. 3. Localization of the zinc binding sites in the RdRp domain.
A. Zoomed view of the two YF RdRp zinc binding sites. The first zinc atom is coordinated by Glu439, His443, Cys448 and Cys451, while the second one by His716,
His718, Cys732 and Cys851.
B. The zinc biding sites stabilize the NS5 protein. Addition of the chelating agent EDTA decreases the thermal stability of the full length NS5 protein but not that of
the MTase domain.
C. Sausage representation based on a combination of sequence and structural alignments of Flaviviral NS5 proteins reveals structural differences in regions in which
the sequence is conserved. Structures used for this alignment were from WNV (2hcn, 2hfz), DENV(2j7u, 3vws, 4v0q, 4v0r, 5ccv, 5dto, 5iq6, 5k5m), JEV(4hdg, 4k6m,
4mtp), and ZIKV (5m2x, 5tfr, 5tmh, 5u0b, 5u0c, 5u04, 5wz3). In the lower right panel is shown percentage of individual mentioned sequences identity with yellow
fever NS5 sequence.
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this position (Duan et al., 2017). The zinc binding sites stabilize the
RdRp domain, as the melting temperature (Tm) of the RdRp domain
drops from 55.9 °C and to 53.1 °C in the presence of the chelating agent
EDTA (Fig. 3B).

For Zika NS5 enzyme it was previously shown that the MTase do-
main activates the RdRp domain (Zhao et al., 2017). The Zika MTase
domain stabilizes motif F in the RdRp domain using a mechanism in
which the conserved phenylalanine residue Phe466 stacks against a
pocket on the surface of the MTase domain formed by Leu115, Leu126,
Pro113 (Fig. 4, and Fig. SI) (Fig. 4 for the electron density maps). This
inter-domain interface is further stabilized by a hydrogen bond between
the sidechain of Glu112 and the backbone of motif F (Rusanov et al.,
2018). We superimposed the structure of the YF NS5 with other known
full-length flaviviral NS5 proteins (Fig. 4A) and this comparison re-
vealed that the MTase:RdRp interface is conserved among YF, Zika
(PDB: 5tfr) (Upadhyay et al., 2017) and JEV (Japanese encephalitis
virus, PDB:4k6m) (Lu and Gong, 2013). In contrast, the structure of
Dengue NS5 (PDB: 4v0q) (Zhao et al., 2015) maintains an F motif that is
disordered. Moreover, the residues of the MTase domain adjacent to the
conserved residue Pro113, which form the patch which interacts with
Phe466, are not conserved, although, the mode of binding is conserved
(Fig. 4). In case of YF, Lys112 forms a hydrogen bond with the back-
bone of Phe466. However, the aromatic ring of Phe466 residue is al-
ways stacked against the pyrrolidine ring of Pro113, which is also seen
in the structures of the full-length Zika and JEV NS5 enzymes, sug-
gesting that the interaction of Phe466 with Pro113 is the key feature of
the MTase:RdRp interface (Fig. 4B and C).

3. Discussion

YF killed hundreds of thousands of people in the 18th and 19th
centuries and, according to the World Health Organization, it still
causes 84,000–170,000 severe cases and 29,000–60,000 deaths an-
nually despite extensive vaccination. The primary target for antiviral
therapy is the NS5 enzyme because both of its domains - the RdRp and
MTase - are together crucial for viral replication. As a result, inhibitors
of NS5 enzyme are in continual development (Eyer et al., 2016; Hercik
et al., 2017b; Stephen et al., 2016). Despite this, the structure of the
full-length YF NS5 protein was until now unavailable despite the im-
portance of YF for global human health. Structure-guided inhibitor
design is being used with increasing frequency and the lack of a
structure of the YF NS5 has made a significant impediment for rational
drug design specific to YF. Here we filled this gap by solving the
structure of YF NS5 enzyme at 3.1 Å resolution.

This structure reveals the MTase:RdRp interface, which is conserved
in the structures of the YF, Zika, and JEV NS5 enzymes but not in the
structure of Dengue NS5. The two key residues forming this interface
are Pro113 in the MTase domain and Phe446 in the F motif of the RdRp
domain. These residues are also conserved in Dengue NS5 enzyme, al-
though the F motif in the structure of the full-length Dengue NS5 en-
zyme is disordered. The different orientation of the MTase domain in
the case of the Dengue enzyme could be a crystal packing artifact,
however, that seems unlikely because another structure of the Dengue
NS5 enzyme with an inhibitor bound has the same orientation of the
MTase and RdRp domain (Lim et al., 2016). It is well established,
however, that by stabilizing the F motif, the MTase domain activates
the RdRp domain. Interestingly, our structure reveals that the residue
Glu111, a neighbor of Lys112 which is involved in F motif stabilization,
also forms a hydrogen bond with the sugar hydroxyl group of SAH
(Fig. 5). This suggests that not only the MTase domain but also the
RdRp domain could influence the enzymatic activity of the MTase do-
main. Alternatively, it could mean that only ligand bound MTase do-
main can activate the RdRp domain. Unfortunately, this hypothesis is
hard to test because full-length NS5 enzyme without ligand cannot be
prepared in bacterial nor eukaryotic expression systems. Another sug-
gested mechanism of an interplay between the MTase and RdRp poly-
merase is the GTP depended multimerization of the Zika full-length NS5
which could be important for the regulation of the RdRp domain by the
MTase domain (Ferrero et al., 2019). Also the role of the membrane
remains to be better defined as membranes were suggested to recruit
viral polymerases (Dubankova et al., 2017; Hsu et al., 2010) and such a
recruitment could initiate the polymerization.

Taken together, this structure revealed several conserved regions
among flaviviral polymerases including the catalytic aspartate residues
Asp535, Asp667 and Asp668 which coordinate magnesium cations
during polymerization reaction, the conserved tryptophan Trp797
within the priming loop and the highly conserved first zinc binding site
in the fingers subdomain but not the second zinc binding site (Fig. 6).
Our structural analysis suggests that a compound targeting any of these
sites would likely be active against multiple flaviviruses.

4. Materials and methods

Protein expression and purification – Artificial codon optimized gene
encoding YFV NS5 enzyme (strain 17D vaccine, UniProtKB - P03314)
was commercially synthesized (Invitrogen) and cloned into a pSUMO
vector using Gibson assembly method. The resulting sequence encoded
for a His8xSUMO-NS5 fusion protein. The protein was expressed and

Fig. 4. The MTase:RdRp interface.
A. Structures of full length flaviviral NS5 proteins
were superimposed on the structure of YF NS5 based
on the RdRp domain. This revealed that the domain
orientation is conserved in Yellow fever, Zika and
Japanese encephalitis virus RdRp but not in Dengue
RdRp.
B. The conserved residues Phe466 and Pro113 define
the MTase:RdRp interface.
C. Detail of RdRp MTase interface. MTase is shown in
gray color. The color of RdRp is colored depending
on viral origin (YFV – yellow, ZIKV – forest green,
JEV – cyan).
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purified using our standard protocols with some modifications
(Baumlova et al., 2014). Briefly, it was expressed in E. coli strain BL21
Star in autoinduction ZY media supplemented with 50 μM ZnSO4. The
bacteria were lysed using Emulsiflex C3 (Avestin) in the lysis buffer
(50mM Tris pH=8, 500mM NaCl, 20 mM imidazole, 3 mM βME).
After lysis the protein was immobilized on NiNTA Agarose resin
(Machery-Nagel) and extensively washed with the lysis buffer and
eluted with the lysis buffer supplemented with 300mM imidazole. The
His8xSUMO solubilisation tag was cleaved by the Ulp1 protease (1.0 mg
per 20mg of YF NS5) at 4 °C overnight. The YF NS5 was further purified
by size exclusion chromatography in SEC buffer (20mM Tris pH 8, 1M
NaCl, 3 mM βME, 10% glycerol). Finally, the protein was concentrated
to 6mg/ml and stored in −80 °C until needed.

Crystallization, data analysis and refinement – Crystals grew in sitting
drops consisting of 300 nl of the protein and the well solution (80mM
Tris pH=8.5, 1.92M (NH4)2SO4, 20% (v/v) glycerol) in about a week.
Upon harvest were the crystals flash frozen in liquid nitrogen and dif-
fraction data were collected at the 14.2 BESSY beamline in HZB syn-
chrotron facility (Mueller et al., 2012). The crystals diffracted to 3Å
and belonged to the orthorhombic P212121 space group.

The diffraction data were collected from a single frozen crystal at
100 K and processed using XDS (Kabsch, 2010) within the XDSAPP GUI
(Krug et al., 2012). The data were cut at 3Å where the correlation
coefficient C1/2= 0.4. The structure was solved by molecular replace-
ment using two models, the YF methyltransferase domain (pdb code
3EVA) (Geiss et al., 2009) and a homology model of the RdRp domain
based on the structure of Japanese encephalitis virus NS5 (pdb code
4K6M) (Lu and Gong, 2013). The structure was further build and re-
fined manually using Phenix (Adams et al., 2010) and Coot (Emsley
et al., 2010) to Rwork= 22.07% and Rfree= 27.03% and good geometry
as summarized in Table 1. Structural figures were generated by PyMol

(Schrodinger).
Thermal Shift Assay - The thermal shift assay was run in presence of

1 μM protein, 5000 x diluted SYPRO Orange Protein Gel Stain and
20mM Tris pH 7.4, 40mM NaCl, 10mM βME, 20mM MgCl2 (and
100mM EDTA). The mixture was continually heated from 25 to 95 °C in
20min. The fluorescence signal was measured in a ROCHE LightCycler®

480.
Primary structure alignments were rendered and analyzed by ESPript

3.0 (Robert and Gouet, 2014).

Accession numbers

Atomic coordinates and structure factors have been deposited in the
Protein Data Bank with accession codes 6QSN.
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Fig. 5. Loop of the MTase domain contains both, residues coordinating the SAH ligand and residues stabilizing the F motif of the RdRp domain.
A. Detailed view showing the hydrogen bond of MTase localized residue Lys112 to the conserved residue Phe466 of the F motif and the neighboring residues Glu111
and His110 stabilizing the SAH ligand.
B. Residue Glu112 fulfills the same function as YFV Lys112 in other flaviviral polymerases.
C. Sequence alignment illustrating conservation of key residues except of Lys112 that is replaced by Glu112 in other flaviviruses, although, Glu112 fulfills the same
structural function.
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