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SUMMARY

Here we identify human Kinesin-5, Kif11/HsEg5, as a cellular target of Zika pro-
tease. We show that Zika NS2B-NS3 protease targets several sites within the mo-
tor domain of HsEg5 irrespective of motor binding to microtubules. The native
integral ER-membrane protease triggers mitotic spindle positioning defects
and a prolonged metaphase delay in cultured cells. Our data support a model
whereby loss of function of HsEg5 is mediated by Zika protease and is spatially
restricted to the ER-mitotic spindle interface during mitosis. The resulting pheno-
type is distinct from the monopolar phenotype that typically results from uniform
inhibition of HsEg5 by RNAi or drugs. In addition, our data reveal novel inter-
organelle interactions between the mitotic apparatus and the surrounding retic-
ulate ER network. Given that Kif11 is haplo-insufficient in humans, and reduced
dosage results in microcephaly, we propose that Zika protease targeting of
HsEg5 may be a key event in the etiology of Zika syndrome microcephaly.

INTRODUCTION

Zika virus has become an emerging global health threat after it was first linked to neurodevelopmental de-
fects, including microcephaly, in the developing fetus during pregnancy in 2016 (Lazear and Diamond,
2016; Mlakar et al., 2016). Transmitted by mosquitos, the virus was endemic to the African continent, but
recently spread to South America wherein infection of pregnant mothers quickly became linked to congen-
ital microcephaly and other developmental defects in infants. As a member of the Flavivirus genus, Zika is
comprised of a positive single-stranded RNA genome. The RNA is translated, within infected cells, as a sin-
gle polyprotein that must be cleaved by a combination of host and viral proteases to release three struc-
tural and seven non-structural proteins. With this limited set of proteins, Zika must co-opt cellular pathways
in order to generate additional virus particles.

The viral polyprotein is expressed as a multi-pass integral protein of the ER membrane within infected cells.
Specific loops of the polyprotein within the ER lumen are cleaved by native furin proteases, whereas cyto-
plasmic-side cleavage sites are cleaved by the virus-encoded protease formed as a heterodimer between
nonstructural protein 2B and the N-terminal domain of nonstructural protein 3 (NS2B-NS3). The cyto-
plasmic-side viral proteins, including the C-terminal helicase domain of NS3 together with ER-modifying
NS4 and the RNA-dependent RNA polymerase NS5, together initiate virion replication (Shiryaev et al.,
2017; Gruba et al., 2016; Shan et al., 2016; Tsetsarkin et al., 2016; Bera et al., 2007, Mukhopadhyay et al.,
2005).

Viruses must hijack a number of cell processes and pathways that are designed to suppress immune
responses and support virion replication. Viral proteins directly interact with cellular components, via pro-
tein-protein interactions, to exert this control. In the case of Zika, with its limited proteome, the NS2B-NS3
protease is known to cleave host proteins (Golubeva et al., 2020; Hill et al., 2018; Coyaud et al., 2018; Shah
etal., 2018; Scaturro et al.,, 2018), whereas both the NS4 and NS5 proteins collaborate to inhibit the estab-
lishment of cellular antiviral state by blocking the interferon (IFN)-a/B pathway (Liang et al., 2016; Dar et al.,
2017; Grant et al., 2016; Kumar et al., 2016). Numerous recent studies have documented that Zika virus can
impair neurogenesis and interfere with the proliferation of neuronal precursor cells (Ferreira and Garcez,
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2019; Yoon et al., 2017; Zhu et al., 2017; Solomon et al., 2016; Hughes et al., 2016; Qian et al., 2016; Ghosh
Roy et al., 2014). Furthermore, cell proliferation impacts of the virus are linked to mitotic defects, including
aberrant spindle orientation (McDougall et al., 2019). Collectively, these studies argue that negative im-
pacts on neuronal cell proliferation and mitotic machinery by Zika virus is the most likely pathway in the eti-
ology of microcephaly and associated effects.

Kif11 kinesin is a haploinsufficient locus in humans and a known monogenic cause of microcephaly and
retinopathies in developing infants (Wang et al., 2020; Rososinski et al., 2019; Gines et al., 2019; Karjo-
sukarso et al., 2018; Balikova et al., 2016; Hu et al., 2016; Li et al., 2016; Robitaille et al., 2014; Jones et al.,
2014; Mirzaa et al., 2014; Ostergaard et al., 2012; Hazan et al., 2012). Due to broad similarities between
Zika syndrome and congenital mutations in Kif11 kinesin, we looked for a potential direct link between
the two. Kif11 encodes human Kinesin-5 (HsEg5), which is a homotetrameric microtubule motor protein
that is required for the assembly of the mitotic spindle (Mann and Wadsworth, 2019; Wojcik et al., 2013).
HsEg5 loss of function results in the failure to assemble a bipolar microtubule spindle, metaphase arrest,
and catastrophic inability to segregate chromosomes during mitosis (Mann and Wadsworth, 2019; Saeki
et al., 2018; Liu et al., 2014; Wojcik et al., 2013; Brust-Mascher et al., 2009; Goshima and Vale, 2005; Co-
chran et al., 2004; DeBonis et al., 2003, 2004; Mayer et al., 1999; Sawin and Mitchison, 1994; Heck et al.,
1993). However, there is also evidence that HsEg5 plays a distinct role in neuronal development and
axonal pathfinding (Freund et al., 2016; Kahn et al., 2015; Nadar et al., 2008; Myers and Baas, 2007).
The motor also has the ability to modulate microtubule stability in cells (Kim et al., 2019). It is not known
which of these functions, together or separately, are responsible for haploinsufficiency of this locus in
humans or are causative for Kif11-associated microcephaly and blindness. In this study we focus on
the well-characterized requirement for HsEg5 in cell proliferation, rather than on other putative non-
mitotic roles for this motor, as its mitotic role is most relevant to the cell proliferation defects thought
to directly contribute to Zika microcephaly.

Recent genomic analysis reveals a variety of mutations in Kif11, including C-terminal truncations, and motor
domain point mutations that result in potential poison oligomers or loss of an HsEg5 allele are sufficient by
themselves to result in both microcephaly and chorioretinopathies in infants (Hu et al., 2016; Jones et al.,
2014; Ostergaard et al., 2012). The mechanism by which Zika virus (ZIKV) disrupts neuronal development
and results in congenital Zika syndrome is unknown. It is believed that host-pathogen connections that
are mediated by viral protein interactions with host proteins result in the disruption in either neuroblast
cell division or differentiation. In this regard, the Zika NS2B-NS3 protease complex (ZPrC) has been pro-
posed to be a key player in this mechanism with several studies uncovering numerous critical host protein
targets within infected cells. Recent unbiased proteomics studies centered on protein-protein interactions
of ZPrC have identified largely non-overlapping sets of host proteins that are either found in association
with the protease in cells (Golubeva et al., 2020; Coyaud et al., 2018; Shah et al., 2018; Scaturro et al.,
2018) or able to be cleaved by recombinant soluble protease chimera (s-ZPrC) that does not contain the
transmembrane components of the NS2B moiety (Li et al., 2019; Hill et al., 2018; Ding et al., 2018; Lenne-
mann and Coyne, 2017). A subset of these suspected targets, including several centriolar proteins, are sus-
pected to be linked to the development of microcephaly in humans (Wen et al., 2019; Wolf et al., 2017).
More recently, mitotic septins were found in association with a tagged Zika protease chimera and shown
to be cleaved by the protease in vitro (Li et al., 2019; Ferreira and Garcez, 2019). In vitro cleavage of the
septins by exogenously expressed protease chimera resulted in the occurrence of binucleate cells that
marked the first observation of a mitotic defect caused by the Zika protease in living cells. However, loss
of function in septins has not been linked to microcephaly or other developmental neurological defects
in human infants. An important caveat of these protease-specific proteomic studies is that they all rely
on expression of the tractable recombinant form of the protease comprised of a soluble segment of the
NS2B integral membrane protein fused to the globular protease domain of NS3. Although this chimeric
construct is widely used for in vitro studies of structure, enzyme kinetics, and specificity (Li et al., 2019,
Hill et al., 2018; Lee et al., 2017; Rut et al., 2017; Gruba et al., 2016; Phoo et al., 2016; Lei et al., 2016), being
generally expressed in the cytoplasm, they are unlikely to faithfully recapitulate the protein-protein inter-
actions of the native ER-membrane-associated protease.

Here we report the development of a Zika protease toolkit including both an innovative ZPrC expression

construct that more closely resembles the native complex in cells and a cellular reporter of active Zika pro-
tease. Based on a segment of the Zika genomic RNA sequence, we develop an NS2B-NS3 protease that is
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Figure 1. List of potential ZPrC cleavage sites and corresponding secondary structure elements within HsEg5
ranked in order of decreasing likelihood of cleavage

Mass spectrometry analysis confirms in vitro cleavage by ZPrC of the sites marked in red. AMPPNP is shown in the active
site in stick view, whereas the primary landmark MT-binding element of the motor domain, alpha helix4, is shown in cyan.

natively ER membrane bound by NS2B, but with a C-terminal truncation in NS3 that removes the helicase
domain. This protease construct recapitulates the native ER organization of the viral protease complex in
cells and exhibits proteolytic activity. Moreover, the ER-bound protease is able to target and cleave a sol-
uble reporter mimic of HsEg5 kinesin. Our data support a mechanism whereby the Zika protease reduces
HsEg5 levels within infected cells. Furthermore, we propose the ER-tethered protease mediates a spatially
nonuniform proteolysis of HsEg5 in cells. In this regard, we have uncovered novel inter-organellar commu-
nication between viral components in the ER membrane and the cytoskeletal mitotic spindle. Taken
together, this effect is expected to negatively impact the native functions of HsEg5 during cell division
and thereby trigger the downstream impacts on fetal neuronal development that are characteristic of
Kif11 haploinsufficiency. This work provides the first molecular and cellular evidence supporting a direct
connection between Zika syndrome and Kif11-mediated microcephaly and blindness.

RESULTS
Zika-encoded protease readily cleaves sites within the motor domain of HsEg5

To determine whether the Zika NS2B-NS3 protease complex (ZPrC) could cause cell proliferation defects
by directly targeting HsEg5, we first identified potential ZPrC cleavage sites in the motor by searching for
matches to its cleavage consensus (Hill et al., 2018; Rut et al., 2017; Gruba et al., 2016). There are ten po-
tential cleavage sites that match the consensus, and they are distributed across all domains (Figure 1) of the
motor. In addition, the most preferred sequence of the protease favors a P1-position Arg instead of Lys,
which occurs at three positions in HsEg5 concentrated in the motor domain (Figure 1, red sites). Of these
sites, only one occurs in a surface loop that is predicted to be readily accessible to the protease (motor
domain loop8, Figure 1). We tested whether the catalytic center of HsEg5, comprised of the motor domain,
is susceptible to cleavage by ZPrC. Soluble recombinant ZPrC (s-ZPrC) and inactivated S135A-s-ZPrC (Fig-
ure S4) were challenged to hydrolyze recombinant HsEg5 motor domain with in vitro assays. After a 24-h
incubation, we find by SDS-PAGE that s-ZPrC cleaves the HsEg5 motor domain at a single primary site fol-
lowed by weaker cleavage targeting at least two additional sites (Figure 2). As previously reported, S135A-
s-ZPrC exhibited no detectable protease activity (not shown) (Li et al., 2019; Hill et al., 2018; Shiryaev et al.,
2017). To identify the primary site of cleavage, the distinct 20.4 kDa band (Figure 2, cyan arrow) was excised
and sequenced by quantitative LC-MS (Figure S1). The primary site of cleavage maps to loop8 of the motor
domain at the sequence DPRNKRAG (Figure 1) as predicted by the consensus. Subsequent partial cleavage
of the C-terminal 20.4 kDa fragment releases 9.7 and 10.7 kDa fragments that are visible in the SDS-PAGE
(Figure 2, asterisk). These smaller fragments are consistent with the protease targeting Switch 2 of the mo-
tor domain with cleavage at GAVDKRAA. The s-ZPrC construct with C-terminal 29.9 kDa Tag-RFP moiety
(Figure S5) shifts the relative position of the 10.7 kDa fragment to 40.5 kDa in SDS-PAGE and thereby iden-
tifies it as the C-terminal peptide of HsEg5 motor domain (Figure S2).

To assess whether or not the primary s-ZPrC cleavage site within the HsEg5 motor domain qualifies as an
efficient target for the protease, we measured the kinetics of hydrolysis of a target peptide derived from the
loop8 cleavage site relative to known ZPrC target sequences. We chose two labeled peptide control se-
quences that were derived from known ZPrC cleavage sites within the Zika polyprotein including the
NS3-NS4A and NS4B-NS5 junctions and compared kinetic parameters with an HsEg5 loop8-derived
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Figure 2. In vitro hydrolysis of HsEg54.357 motor domain by s-ZPrC

Recombinant soluble s-ZPrC (27 kDa) was incubated with purified HsEg5 motor domain (42 kDa) for 24 h. s-ZPrC exhibited
a low level of self-cleavage after 24 h marked primarily by a 23 kDa fragment. After 24 h, HsEg5 was cut into 21.7 kDa
N-terminal (red arrow) and 20.4 kDa C-terminal (cyan arrow) fragments. In turn, the 20.4 kDa fragment was incompletely
cut into 9.7 kDa and 10.7 kDa fragments (asterisk). The 20.4 kDa fragment was excised for sequencing to identify the
primary s-ZPrC cleavage site (Figure 3).

labeled peptide of the confirmed cleavage site (Figure 3, panel A). The loop8-derived peptide exhibited
comparable kinetic parameters, including K, kea, and catalytic specificity (keat/Km), to the peptides
derived from endogenous Zika cut sites (Figure 3, panel B).

Although these proteolysis and hydrolysis results find the HsEg5 motor domain to be efficiently targeted by
s-ZPrC in vitro, it is possible that the protease may be sterically blocked from access to the loop8 target site
during allosteric structural changes known to occur in the motor during cycles of ATP hydrolysis or in the
context of motor-microtubule interactions.

We first tested whether continuous low basal ATPase activity of the motor that is elicited with saturating
levels of ATP would prevent cleavage by soluble s-ZPrC. We found that the protease was able to efficiently
cut the motor domain in this context (Figure 4, ATP lanes), with no reproducible inhibition of proteolysis
(not shown). Given that both co-crystal structures and cryo-EM analyses of kinesins bound to tubulin indi-
cate a potential role for the loop8 segment of the motor to interact directly with the microtubule lattice
(Pena et al., 2020; Bodey et al., 2009), we sought to test whether this interaction would impact the ability
of s-ZPrC to target loop8. After adding Taxol-stabilized microtubules to the reaction plus ATP, we
observed no appreciable change in the susceptibility of the motor to cleavage by s-ZPrC (Figure 4,
MT + ATP) and no evidence of significant proteolysis of microtubules by the protease. In the presence
of ATP, the motor domain is expected to continuously cycle between both low- and high-affinity states
and interactions with microtubules, but the weakly hydrolyzable nucleotide analog, AMPPNP, instead traps
the motor in a long-lived state that is tightly bound to the microtubule lattice (Chang et al., 2013; van den
Wildenberg et al., 2008; Hirose et al., 2006; Alonso et al., 1998; Lockhart and Cross, 1996). We found that
when the motor is rigor-bound to microtubules, loop8 remains accessible and readily cleavable by s-ZPrC
(Figure 4, MT + AMPPNP). After 24 h, we observed the expected two segments that are released upon
cleavage of the loop8 site, as well as lesser amounts of subsequent lower-molecular-weight cleavage prod-
ucts. Taken together, neither the expected motor allosteric structural changes nor motor-microtubule in-
teractions prevented cleavage of the motor at loop8 by soluble s-ZPrC in vitro.

4 iScience 24, 102385, May 21, 2021

iScience



iScience

A 5—
- 2
3_
l B
s -
X 5
> 4
3_
2 A ZIKV Ac-FAAGKR-pNA
0O ZIKV Ac-GLVKRR-pNA
O HsEg5 Ac-DPRNKR-pNA
0.1
l | ] I I |
0 200 400 600 800 1000
[peptide substrate] (uM)
B
Substrate K (HM) Keat (S-l) kcat/ Kmn

(M*s7)

Ac-DPRNKR-pNA 97.0+14.9  0.244+0.01 25151490
Ac-GLVKRR-pNA 57.7£8.6  0.340+0.01  5893+1048
Ac-FAAGKR-pNA  108.4+11.3  0.831+0.02 76661981

Figure 3. Kinetic parameters of the hydrolysis of p-nitroanilide-labeled peptides by s-ZPrC

(A) Two labeled peptides based on native ZPrC polyprotein cleavage sites were challenged for proteolysis by s-ZPrC: Ac-
FAAGKR-pNA, based on the NS3-NS4A junction, and Ac-GLVKRR-pNA, based on the NS4B-NS5 junction. Three
replicate sets of data from each peptide were obtained using 0.1 uM enzyme. Error = £ S.D.

(B) The HsEg5 loop8 peptide, Ac-DPRNKR-pNA, exhibited comparable kinetics of hydrolysis to the native-derived
peptides. Values are + S.D. The overall s-ZPrC enzyme kinetics were similar to those already reported in the literature (Hill
et al., 2018; Gruba et al., 2016; Lei et al., 2016; Leung et al., 2001).

A fusion protein comprised of the native two-component NS2B-NS3 proteins with an
additional C-terminal eGFP localizes selectively to the ER membrane in cells

Prior studies designed to identify and confirm cellular targets of Zika protease commonly utilize a well-char-
acterized chimera fusion between a soluble loop from NS2B transmembrane component and the NS3 pro-
tease domain that expresses as a soluble active protease in cells (Yamaoka et al., 2021; De Jests-Gonzalez
etal., 2020; Li et al., 2019; Hill et al., 2018; Coyaud et al., 2018; Shah et al., 2018; Scaturro et al., 2018). More
recent proteomic analyses expressed the NS3 component in the absence of the NS2B subunit (Golubeva
etal., 2020; Coyaud et al., 2018). In our hands, the NS2B-NS3 chimera, s-ZPrC, exhibited toxicity in cells and
cell death of the majority of transfected cells, similar to that observed in previous reports (not shown) (Arias-
Arias et al., 2020; Li et al., 2019). At 24 h post-transfection, HEK293-T cells exhibited a strong metaphase
block in cell division. The relative degree of this block is quantified by an abnormal ratio of metaphase
to anaphase cells (M/A ratio) in the population. Although control HEK293-T cells transfected with labeled
histone, mScarlet-H2A, exhibit an M/Aratio of 2.8 & 0.3, this ratio shifts to 11.0 £+ 1.2 in cells co-transfected
with s-ZPrC-eGFP, indicating a strong block to transition out of metaphase during cell division.

We reasoned that expression of the freely soluble variant of the ZPrC that we utilized in our in vitro protease
assays (s-ZPrC) would not accurately reflect the biology of the native enzyme in cells, which is compartmen-
talized and prevented from free diffusion by its integral ER-membrane protein component, NS2B, which is
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Figure 4. Microtubule-bound HsEg5 motor domain is not protected from hydrolysis by s-ZPrC

HsEg5 motor domain was incubated with or without taxol-stabilized microtubules and in the presence of either AMPPNP
or ATP. HsEg5 motor domain plus ATP in the absence of microtubules was readily hydrolyzed by s-ZPrC (ATP). The
addition of microtubules to the motor plus ATP (MT + ATP), which would promote transient motor/microtubule
complexes, did not protect the motor from hydrolysis by s-ZPrC. The formation of long-term stable motor/microtubule
complexes by AMPPNP (Wang et al., 2017; Gigant et al., 2013) also did not protect the motor from hydrolysis by s-ZPrC.
Note that cleavage products attributable to tubulin were not observed over the time span of this experiment.

essential for its activity (Hill et al., 2018; Shiryaev et al., 2017; Phoo et al., 2016; Chen et al., 2016; Lei et al.,
2016; dela Cruzetal., 2014; Kim et al., 2013; Robin et al., 2009; D'Arcy et al., 2006; Yusof et al., 2000; Falgout
etal., 1991, Gupta et al., 2015). To overcome these issues and to investigate the cellular impact of expres-
sion of the Zika protease on endogenous HsEg5 function, we developed a transfection construct that ex-
presses the native ER-resident, (two-component), Zika protease that matures in the ER membrane, n-ZPrC,
which is identical to the virally expressed version.

To generate this construct, we excised a portion of the Zika genome DNA that encodes a segment that
begins from the native polyprotein cleavage site between NS2A-NS2B and continues into the linker
segment separating the NS3 peptidase domain from the downstream helicase domain (Figure 5). Given
the predicted structure of the NS2B integral membrane component, based on NMR data of the homolo-
gous Dengue virus NS2B (Li et al., 2015), we expect n-ZPrC to insert within the ER membrane with the
correct topology. We added a C-terminal eGFP tag to the NS3 component to follow the subcellular local-
ization of the chimeric protein. The n-ZPrC-GFP cassette (Figure S6) was cloned into the transfection vector
pcDNA3.1 and driven by the included CMV promoter post-transfection.

If n-ZPrC-GFP behaves similarly to the native protease, then it is expected to exhibit several testable char-
acteristics or attributes of the native enzyme. First, we expect n-ZPrC-GFP to exhibit subcellular localization
thatis restricted to the ER. Although a canonical ER retention signal is not apparent in either the native or n-
ZPrC-GFP sequence, the native protease complex exhibits a well-characterized specific localization to, and
retention within, the ER membrane (Xing et al., 2020; Mohd Ropidi et al., 2020; Cortese et al., 2017). How-
ever, the signal for the ER retention of the native NS2B-NS3 protease complex is unclear. To test the extent
of subcellular localization of n-ZPrC-GFP, we looked for colocalization with known ER markers in living cells.
We chose two well-characterized markers that localize to the ER. First, we generated a mScarlet-labeled
cytochrome b5 reductase chimera. Cytochrome b5 reductase is a well-characterized resident ER integral
membrane protein (Borgese et al., 1993; Mitoma and lto, 1992; Hanlon et al., 2000). Comprised of an
exposed cytoplasmic catalytic domain and a transmembrane ER anchor helix (b52""°"), we substituted
mScarlet (Bindels et al., 2017) for the catalytic domain of the reductase to generate an ER fluorescent-
marker expression-construct in pcDNA3.1 (Figure S7). Cotransfection of mScarlet-b52""°", together with
n-ZPrC-GFP into cultured animal cells, exhibited unambiguous colocalization with no indication of n-
ZPrC-GFP localization outside the ER (Figure 6, Video S1). We observed similar results (not shown) upon
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Figure 5. Schematic of the Zika polyprotein showing the segment utilized to create the n-ZPrC-eGFP expression construct

The Zika polyprotein coding region from the NS2A-NS2B processing cleavage site (from residue # 1,369) through to the linker region between the NS3
peptidase domain (residue # 1,683) was synthesized (blue feature, Native NS2B-NS3) in-frame with C-terminal eGFP and cloned into the pcDNA3.1
transfection vector. Expressed under the control of the CMV promoter, the fusion protein exhibited ER-specific subcellular localization.

cotransfection of n-ZPrC-GFP together with an ER-specific cytochrome P450, pCytERM-mScarlet (Bindels
et al., 2017). Furthermore, we built an alternative ER-tethered NS2-NS3 protease by adding the soluble
chimeric form of the NS2-NS3 protease, as utilized in our in vitro assays, as an N-terminal component of
a TagRFP-b52"M°" (Figure S5). We also tested this form of the protease, s-ZPrC-TagRFP-ER, for activity
against the HsEg5 biosensor (below, Figure S3).

Expression of peptidase-inactive S135A-n-ZPrC-RFP670 in cultured cells does not impact cell-
cycle progression

If endogenous HsEg5 is a target of n-ZPrC, we expect to see mitotic abnormalities consistent with the well-
characterized essential role for this motor in the morphogenesis of the mitotic spindle upon loss of function
(Mann and Wadsworth, 2019; Wojcik et al., 2013; Ferenz et al., 2010; Skoufias et al., 2006; Kapoor et al.,
2000; Mayer et al., 1999). To observe the impact of expression of n-ZPrC on cell-cycle progression in live
cells, the eGFP moiety on our transfection construct was replaced with the far-red fluorescent RFP470 (She-
metov et al., 2017) to generate n-ZPrC-RFP670. For these experiments, we used Hel a cells that were stably
transfected with eGFP-tubulin and transiently with mScarlet-H3 to facilitate live-cell imaging of cell division.
In order to interpret any phenotype that we might observe upon expression of n-ZPrC, we first created a
peptidase-inactive variant; we mutated Ser135 of the catalytic triad to Ala to generate S135A-n-ZPrC-
RFP670. We observed the cells 24-48 h after transfection. This peptidase-inactive variant localizes to the
ER as before (Figure 7, Video S2). The cells that are transfected with this construct can be maintained in
culture indefinitely and do not exhibit any cell-cycle abnormalities. They exhibit normal timing of mitotic
progression with stably oriented mitotic spindles similar to their untransfected counterparts (Figure 7).
The M/A ratio of cells transfected with S135A-n-ZPrC-RFP670 was 2.8 + 0.4 and indistinguishable from un-
transfected control cells. Similar results were obtained with other cell lines including HEK293T, MCF7, and
U20S cells (not shown).

Expression of n-ZPrC-RFP670 in cultured cells results in prolonged metaphase delay and
spindle-positioning defects

Transfection of peptidase-active n-ZPrC-RFP670 resulted in detectable expression after 24 h in HEK293T
cells, but with the majority undergoing apoptosis within 72 h post-transfection. Cells with detectable fluo-
rescence from the fluorescent protein reporter are seen in longer term cultures, but it is unclear whether
they retain peptidase expression or activity of the n-ZPrC component.

Therefore, we examined mitotic progression in the transfected cells within a 24- to 48-h window. All of the
dividing cells expressing this construct experienced a prolonged metaphase delay, often with misaligned
chromosomes (Video S3). In contrast to the peptidase-inactive control M/A ratio of approximately 2.9, n-
ZPrC-RFP670 transfection resulted in a significant shift in the M/A to 5.0 & 1.0. This value identifies a mod-
erate delay in progression through anaphase but not as severe as that elicited by expression of the soluble
protease chimera (s-ZPrC above, M/A =11.0 + 1.2). In addition, in all our long-term timelapse observations
(n = 34), the mitotic spindle failed to maintain a stable position and orientation and could be observed to
rapidly rotate or move out of position at the onset of anaphase (Figure 8, Videos S4 and S5). These mitotic
defects were consistent and reproducible but rarely resulted in mitotic catastrophe, and most cells were
nonetheless able to exit mitosis. In contrast, these defects were not observed in long-term timelapse im-
ages of cells transfected with the inactive n-S135A-ZPrC-RFP670 variant (n = 10). Very similar impacts were
seen in transfected HelLa and MCF7 cells (not shown). However, we were unable to recover any U20S cells
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Figure 6. The subcellular localization of ectopic n-ZPrC-eGFP in Hela cells is restricted to the endoplasmic
reticulum (ER)

Hela cells were transiently co-transfected with n-ZPrC-eGFP (A, green channel) and mScarlet-b52""°" ER marker (B, red

channel) and examined by confocal microscopy. n-ZPrC-eGFP exhibits consistent colocalization with mScarlet-b52"<her

and is only found associated with the ER membranes (C, merge).

with detectable transient expression of active Zika protease, indicating a range of cell-type specific effects
of the protease.

Membrane-bound n-ZPrC can cleave a biosensor mimic of HsEg5 in cells

Itis established that Zika protease can target many cellular proteins (Golubeva et al., 2020; Hill et al., 2018;
Coyaudetal., 2018; Shah et al., 2018; Scaturro et al., 2018). Therefore, the protease likely impacts more than
one mitotic protein in vivo, and the resulting cell division phenotype, including long metaphase delay and
spindle positioning defects, is likely a pleiotropic effect caused by partial loss of function of more than one
mitotic protein. Because HsEg5 contains a KEN box site recognized by the APC ubiquitin ligase, which tar-
gets the motor for degradation by the proteasome following the onset of anaphase (Eguren et al., 2014), it
is technically intractable to use standard western blotting approaches to separate and identify specific
cleavage products due to cleavage of HsEg5 by n-ZPrC. To overcome this challenge, we designed an
expressible, soluble, biosensor protein mimic that produces a fluorescent readout upon selective cleavage
of a peptide loop segment (Figures 9, and S8). The ZPrC biosensor is based on a bacterial infrared fluores-
cent phytochrome protein (IFP, Figure 9) that was originally designed to detect Caspase-3 activity in vitro
(To et al., 2015). Inactive IFP is blocked from forming its chromophore by an exposed peptide loop. The
loop contains a cleavage consensus that is cleaved by the requisite peptidase, thereby allowing the fluo-
rescent chromophore to form. We modified the loop to contain the primary HsEg5 motor domain cleavage
sequence (DPRNKRG, Figures 9, and S8). With the modified loop segment, the HsEg5 biosensor does not
exhibit far-red fluorescence when transfected into in HeLa, HEK293T, MCF7, and U20s cells, indicating its
usefulness for surveillance of Zika protease activity.

To determine if endogenous HsEg5 is likely to be among the cellular targets of native ZPrC, we performed
experiments with two different ZPrC constructs. First, we co-transfected MCF7 cells with both the HsEg5
biosensor and either peptidase inactive S135A-n-ZPrC-eGFP or active n-ZPrC-eGFP (Figure 10A). We
found that all cells that expressed the n-ZPrC-eGFP protease on the ER also exhibited far-red fluorescence
from the cytoplasmic HsEg5 biosensor, indicating selective cleavage had occurred to the HsEg5 peptide
segment (Figure 10B). All cells transfected with the biosensor alone or co-transfected with the protease
inactive S135A-n-ZPrC-eGFP never exhibited far-red fluorescence (not shown). Second, a Hela-tubulin-
GFP cell line was co-transfected with both the HsEg5 biosensor and s-ZPrC-TagRFP-ER expression con-
structs (Figure S3). In this case, the otherwise soluble s-ZPrC-TagRFP-ER is anchored to the ER membrane
through a C-terminal cytochrome b5 reductase ER-retention signal. Cells expressing the HsEg5 biosensor
were identified by nucleocytoplasmic eGFP fluorescence. Only Hela cells expressing both the biosensor
and s-ZPrC-TagRFP-ER exhibited far-red fluorescence from the reporter, indicating cleavage of the
HsEg5 peptide segment of the cytoplasmic biosensor (Figures S3A-S3C).

Conversely, cells that were co-transfected with the HsEg5 biosensor together with peptidase-inactive

S135A-s-ZPrC-TagRFP-ER never exhibited far-red fluorescence (Figures S3D-S3F). Therefore, these data
indicate that soluble cytoplasmic proteins bearing the activation loop consensus, DPRNKRG, likely limited
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Figure 7. Timelapse images of live HeLa cells 24 h after being transfected with S135A-n-ZPrC-RFP670 inactive

protease exhibit normal timing and progression through mitosis

Mitotic defects, or delays, are not observed after expression of S135A-n-ZPrC-RFP670. Stable-transfected GFP-Tubulin
(green) Hela cells were transiently transfected with mScarlet-H3 (red) and peptidase-inactive S135A-n-ZPrC-RFP670 (ER
network, cyan). These cells all completed mitosis within the normal range of 40-60'. Timelapse confocal data were

collected 24 h post-transfection. Scale bar, 25um, time = mm:ss.

to endogenous HsEg5 kinesin, can be targeted and cleaved by ER-membrane-bound Zika protease in an-
imal cells.

DISCUSSION

Here we investigate whether HsEg5 could directly link Zika virus infection to Zika syndrome microcephaly
and blindness. The human HsEg5 gene, Kif11, is a haploinsufficient and essential human gene (Landrum
et al., 2018). Partial loss-of-function mutations in Kif11, including both missense changes and nonsense mu-
tation truncations, result in profound microcephaly together with retinopathies (Hu et al., 2016; Jones et al.,
2014; Ostergaard et al., 2012). Haploinsufficiency appears to be a hallmark of Kif11, whereas in other organ-
isms, loss-of-function mutations in their respective Kinesin-5 genes instead are recessive. Given that the
Zika disease syndrome, which occurs during fetal development, closely matches the disease outcomes
of partial loss of HsEg5 function, we tested whether it was feasible for Zika virus to directly cause a
HsEg5 partial loss of function.

Recent work has identified the Zika-encoded protease as the viral component that is thought to play a key
role in the virus host-pathogen interactions that are responsible for the etiology of human fetal
microcephaly in Zika syndrome. Several unbiased proteomics studies that utilized cell expression of the re-
combinant soluble Zika NS2B-NS3 protease identified a number of putative host protein targets of Zika
protease, some of which have indirect genetic links to human microcephaly such as certain centrosomal
proteins (Wen et al., 2019; Wolf et al., 2017). Other approaches have looked to identify putative host targets
of the Zika protease that are required for cell division, such as septins, which might provide a mechanism by
which the virus could halt neuronal proliferation in the developing fetus. Although cleavage of septin by the
Zika peptidase can disrupt cell division and thereby theoretically prematurely terminate the development
of neuronal cell lineages during fetal development, septin genomic mutations in humans have heretofore
not been directly or indirectly linked to occurrences of microcephaly.
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Figure 8. Hela cells exhibit prolonged metaphase delay and spindle positioning defects in the presence of native-
like n-ZPrC-RFP670

Stable-transfected GFP-tubulin (green) Hela cells were transiently transfected with mScarlet-H2A (red) and n-ZPrC-
RFP670 (cyan). Timelapse confocal data were collected 24 h post-transfection. Also visible in the field of view (lower right)
is a mitotic cell that is co-transformed for GFP-tubulin and mScarlet H2A, but with no detectable n-ZPrC-RFP670
fluorescence, and which divides with normal timing and stable spindle orientation. Scale bar, 25um, time = mm:ss.

Notably, the Zika protease is up to 58% identical to those of related flaviviruses Dengue and West Nile. In
addition, they share high structural similarity and partially overlapping substrate selectivity. The high de-
gree of structural and functional similarity between these closely related flaviviruses begs the question;
if the Zika protease is responsible for the etiology of microcephaly in the affected fetus, then why this
syndrome is not observed with infection by closely related flaviviruses such as Dengue or West Nile? We
propose that the unique tropism of the Zika virus for neuronal precursor cells, which rely on asymmetric di-
vision, as compared with the other flavivirus relatives, can explain the increased incidence of microcephaly
with Zika infection. We observe that, although the protease causes a disruption to the mitotic apparatus
that results in activation of a metaphase delay in cultured cells, this delay often resolves with anaphase
and successful mitotic exit. However, neuronal precursor cells rely on complex asymmetric segregation
of cell fate determinants into daughter cells that is easily disrupted by aberrant spindle positioning (Link
et al., 2019; Zhong and Chia, 2008; Arai and Taverna, 2017; Lancaster and Knoblich, 2012; Shitamukai
and Matsuzaki, 2012). Therefore, although the mitotic delay caused by the protease is not typically cata-
strophic, it does disrupt spindle positioning and therefore is capable of terminating the development of
neuronal cell lineages (Figure 11).

In this study, we have asked whether it is possible for the Zika NS2B-NS3 protease to target HsEg5 kinesin
in vitro. We show that the chimeric soluble form of the Zika NS2B-NS3 protease can readily attack and
hydrolyze a consensus site within the exposed loop8 segment of the HsEg5 motor domain. This site is tar-
geted with comparable kinetics as two native cleavage sites targeted by this protease during the process-
ing of the viral polyprotein on the surface of the ER membrane within infected cells. Furthermore, this site
remains available and cleavable by the protease even when the motor is rigor-bound to the microtubule
lattice by nonhydrolyzable nucleotide, AMPPNP. Once this primary site is cut, additional cut sites appear
to become available for further proteolysis of the motor.

However, within living cells the functional NS2B-NS3 protease is not freely soluble but instead is comprised
of a soluble peptidase domain that forms a two-component complex with the integral membrane NS2B
protein. Although the NS3 peptidase domain is separable from the NS2B transmembrane domain, it
only exhibits protease activity when in complex with NS2B. Being anchored to the outer leaflet of the ER
the protease activity of this complex is spatially segregated from other elements of the cytoplasm. To
explore the ramifications of spatially restricted Zika protease activity, we developed a novel Zika protease
expression construct that includes the complete NS2B integral membrane protein and adjacent NS3
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Figure 9. Design of the HsEg5 biosensor for the in vivo detection of specific ZPrC protease activity

We modified a fluorescent protein reporter of Caspase activity to instead detect ZPrC activity in vivo. We substituted the
original caspase cleavage target sequence with HsEg5 loop8 ZPrC target sequence (DPRNKRG) in an exposed loop of the
bacterial phytochrome domain of the reporter. Cleavage of this segment permits integration of the biliverdin
chromophore (rendered in “stick” cartoon form) into the phytochrome and activates far-red fluorescence. Biosensor
fluorescence is not detectably activated by endogenous cellular proteases in the absence of active ZPrC. Continued
association of the cleaved phytochrome domains are sustained by the split-GFP moiety.

peptidase domain as expressed by the virus. Expression of this construct results in ER-specific localization
of the complex and permits native processing of the NS2B-NS3 cleavage site to generate an active prote-
ase complex (n-ZPrC) that reflects the native viral protease complex. The reconstitution of protease activity
in this complex is confirmed by two lines of evidence. First, we observe a significant increase in the M/A
ratio of transfected cells as compared with the transfection of the S135A inactive protease. This indicates
activation of the spindle assembly checkpoint in response to spindle organization defects caused by
reduced HsEg5 activity. Second, we also observe cleavage-mediated activation of our cytoplasmic soluble
Zika protease biosensor, which reports HsEg5 susceptibility to cleavage, and also confirms the correct
membrane topology of the n-ZPrC construct.

We find that the soluble Zika protease chimera (s-ZPrC-eGFP, above) results in different impacts on trans-
fected cells than the native ER-resident protease (n-ZPrC-eGFP). In our hands, HEK293-T cells that express
s-ZPrC-eGFP exhibit a stronger metaphase block (M/A ratio = 11 + 1.2) than that elicited by the n-ZPrC-
eGFP (5 £+ 1.0). We also observe that the majority of cells transfected with the s-ZPrC-eGFP protease
succumb to apoptosis within 48 h post-transfection (data not shown), a level of toxicity not seen with the
n-ZPrC-eGFP. These data indicate that sequestration of the Zika protease to the ER membrane modifies
or limits its impact on the biology of the cell relative to the fully soluble variant. This observation is consis-
tent with our hypothesis that the spatially constrained activity of the native Zika protease is an important
facet of its biology.

We next examined whether transfected n-ZPrC could target and cleave HsEg5 in cultured cells. Given the
technical challenges in measuring a net decrease in HsEg5 due to n-ZPrC during mitosis while in a cellular
system in which HsEg5 is naturally degraded at the end of mitosis, we opted to design a soluble surrogate
HsEg5 biosensor that could unequivocally report specific cleavage of the loop8 site by n-ZPrC. Based on a
published caspase protease biosensor (To et al., 2015), reporter fluorescence in our modified variant is in-
hibited by a peptide loop bearing the HsEg5 loop8 cleavage site that must be cleaved to permit chromo-
phore formation. Only cells expressing the active ER-associated n-ZPrC are able to elicit fluorescence from
the reporter, verifying that the tethered Zika protease can cleave a soluble protein bearing an exposed
DPRNKRG cleavage site in living cells. Work by others has established that the ER maintains intimate direct
connections, mediated predominately by REEP proteins, to the microtubules comprising the outside of the
mitotic spindle (Kumar et al., 2019; Schlaitz, 2014; Schlaitz et al., 2013; Ellenberg et al., 1997). In this context,
HsEg5 is extant as both a microtubule-bound form that is performing work throughout the spindle and a
cytoplasmic pool of unbound motor. Although the biosensor mimics the unbound cytoplasmic form of
HsEg5, our in vitro protease assays show that the Zika protease can cleave motor that is rigor-bound to
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Figure 10. ER-localized n-ZPrC-eGFP can cut the soluble HsEg5 loop8 biosensor mimic in MCF7 cells

(A) The localization of transient co-transfected HsEg5 biosensor-GFP and n-ZPrC-eGFP in live cells by confocal
microscopy. Cells expressing the biosensor display nucleocytoplasmic localization of the reporter GFP moiety in contrast
to the reticulate ER network marked by n-ZPrC-eGFP. Asterisk marks a cell expressing n-ZPrC-eGFP without detectable
nucleocytoplasmic biosensor.

(B) All cells expressing both the HsEg5 biosensor and n-ZPrC protease exhibit cleavage-mediated activation of far-red
fluorescence from the biosensor (white signal, n = 100). Cells transfected with either the biosensor alone (n = 100) or co-
transfected with protease-inactive S135A-n-ZPrC-eGFP (n = 100) do not exhibit any detectable far-red fluorescence from
the biosensor (not shown). Scale bar, 25 um.

microtubules as well. Taken altogether, this evidence supports the conclusion that ER-tethered Zika pro-
tease targets both free and microtubule-bound HsEg5 in the mitotic spindle.

It is well established that loss of function in HsEg5 in human cells undergoing mitosis results in the cata-
strophic collapse of the mitotic spindle into a monopolar array (Mann and Wadsworth, 2019; Waitzman
and Rice, 2014, Wojcik et al., 2013). Although we observe mitotic defects in cells suffering from the activity
of n-ZPrC, we do not observe mitotic cells with monopolar spindles, a common outcome of drug-mediated
HsEg5 inhibition. However, both small molecule inhibition and genetic knockdown are thought to cause a
uniform and unbiased reduction in HsEg5 activity during mitosis that ultimately result in a monopolar spin-
dle array. We propose that Zika protease targets both soluble and microtubule-bound HsEg5 primarily at
the interface between the ER and spindle structures, with the HsEg5 that lies deeper within the spindle un-
available to the ER-resident protease. In this model (Figure 11), ER-tethered Zika protease activity results in
a new kind of impact on HsEg5 function, a partial loss of function that is spatially non-uniform within a cell.
Our data suggest that spindle bipolarity is maintained by a pool of internal spindle-associated HsEg5 that
is inaccessible to the protease. As a result, spindle bipolarity is maintained, but loss of HsEg5 at the periph-
ery of the spindle results in metaphase delay and misorientation of the spindle. Our results support the idea
that not all knock-outs are the same; spatially organized downregulation of protein function can result in
unanticipated phenotypes. To further test this hypothesis, future experiments capable of investigating
the spatial distribution of HsEg5 degradation in this system will need to be developed.

Taken altogether, our data indicate that Zika protease can single-handedly orchestrate the spindle-posi-
tioning defects that are observed in this report and also observed by others (McDougall et al., 2019). To
our knowledge, HsEg5 is the only identified target of Zika protease with the capability to disrupt the
behavior of the mitotic spindle. These data suggest a model by which novel inter-organelle interactions
between the ER and mitotic spindle bring Zika protease into close proximity to mediate the proteolysis
of microtubule-associated HsEg5 on the spindle. Therefore, we propose a simple model in which asym-
metric neuronal stem cell divisions may be sharply affected by spindle misalignment and thereby lead to
termination of neuronal lineages and subsequent microcephaly. It is thereby possible that the action of
native Zika NS2-BNS3 on HsEg5 kinesin may be a key component of the mechanism responsible for the
development of microcephaly seen in Zika syndrome.

Limitations of the study

Given the similarities between Zika fetal syndrome and human Kinesin-5 loss-of-function mutations, we
looked for a direct connection between the two. Our experimental systems included in vitro protease as-
says that utilized a chimeric, soluble, Zika protease and an analysis of the native protease within cultured
cells. Although we have uncovered mitotic impacts that could lead to microcephaly within a developing
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Figure 11. Model depicting the potential impact of ER-tethered Zika protease on asymmetric cell division

(A) In a wild-type asymmetric mitosis, the cell division axis is established (dotted line) at metaphase and cell fate determinants (purple and yellow shading)
are asymmetrically localized. After anaphase/telophase, the cell fate determinants are partitioned into a neuroblast (purple, NB) and a pluripotent ganglion
mother cell (yellow, GMC).

(B) An asymmetric mitosis with Zika protease (red) tethered to the reticulate ER membrane differs from wild-type cell division. The protease is able to cleave
targets in close proximity to the ER, including HsEg5 and presumably other targets, and causes the spindle to exhibit abnormal mobility and mis-positioning
with respect to the metaphase axis. Subsequent anaphase/telophase shows daughter cells with an aberrant mixture of cell fate determinants, which likely
results in the termination of cell differentiation.

fetus, future experiments need to utilize more complex and developmental neuronal systems to solidify this
hypothesis.

Although the preponderance of indirect data, based on our biosensor, support a direct cleavage of Kine-
sin-5 by the native Zika protease in cultured cells, we found it to be intractable to gain direct evidence of
Zika protease cleavage of native Kinesin-5 in living cells. We were unable to unambiguously separate and
identify Zika protease-specific cleavage products from among the large number of naturally occurring
post-mitotic Kinesin-5 degradation products.

Finally, we argue that the mitotic phenotypes that we observe are caused, at least in part, due to some de-
gree of loss of Kinesin-5 function. However, there is an ever-growing list of putative host targets for Zika
protease, and it is possible that the mitotic phenotype we observe is the result of cleavage of more than
one host mitotic protein target. Should a functional protease-resistant form of the motor be developed,
then it will be possible to tease out the motor’s precise role. Furthermore, although the essential mitotic
role of Kinesin-5 has been very well characterized, it remains possible that Kinesin-5-associated micro-
cephaly results instead from a novel non-mitotic cellular role for this enzyme during fetal neuronal
development.

Resource availability
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Materials availability
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Peptide coverage map by LC-MS of the C-terminal product of in vitro

digestion of HsEg5 motor domain by soluble ZPrC, related to Table 1 (asterisk). This
data confirms cleavage of HsEg5 motor domain by ZPrC at the sequence
187DPRNKRA G193 of loop8. The 20.4 kDa fragment of HsEg5 was excised (Figure 1)
and processed for LC-MS. Greater than 97% of the trypsinized Peptide Spectral
Matches (PSMs) map to peptides corresponding to the 20.4 kDa C-terminal segment
of the HsEg5 motor domain (shaded green) that was predicted by the cleavage
consensus (Table 1). Three peptides from the N-terminus upstream of residue 197
(shaded yellow) were also detected but represent less than 3% of the total PSMs. The
N-terminus of the excised peptide begins from the ZPrC cleavage-site glycine (circled,

red).
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Figure S2. In vitro digestion of HsEg5 motor
domain with C-terminal TagRFP by s-ZPrC
chimera identifies the C-terminal-most
cleavage site at 276GAVDKRAA:g, related to
Figure 1. The primary cleavage site in the
motor domain, 157DPNKRAG1e3, is nearly
completely cleaved in HsEg5 and moderately
cleaved in HsEg5-TagRFP. The HskEg5 C-
terminal 10.5 kDa fragment (red arrow) is
upshifted to 40.5 kDa with the added TagRFP
(30 kDa), while leaving the 9.5 kDa fragment as
it was (asterisk).




Figure S3. Live-cell imaging of Tub-GFP Hela cells co-expressing ER-
localized sZPrC-TagRFP-ER can hydrolyze the soluble HsEg5 biosensor
mimic, related to Figure 9. Cells expressing the HsEg5 biosensor (A,
green) display nucleocytoplasmic localization of the reporter in contrast
to the microtubule network highlighted by tubulin-eGFP. Cells expressing
the active chimeric sZPrC-TagRFP-ER (B, red) exhibit normal reticulate ER
localization of the membrane-bound protease in the cytoplasm. Cells
containing both the HsEg5 biosensor (C, violet) and sZPrC-TagRFP-ER
protease exhibit cleavage activation of far-red fluorescence from the
biosensor. Asterisk in panel A marks a cell that exhibits no reporter
activation and expresses little or no sZPrC-TagRFP-ER. In contrast, cells
co-expressing the HsEg5 biosensor (D, green) and inactive S135A-sZPrC-
TagRFP-ER protease (E, red) do not exhibit detectable far-red
fluorescence from the reporter (F, violet-background signal enhanced; no
biosensor signal is detected). Scale bar = 25 pm.
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Figure S4. Protein sequence of the soluble chimeric Zika protease, related to Figure 1
and 3. 6xHis tag for protein purification is marked in blue, and a linker/loop connecting
the NS2b segment to the NS3 peptidase domain is marked orange. The catalytic
serine (5135) that is mutated to alanine in this and other constructs is highlighted

yellow.
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Figure S5. Protein sequence of Zika protease NS2b-NS3 chimera and integral ER membrane

protein, related to Figure 5. The C-terminus of NS2b-NS3 chimera was fused with TagRFP-T.
A transmembrane helix and ER-retention signal from cytochrome b5 reductase was added to
the C-terminal of TagRFP-T. This overall chimera is resident in the ER outer membrane and
mimics the behavior of the native protease.
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Figure S6. Design and sequence of the native NS2b-NS3 Zika protease, related to Figures 5-8. This
Zika sequence segment (violet) is shown in the context of the Zika polyprotein in Figure 4. Driven by the
CMV promoter of pcDNA3.1, the native segment of the complete NS2b and NS3 peptidase domain is
fused at the C-terminus to eGFP (green). This construct is expressed in the correct topology in the outer
membrane of the ER. We do not detect this protein in mitochondria or other compartments (not
shown).
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Figure S7. Design and sequence of TagRFP-b5 2", related to Figure 5. TagRFP-T was modified to
include a C-terminal fusion to the cytochrome b5 reductase ER-anchoring helix. Complete with ER-
retention signal, this construct was used to confirm ER localization of our Zika protease constructs.




MSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATIGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYP
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HsEg5 Loop 8 Target
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Figure S8. Design and sequence of the HsEg5 biosensor reporter, related to Figures 8 and 9. The
biosensor is based on bacterial infrared fluorescent phytochrome protein (IFP, Figure 8) that was
originally designed to detect Caspase-3 activity in vitro (To et al., 2015). Inactive IFP is blocked from
forming its chromophore by an exposed peptide loop; the original caspase target loop has been
replaced with loop-8 of HsEg5 (DPRNKRG, Figure 8). The split-GFP components permit the GAF and
PAS domains to remain associated (and to fluoresce) after the loop-8 segment is cleaved.




Transparent Methods

Soluble recombinant NS2BNS3 protease sequence, expression and purification.

We generated a soluble chimeric Zika protease (s-ZPrC) from a DNA construct corresponding to the
NS2B-NS3-coding region of the Brazilian ZIKV isolate Paraiba_01/2015 strain (Topgene, Genbank:
KX280026). We based the design of this chimera on earlier work on the Dengue homolog (Leung et al.,
2001). Our construct is similar, but not identical, to other published soluble Zika protease constructs (Lei
et al., 2016). Our synthetic construct codes for residues 50 to 96 of ZIKV NS2B, the C terminus of which
is covalently linked via Glys-Ser-Gly, to the N terminus of NS3 (residues 1 to 187, Figure S4). The
synthetic DNA of the NS2B-NS3 chimera with N-terminal 6XHis tag was inserted into pET21a (Thermo
Fisher Scientific) to form s-ZPrC.

To generate the protease-inactive form of the soluble Zika protease (S135A-s-ZPrC), we mutated the
active site Ser135 of the catalytic triad to Alanine in s-ZPrC using site-directed mutagenesis (Stratagene
Quickchange) to generate S1235A-s-ZPrC.

Subsequently, the pET21A-NS2NS3 (s-ZPrC) and pET21A-S135A-NS2NS3 (S135A-s-ZPrC) expression
vectors were transformed into the BL21 (DE3)-star strain of E. coli (Thermo Fisher Scientific). Cultures
were grown in LB medium with ampicillin (100mg/L, FisherBiotech) at 37 “C until OD600 reached 0.8.
The incubation temperature was reduced to 28 “C and protein expression was induced with 0.7mM IPTG
(Goldbio). Cells were harvested 4 hours post-induction and cells were pelleted by centrifugation. The
cell pellets were resuspended in lysis buffer containing 50mM Tris (pH8.0), 300mM NaCl, 25mM
imidazole, TmM PMSF, 0.04mg/ml DNAase |, 0.6mg/ml lysozyme and 5% glycerol. The resuspended
cells were lysed at 4 “C using an Emulsiflex-05 Homogenizer (Avestin). The resulting lysates were
centrifuged at 30,000g for 45min at 4 °C to remove cellular debris. The supernatant was filtered through
a 0.22pum filter and loaded onto a HisTrap HP nickel column (GE Healthcare). The HisTrap columns were
washed with 10 column volumes wash buffer (50mM Tris (pH8.0), 300mM NaCl, 25mM imidazole and 5%
glycerol). The target proteins were eluted with a buffer containing 50mM Tris (pH 8.0), 300mM NaCl,
500mM imidazole and 5% glycerol using a linear imidazole gradient (25-500mM). To remove residual
imidazole, the eluted target protein fractions were subsequently dialyzed overnight with buffer
containing 50mM Tris (pH 8.0), 300mM NaCl, and 5% glycerol. Protein samples were then concentrated
using centrifugal filtration (Centriprep 1T0kDA NMWL, Millipore) and stored at -80 “C

Determination of enzyme kinetics of s-ZPrC with native and HsEg5 hexapeptides.

The kinetic parameters of s-ZPrC were determined essentially as described (Leung et al., 2001) using
hexapeptides corresponding to P6-P1, which were labeled at their P1 position with chromogenic para-
nitroaniline (pNA). Two of the labeled hexapeptides (PEPTIDE 2.0) were based on native Zika protease
cleavage targets from within the viral polyprotein; Ac-FAAGKR-pNA (NS3/NS4A junction), and
AcGLVKRR-pNA (NS4B/NSS5 junction). A third hexapeptide was based on the identified cleavage site
within HsEg5 loop8, Ac-DPRNKR-pNA (below). The lyophilized peptides were resuspended in ddH:O to
20 mg/ml, aliquoted and stored at -80 “C until use. The enzyme activity assays were carried out at 28 C
in buffer containing 100mM Tris (pH9.0), 20% glycerol and 1mM 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonnate (CHAPS), 100nM NS2BNS3 or NS2BNS3-S135A protease, and
substrate hexapeptide from 0-4mM. The reaction contained 100nM NS2BNS3 or NS2BNS3-S135A
protease and substrate peptide from 0-4mM. 100 pl reactions for each condition were assayed in 96
well plates and the release of pNA was monitored at 405 nm using a Spectromax M2 (Molecular
Devices). Absorbance units were converted to the concentration of pNA released using a standard
curve with free pNA (Sigma). The resulting data were analyzed using Michaelis-Menten kinetics using
Prism (Graphpad) and illustrated using Igor Pro (Wavemetrics).



Identification of the primary s-ZPrC cleavage site within the HsEg5 motor domain.

The recombinant HsEg5 motor domain (residues 1-370) was expressed in BL21 (DE3) E. coli (Thermo
Fisher Scientific) and purified by cation exchange chromatography as described (Wojcik et al., 2004). To
identify any s-ZPrC cleavage sites within the HsEg5 motor domain, enzyme digests were carried out with
HsEg5 motor domain and analyzed by SDS-PAGE. Peptide bands corresponding to HsEg5 cleavage
products were excised and processed for LC-MS sequence identification. The enzyme digestion assays
were carried out in in 50 pl reactions containing 10 pg purified s-ZPrC or S135A-s-ZPrC and 10 ug
purified HsEg5 motor domain in a buffer containing 100mM Tris (pH9.0), 20% glycerol, TmM CHAPS at
28 °C and incubated for 16 hours.

Reaction products were analyzed by SDS-PAGE using 4-12% Bis-Tris gradient gels (Thermo Fisher
Scientific) followed by staining with Coomassie Blue (Sigma). Gels were imaged using Amersham Imager
600 (Amersham) and analyzed using gel tools in ImageJ (Schneider et al., 2012; Schindelin et al., 2012).

Selected peptide bands were cut from the gels and sequences determined by LC-MS. First, gel slices
were destained by multiple additions of 50% Methanol and 50mm Ammonium Bicarbonate. Following
destaining, the gel slices were dried to completion and 20 pl of 20 ug/ml trypsin was added and allowed
to incubate overnight at 37 “C. The next day, tryptic peptides were lyophilized (Speed Vac) and then
resuspended in 20 pl of 2% ACN and 0.1% formic acid for LC-MS.

Subsequently, the samples were processed by a Dionex U3000 nano flow system coupled to a Thermo
Orbitrap Fusion Tribrid Mass Spectrometer according to the manufacturer’s standard protocols and
procedures. Electrospray was achieved at 1.9kV. MS1 scans were performed in the Orbitrap utilizing a
resolution of 240,000. Data-dependent MS2 scans were performed in the Orbitrap using High Energy
Collision Dissociation (HCD) of 30% using a resolution of 30,000.

Finally, data analysis was performed using Proteome Discoverer 2.3 using SEQUEST HT scoring. Static
modification included dynamic modification of oxidation of methionine (=15.9949). Parent ion tolerance
was 10ppm, fragment mass tolerance was 0.02Da, and the maximum number of missed cleavages was
set to 2. Only high scoring peptides were considered utilizing a false discovery rate (FDR) of 1%.

ER-resident Zika protease constructs and live-cell imaging.

We built two basic transfection constructs for the expression of ER-localized Zika protease. First, we
added both a TagRFP-T fluorescent protein and ER transmembrane anchor to the C-terminus of the
soluble ZPrC protein (s-ZPrC) sequence to result in s-ZPrC-TagRFP-ER (Figure S5). The ER
transmembrane anchor a-helix was copied from the well-characterized ER-resident protein, cytochrome
b5 reductase (Elahian et al., 2014; Ito and Sato, 1968). The soluble NS2B-NS3 ORF cassette was excised
from pET21A-NS2NS3 (above) using PCR and cloned into TagRFP-T-pcDNA3.1 Hindlll / Kpnl sites
resulting in C-terminal TagRFP. The resulting vector was linearized with EcoRl and EcoRV and synthetic
DNA (Genscript) encoding a 17aa linker segment plus the complete cytochrome b5 reductase
transmembrane ER signal peptide and retention domain
(EFGGGGSGGGGSGGGGSPPETLITTIDSSSSWWTNWVIPAISAVAVALMY-RLYMAED) was added to
complete the transfection construct.

Second, we built a more native version of the NS2B-NS3 protease that is comprised of an unmodified
segment of the viral polyprotein with C-terminal eGFP moiety, n-ZPrC-eGFP (Figure S6). A segment
including 4,225-5,171 bp of the Zika genome (GenBank, KX280026) spanning the complete NS2B and
peptidase domain of NS3 (Ser1,373 - Lys1,687) was synthesized (Genscript) with EcoRV and Notl linkers
to facilitate cloning into pcDNA3.1+C-eGFP (Addgene) at EcoRV/Notl polylinker sites to generate n-
ZPrC-eGFP. To create S135A-n-ZPrC-eGFP, n-ZPrC-eGFP was subjected to site-directed mutagenesis to



change S135 of the peptidase catalytic triad to Ala (Quickchange, Stratagene). To create n-ZPrC-
RFP670, the eGFP cassette of n-ZPrC was excised by Notl and Xbal digestion and replaced with the ORF
of RFP670. RFP670 for this cloning step was PCR-amplified from pmiRFP670-N1 (Addgene #79987) with
Notl and Xbal compatible overhangs. To create S135A-n-ZPrC-RFP670, the latter plasmid was subjected
to site-directed mutagenesis to change S135 of the catalytic triad to Ala.

To label the ER membrane in cells, we tagged mScarlet with a C-terminal ER signal peptide and
retention domain from cytochrome b5 reductase (above) in pcDNA3.1 (mScarlet-B52""). We also
utilized pCytERM-mScarlet N1 (Addgene #85066) to specifically label the ER membrane. pCytERM-
mScarlet expresses the mScarlet fluorescent protein that is modified with an N-terminal type | ER
membrane signal peptide & anchor derived from cytochrome p450.

The final sequences of all assembled constructs were confirmed by sequencing. CDNA and
chromosomes were visualized in live cells by transfection of mScarlet-H2A C1 histone (Addgene
#85051).

To engineer the HsEg5 biosensor reporter of Zika protease activity, we modified a construct originally
designed to report tobacco etch virus protease (TEV) activity, pcDNA3.1-iTEV (Addgene #64276). This
construct utilizes a split-GFP to organize a circularly permutated monomeric infrared fluorescent protein.
The infrared fluorescent protein is kept in a misfolded condition by a peptide loop that contains a TEV
protease cleavage site. Therefore, to modify the construct to detect Zika protease activity, pcDNA3.1-
iTEV was digested with Afel and EcoRI to excise the 69 bp containing the TEV cleavage site, and
subsequently this segment was then replaced with the following 65 bp sequence that instead contains
the DPRNKRG HsEg5 loop8 site;
GCTGGCGGAAACTTGTGCGAACCGCATCGCGACGCTGGAGAGCGATCCCCG-TAACAAGAGAGGAG.
The 3’ end of the cloned 65 bp dbl-stranded fragment contains an EcoRI overhang.

All transfection plasmids were transfected into various cell lines, including HEK293-T, Hela, and MCF-7,
using the calcium phosphate transfection method (Invitrogen), or using Lipofectamine 3000
(ThermoFisher), following the manufacturer’s protocols. Cells were plated onto heated glass-bottom
35mm culture dishes (Delta-T, Bioptechs) treated with Cell-Tak (Corning) and allowed to recover for 24
hrs. after transfection before imaging. Cells were recorded in timelapse 24-48 hr. after transfection.
Live-cell confocal imaging was performed on a Zeiss Axiovert 200 equipped with a Yokogawa spinning
disk confocal and Andor 3-channel solid-state laser combiner. Cells were maintained under CO; and at
37 °C using both a plate warmer and objective warmer (Bioptechs). To calculate the
metaphase:anaphase ratios, HEK293-T cells were co-transfected with mScarlet-H2A C1 (Addgene
#85051) and n-ZPrC-eGFP or s-ZPrC-eGFP and scored after 24 hrs. Data was compiled from three
separate transfection experiments of three plates separately for each tested construct. An average of
100 mitotic cells per dish were counted to calculate the M/A ratio. Reported values are + S.D.

The confocal workstation components were controlled by ImageJ together with the micromanager
plugin (Edelstein et al., 2010). Images were captured with a Hamamatsu Orca-ER and processed with
ImageJ and Affinity photo (Serif) for publication. Long-term timelapse images were converted to movies
using Quicktime (Apple Computer) and Handbrake (https://handbrake.fr/). The graphical abstract,
Figure 8, and Figure 10 were created with BioRender.com.
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