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Abstract: Decay accelerating factor (DAF/CD55) is targetednny pathogens for cell
entry. It has been implicated as aregeptor for hantaviruses. To examine the binding of
hantaviruses to DAF, evdescribe the use &fotein G beads fobinding human 1gG Fc
domainfunctionalized DAF ((DAF}-Fc). When mixed with Protein G beads the resulting
DAF beads can be used as a generalizable platform for measuring kinetic and equilibrium
binding constants oDAF binding targets. The hantavirus interaction has high affinity
(24i 30 NM; kn ~ 10 M''S', kot ~ 0.0045 §Y). The bivalent (DAF}Fc/SNV data agree

with hantavirus binding to DAF expressed on Tanoue B déljs-(14.0 nM). Monovalent
affinity interaction between SNV and recombinant DAF of 58.0 nM is oeted from
competition binding.This study serves a dual purpose of presenting a convenient and
guantitative approach of measuring binding affinities between DAF and the many cognate
viral and bacterial ligands and providing new data on the binding constant of DAF and Sin
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Nombre hantavirs. Knowledge of theequilibrium binding constant allows for the
determination of the relative fractions of bound and free virus particles in cell entry assays.
This is important for drug discovery assays for cell entry inhibitors.

Keywords: DAF/CD55; hantairus; coreceptoy kinetics; equilibrium binding; flow cytometry

1. Introduction

Virus entry and productive infection generally require the expression of specifisudelte
receptor molecules on target cells. Receptors can efficiently target viomsesdocytosis or may be
used to activate specific signaling pathways that facilitate dd&gayaccelerating factofDAF/CD55)
has been implicated in many cases of melteptor tropism amongst the enteroviry#43], andother
microbial proteing14]. Thus, extensive structural and biochemical studies of DAF interactiths
various serotypes oEnteroviruses KV) and Group B CoxsackieviruseCVB) have presented
mechanistic insights into how DAF functions as aeceptor for enterovirus¢8i 12].

More recently, DAF has been identified as -teceptor of pathogenic hantaviruselntaan virus
(HTNV), Puumala virusRUUV) [15,16] andSin Nombre virus$NV) [17]. U/bs integrin is generally
known as the primary endocytic receptor for pathogenic hantaviruses which indllN®:, Seoul
virus (SEOV), PUUV, SNV, and New Yorkl virus (NYV) [18]. Pathogenichantaviruses cause
hemorrhagic fever with renal syndrome (HFR8Y dantavirus cardiopulmonary syndrome (HCPS),
with case fatality ras for HCPS generally ranging from%050%. This study is primarily focused on
SNV, which was first isolated in the Southwestern region of the U.S. and carried by the deer mouse
Peromysca maniculatusilt is the primary causative agent of HCPS in North Amddiéa22].

To the best of our knowledge the interactions afithviruses and DARave been limited to few
functional (infection) assays in the literatfbi 17,23] In this study wemeasure equilibrium and
kinetic binding costants of killed SNV to purifiedgG Fc domairfunctionalized DAF ((DAF}-Fc)
proteins immobilized oprotein G beads. This paper serves a dual purpose of presenting a convenient
and quantitative approach of measg binding affinities between DAF and the many cognate viral
and bacterial ligandsand providing new data on thentding constant of DAF and Sin Nombre
hantavirug(Figure 1). Knowledge of the equilibrium binding constant allows for the determination of
the relative fractions of bound and free virus particles in cell entry af&8lyS his is important for
drug discovery assays for cell entry inhibitofs. vivo, ligandreceptor interactions are mostly
governed by nowrquilibrium conditions[25] unless he characteristic time to equilibrium is fast,
<1 s [26,27] In this way kinetic measurementan be used to gain mechanistic insights into how
viruses interact with cognate receptors, and make it possible to make useful comparisons with other
receptofligand interactionsThe equilibrium and kinetic measurements of killed S\Nikh DAF on
beads are shown to provide a reasonable model for understanding and inhibiting productive infection.
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Figure 1. Schematic of the molecular assembly Afexa 488 labeled,lgG Fc
domainfunctionalized DAF(DAF),-Fc®*#*88 and octadecyl rhodamin® (R18)labeled

SNV (SNV™®) on Rotein G beads and confocal microscopy images of the components.
(DAF),-Fc is immobilized on protein G<§¢ = 12 nM) and then used to capture ansptay
fluorescently labeled UV killed SNV

by SNVR18
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2. Results and Discussion
2.1.Molecular Assembly of (DAFFc®#*%8on Beads Equilibrium and KinetidParameters

Binding of fluorescently labele(DAF),-Fc****®t0 protein G beads was measured by indngad
variety of concentrations of the fluorescent probe with fixed aliquots of beads and analyzing the
samples on a flow cytometeFigure 2A shows hyperbolic plots ofmedian channel fluorescence
(MCF) of beadbeadborne (DAF)}-Fc"®@48 yersusinitial concentration of (DAR}F®48 The
three curves represent nepecific binding to stygavidin-coated beads (a in Figug&), and total
bindingto Protein G beads (h Figure2A) and specific binding to Protein G beads (c inurgRA).
Specific bindhng was calculated as the difference between tothlnamspecific binding curvesThe
data show that nespecific binding to nakestreptavidincoatedprotein G beads was minimal over the
concentration rangef our experimentsFigure 2B showsa hyperbok plot of various(DAF),-
FA®@%®9headsite occupanciesersustheir initial concentration ofDAF),-FcV®*2488 Analysis of the
binding curve yielded an affinity constant of 12.0 nvhe maximum effective site occupancy of
(DAF)-F®@488 a5 determiad to be ~225,000 sites/bead.

Figure 2C shows an overlay of bead binding time course of different concentrations of
(DAF)-F"®@488t5 40,000 beads in 400 L samples. We used theositeipancy data to establish a
simple bimolecular kinetic model, deding the interaction between protein G sites and the Fc
domain of (DAF)-Fc®® g fit the data and solve for the binding rate constes).(The analysis
yielded an average binding rate constankgf= (6.2 +0.8) x 10° M'* s ! where the error ithe
standard deviation of three separate measuremEBigare 2D shows single exponential fit to a
dissociation curve generated by a large excess (26QQ of solubleProtein G added to the molecular
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assembly ko = (7.0 £0.3) x 10 33 ! In the absere ofa competitor (curve b iffigure 2D), this
molecular assembly was robust due to facile rebinding of the ligg@jdand remained wholly stable

for days, allowing for the lonterm storage oProtein G/DAF bead stocks. Thadfinity constant
derived fom kinetic datal{y = koit/kon = 11.3 NM) was compatible with thleguilibrium bindingresult.
Collectively, these binding parameters are comparable to kinetic and equilibrium constants of Protein
G interactions with antibody Fc domaij2g].

Figure 2. Equiibrium binding analysis of (DAR)Fc®#*88tg protein G beadsA( Plot of
bound (DAF)-Fc'®*?488yersusconcentration of soluble (DARFCY®*?488 (3) Non-specific
binding of various titers of (DARYFC®*48 were mixed with 10,000 streptavidin ¢ed
beads in 20 L, ¥) Total binding andd) Specific binding of (DAR}F'®*#*%8t0 10,000
protein G beadgB) Hyperbolic plot of(DAF),-F'®#®8 molecules/protein G beatkrsus
concentration of solubléDAF)-FA'®®® The site occupancies were determined using
Mean Equivalent of Soluble Fluorophores (MESF) standard calibration beads as described
in the Experimental Section. The data were fit to simple Langmuirian binding curve to
yield aKq of 12 nM.(C) Kinetic analysis of binding ofaj 2.43 x10 ® M, (b) 2.43 x10 M,

and €) 2.43 x 10 ®M of fluorescently labeled (DARFc to 40,000 beads in 400 L

by flow cytometry. The increase in beadsociated fluorescence over time was analyzed
by the kinetic method of initial rate$30] to yield the folowing rate constants:

(a) 6.90 x 10 M' § %(b) 5.16 x1F® M' § *(c) 6.71 x10 M' § ! (D) Dissociations of
(DAF),-FM®*2488from beads.d) Dissociation kinetics induced by competition with a large
excess of soluble Protein G added to molecular asgermhe data were fit to a single
exponential decay curve to yiekgs = 0.007 §* (b) The molecular assembly is relatively
stable in the absence of a competitor. The square inserts are photographfuareenent

and fluorescent beads or cells undiferent experimentatonditions.
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In summary, we have developed a generalizable molecular assembly platform for studying
interactions between DAF and its ligan@$. Figurel). Because DAF is a molecular target of many
viral and bacterial pathogenthe approach described hereinas the potential to bapplicable to a
wide range of systems. The bead platform involves-cawalent immobilization of (DAR}Fc on
beads in a relatively simple process governed by mass actigrsieygle mixing of Protei G beads
with (DAF),-Fc reachegquilibrium within minutes (Equatiofl)) [27]:

(teq= 3.5/ (kor[(DAF) 2-Fc] + kot) (1)

As an illustrative example, the equilibration times (calculated from Equation (1)) for incubating
(DAF),-Fc with Protein G beads usirtige same concentration of soluble (DAFY, as that used in
Figure 2C are: (a) ~8 min; (b) ~7 min; (c) ~3 min.

2.2. Binding between DAF and SNV on Beads and Tanoue B Cells Is Governed by Comparable
Equilibrium Dissociation Constants

Tanoue Bsuspension dis express DAF but not the entry receptor integribs (Table 1). These
cells are suitable substrates for studying sole DAF/SNV interactions separatelyafbgmWe
therefore examined the equilibrium binding characteristics of 8N DAF-bearing beas! in
comparison to DAFexpressing Tanoue B cells. While we have previously analyzed the binding of
SNV*8 to Tanoue B cells, we recapitulate those measurements herein because the earlier stud)
reported an anomalously low dissociation constangf 26 pM[17] for this interaction, becauseath
study failedto accurately asses$ise valency of free virus particleS§2 GrGc heterodimers on SNV
see Methods The binding of SN¥*8titers was plotted as a hyperbolic grapiFigure3A. The data
were correcté for nonspecifc binding and were thereplottedas logtrarsformed sigmoidal dose
responseurvesof median channel fluorescence intensity of bound SRiversusthe concentration of
SNV**8 particles in solutior{(Figure3B). The resultof a fit, Kq = 14.6 nM, wasclosdy correlaedto
the (DAF)»-Fc on beads whiclyielded an effective affinity constant of 24.7 nfRigure 3C). This
suggested that the mode of SR binding to celexpressed DAF andDAF),-Fc beads was
comparableThe monovalent affinity fosDAF to SNV*® was determined from competitiv@nding
experiments between soluble recombinant DAF (sDAF) and (RBRE)The inhibitor constantK;,
was determined from the competition binding curi#gre 3D) using the equation of Cheng and
Prusoff[31] embedded in Graphpad Prism softwg82]. The analysis yielded l§; value of 58.0 nM.

We next measured the dissociation rate of SNV from DAF on beads by using unlabeleak SNV
competitor. Fluorescently taggesNV*'® immobilized on (DAF)-Fc beads wasompeted df the

beads witha tenfold excess of unladbed SNVwhichwas added to the sample. Intensity readings were
taken at various time intervals for over 40 minutes. The loss of intensityFigune 3E) was plotted
together with the total binding {a Figure3E) and norspecific binding (b ifFigure3E) over the time
course. The dissociation curve was fit to a single exponential decay, which yielded a dissociation rate
constant of 0.27 mirior 0.0045 §'.
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Table 1.Total Receptor surface distribution of DAF duf; at VereE6, and Tanoue B cells surfaces.

Cell DAF 2 Tot ahi® U
5.85 +1.37 x10°'
Vero E6 2.54 +0.84 x10" 1.61 +0.38 x1(F
2.26 +0.28 x 10"
Tanoue B 9.29 +2.18x10%! None detected

Median channel fluorescence (MCF) from flow cytometry histograms was used to determine the receptor
expression using MESF calibration beads (see Experimental methods). The same secondary antibody was
used for all measurements. Ig@td IgG 2a K isotype controls were used as appropriate isotype controls.
(a) Several primary antibodies were used because of concerns about po@perss reactivity between the
commercially available anintrhuman DAF clone BRIC 216 and DAF expressm green monkegVero

E6) cells. The results from the different clones are listeccl¢ifie BRIC 216 (MilliporeXii) 1A10 (iii) 2H6

ascites. If) Anti-l n t e ghgantibodylJclone 23C6, was used as primary antibody. Secondary antibody was
an Alexa488dgged goat antintrmouse Adherent cells (Vero E6) were detached with Accut&sgnia, St.

Louis, MO, USA), blocked with 10% human serum for 1 h, and incubated with primary antibodies at 4 € on
a rotator for 2 h. Secondary antibodies were incubatedCabd a rotator for 1 h. The cells were washed
once and then analyzed with an Accuri C6 flow cytometer-$pmtific binding bysecondarantbodies was
determined by staining cells in the absencprimhary antibodies.

Kinetic Binding Analysis

Real timebinding time courses of 10, 20, and 30 L aliquots o/ lOSNV **8 particles to 40,000
(DAF),-Fc beads in 400 W HHB buffer were analyzed on a flow cytometer. Figure 4A shows an
overlay of 30 x18 SNV**8particles binding t§DAF),-Fc beads (a in FiguréA) and Protein G beads
(b in Figure 4A). The nospecific binding of SN¥*®to Protein G beads was subtracted from the total
binding to(DAF).-Fc beads.

The typical data were averaged oversHgond time bins to reduce the noise and then fit to the
mockel given in Equations (4) and (5). The median channel fluorescence (MCF) associated with
SNV**8was then converted to surface occupancy of SRibead using lipobead calibration standards
as described in the Experimental section. The data were then emhvertoncentration units as
previously describef27]. The dissociation rate constant for SNYDAF, which we determined from
experiment K.+ = 0.0045 5* Figure 3F) was used as a fixed parameter in the kinetic model; Equation (5).
This allowed the simplification of the kinetic analysis of the kinetic data to a single parakggtét (
employing leassquares minimization between Equation (5) and exyetal data. The result yielded
an average binding rate constantkgf= (1.5 +0.5) x10° M' § ! where the errors are the standard
deviations for three experimental runs using different [8K]y. Thus, thekq = 30.0nM derived from
the ratio of ksx/konO (i.e., microscopic reversibility)30] closely agrees with the 24nM value which
we derived from equilibrium binding measurements (Figure 3C). The results from this study suggest
that SNV binds to DAF with higher affinity compared to micromolar raai@ities that have been
determined for some DAF binding enteroviruf&83,34]
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Figure 3. Binding of SNVR*® to Tanoue B cellsnd DAF beadgA) Equilibrium binding
of SNV**8to 10,000 Tanoue B cells in 10LpA plot of median channel fluorescence
(MCF) of cels incubated withSNVR*® (Non-specific, Total and Specificyersusthe
concentrationsof SNV added (B) The specific data fromA() recast with log free
[SNVRY on the xaxis. This gives a sigmoicurve, withKg = 14.0 nM (C) Equilibrium
specfic bindingof SNVR*8to DAF beadsyielding aKq ~ 24 nM. (D) Competition binding
curveusinga fixed quantity of SN¥*®and various concentrations siluble DAF §DAF),
giving aK; = 58.0 nM. (E) Dissociationof bound SNV**8 from DAF beadsinduced by
10-fold excessof unlabeled SNV(a) Total binding of SNV**® to (DAF),-Fc beadsno
additions (b) Non-specific binding taProtein G beads(c) Addition of 10-fold excess of
SNV to SNV*.pearing DAF beadsnduces dissociation of SNV2 (F) Baseline
correted dissociation of SN¥® from DAF beads. The data was fit #osingle exponential
decay yielding ko = 0.0045s *.
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Figure 4. (A) Kinetic analysis of binding of $M virus to 40,000Protein G beads +
(DAF)2-Fc in 400 L by flow cytometry. Association with naked protein G beads shows
negligible nonspecific binding between viral particles and bed@3. Kinetic madeling
(Equation(5)) of SNV?*® binding data. The average results and standard deviation for three
different experimental curves wekg, = (6.05 +0.45)x 10 M'*s' * whenk.sdwas fixed at
0.0045 &, as derived fronFigure5F.
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2.3.BindingParameterderivedfrom Bead Platform Provida Reasonable Modébr Infection Inhibition

Equilibrium binding constantsof SNV to DAF allow quantitative estimates of inhibitor
concentrations to be madecording to Equatio(R) [35]:

C = ([DAF]tredKa)/ (1+([DAF]red Ka)) (2)

In this way, we assessed the ability of SDAF and (DA¥€) to block the binding dfiantavirusto
Tanoue B cells expreisg 100,000 DAF/cell, and lackingb; expressior(Table 1) As noted in the
introduction, the first description of molecul@&cognition of DAF by hantaviruses was associated with
Hantaan (HTN) and Puumala5]. UV Kkilled fluorescently labeled HTN and SNV were tested in
parallel in binding inhibition experiments usitagge excesseof SDAF (~1 M) , (DAF)-Fc (18 uM) ,
and26 M H 19 anti DAF polyclonal antibodypaired samples of 3010 fluorescently labeledirus
particleswere used in each cas€he concentration oGn-Gc heterodimers othe virus particles
[36,37] was estimated tde 1.4 nM in 20 pL (see methodsFigure 7). The pre-blocked SNVF'®
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samples were thancubated with 10,000 Tanoue B cehls20 L for 30 minutesbeforethe cels were
analyzed with a flow cytometeffhe results showed that sDABsed in excessnhibited SNV®
binding by >90% compared t60% for OAF),-Fc (Figure5A). The results show that excess sDAF
efficiently blocks binding of/irus particles when in copetition with the lower concentraticof DAF
expressed on Tanou® cells (1.67x 10 *° moles (83 pM)). However, the failureof two-footed
(DAF),-Fc to efficiently blockbinding to cells might be attributabte orientationconstaints [34]
relative to the tetrameric presentationG and Gcstructures on virus surfacg®6,37] This dea is
supported by the sDAEomparablecapacity to inhibit cell bindingas monomersthat werederived
from papaindigestion of(DAF),-Fc. We then compared the ability of H319 to block infection of Vero
E6 by HTN and SNV. As shown for HTlHnd other Old Wold hantaviruses, elsewhe[&5,16],
H319 blocked infection of cells by HTN and SN&dure5B).

Figure 5. (A) Soluble DAF (sDAF) is significantly better than (DAFc at blocking cell
binding and entry of SNWFlow cytometry analysis of TanowBecell-binding inhibitionof
SNV™8 or HTN™® using 1.0 pM sDAF, 26 M H319 polyclonal antibody against DAF
and 18.0 pM (DAF)-Fc. sDAF andH319inhibited cellular bindingof SNV and HTNby
>90% compared to <50% associated with (DAFR}. (B) Western blotting of Veo E6
cells infected with HTN and SNV (control) and cells pretreated with 2.6 M H319
ant-DAF antibody.(C) Analysis ofinhibition of infection of Vero E6 cells by SNWith
sDAF, measuringviral N-protein by western blptwhich is presented as of a ploff o
normalized intensitwersusconcentration of sDAFQuantitative analysis of the gel was
performed usin@g Biorad Molecular Imager, ChemiDoc XRS+ equipped wvittage Lab
Software 4.138].
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Finally, we used increasing titers op to 3.35uM soluble DAF (sDAF) to inhibit infection of
VeroE6. It is worth noting that the ratio of total particles to infectious virions in our preparations
is 14,000:1[17]. As infectious and nemfectious particles are equallagable of receptor occupancy,

a multiplicity of infection (noi) of 0.1 applied to 150,000 cells is equivalent to 2.10° particles

or 19.6x 10° M Gn-Gc receptors in 10QL. Thus, 3.35M sDAF is theoretically high enougto

inhibit SNV from binding to cellular DAF and,bz (Table 1) with whichtiis in competition for
binding to SNV glycoproteins. | n 8@hat the hwglaegt t h
concentration(Figure 5C). The infection results are comparable to the blocking of infection by old
world hantaviruses with sDAF and H3aati DAF antibodieq15,16] In conclusionthis study has
established a robust platform thets thepotentialof measuring binding interactions of DAF and many

of its ligands as noted in the introduction.

3. Experimental Section
3.1.Materials

Octadecylrhodamine B chloride (R18), anddgtadecanoylaminofluorescein (F18) were purchased
from Molecular Probes (Life Technologies, Eugene, ORA) and used without further purification.
6.8 un Protein G coated polystyrene beads were purchased from Sphdtobestyville, IL, USA).
Recombinant DAF was purchased from R&D systems. Rabbit polyclonal H319 anti DAF antibody
was purchased from Santa Cruz Biotechnold@allas, TX USA). Primary antibodies for
immunostaining: CD55/DAF (1:40, Millipore Cd55 MsxHuUCBL 511) mouse monoclonal aifituman
DAF, clones IA10, 2H6 ascites, 8A7 ascitfk2], mouse monoclonal asti n t e gbg (140, U
Millipore MsxHu, # MAB 1976), Secondary antibodies: (amtbuse IgG Alexa488, aathouse IgG
Alexa647, antimouse IgG Cy5, antiabbit Alexa647; all fronLife Science Technologie¢Carlsbad,

CA, USA). Amine-reacive Alexa Fluor 488 carboxylic acid, succinimidyl ester probe was purchased
from Life Technologies (Carlsbad, CAJSA). Phosphatduffered saline (PBS) was purchased from
Mediatech, Inc, (Herndon/A, USA). Dimethyl sulfoxide (DMSO) and SephadexsG werepurchased
from Sigma. TRIS (10 mMr 25mM Tris, 150 mM NacCl, pH 7.5) and HHB (30 mM HEPES, 110 mM
NaCl, 10 mM KCI, 1 mM MgGI6H,O and 10 mM glucose, pH 7.4) buffer, and Hanks Balanced
Saline Solution (HBSS) (0.35 g NaEBOs;, 0.049 g MgS@ 1 mM CaCj} or 1 mM MnCl,) were
prepared under sterile conditions and stored in BQubes ai 20 C.

3.2.Production of Sin Nombre Virus

SNV was propagated and titered in Vero E6 cells under strict standard operating procedures using
biosafety level 3 (BSL3) facilitiemnd practices (CDC registration number C2004102&7) as
previously describefB9]. For preparation of UNhactivated SNV, we placed 1QQ of virus stock
(isolate SN77734, typically 1i2 x 10° focus forming units/m) in each well of a 96vell plate and
subjected the virus to UV irradiation at 254 nm for various time intervals (~5 mi)Vasmdescribed
elsewherd17]. We verified efficiency of virus inactivation by focus assay before removing from the
BSL-3 facility.
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3.3. Fluorescent Labeling of SNV

The envelope membrane of hantavirus particles was stained with the lipophilic lipid probe
octadecylrhodamine (R18) and purified as previously describ@fl The typical yield of viral
preparation was 1 + 0.5 10° particles/|L in 300 |L tagged with ~10,000 F8Lprobes/particle
or 2.7moleé% R18 probes in the envelope membrane of each particle of 192 nm diameter average
size[17]. Samples were aliquoted and stored in 0.1% HSA HHB buffer, and used within two days of
preparation and storage at® For long-term storage, small aliquots suitable for single use were
stored ai 80C.

3.4. Cloning, Expression and Purification DAF),-Fc (v2)from Nicotiana benthamiana.

The sequence encoding the short consensus repdatd Auman DAF (residues B886; GenBank
acession number P08174) was cloned upstream afrdnme of the human IgG1 hinge/Fc sequence.
Both DAF and Fc sequences were codptimized for expression itobacco The Fc encoded the
mutation N29A Q (numbering according to Kabat al. [40]), to producea nonglycosylated Fc
protein. The DAH-c sequence was cloned into the pTRAkc plant expression ddfiprand then
transformed intoAgrobacterium tumefacien&V3101 (pMP90RK) by electroporation. The final
construct included sequences encoding' aignal peptide and a'3SEKDEL peptide to facilitate
accumul ation in the plantdéds endoplasmic reticu

Transient expression of the fusion protein was accomplished by-plaoievacuum infiltratiorj42]
of Nicotiana benthamianausing the transformedi\. tumefaens strain carrying DAHF~c, with
co-infiltration of anA. tumefacienstrain carrying the p19 silencing suppressor gene of tomato bushy
stunt virus[43] to prolong and amplify expression. After infiltration, the plants were maintained
in the greenhousender standard conditions for 7 days prior to protein purificatdrbenthamiana
leaves were harvested, washed in ice water and blotted dry, then homogenized in a blender with
extraction buffer (150 mM NaCl, 50 mM sodium phosphate, 10 mM sodium thiegealpl mM
phenylmethylsulfonyl flouride, pH 7.4). The homogenate was filtered and the filtrate centrifuged
at 15,000 g for 30 min at 4 €. The clarified juice was recovered and pumped over a column of Protein
A-Sepharose 4B (Life Technologies, Carlsb@é, USA). The column was washed with PBS and
eluted with 10 mM glycine, pH 3.0. Purified protein was analyzed using standard methods. Samples
were subjected to SDgolyacrylamide gel electrophoresis (under reducing and-reducing
conditions) and visualed by Coomassie G250 staining, or by western blot analysis using antibodies
against human IgG1l and DAF (Figure 6). Purif{@AF),-Fc wasvisualized by Coomassie G250
staining, or by western blot analysis using antibodies against human IgG1l and DAF @jigure
10i 20 pM samples of (DAFR}-Fci v2 were stored in 20 L aliquots.

3.5. Fluorescent Labeling of (DAFIFc

1.8 M (DAF),-Fc in 200 [L sodium bicarbonate buffer (pH 8.3) was mixed with 20 L
of 1 mg/mL aminereactive Alexa Fluor 488 carboxylic acid sunmidyl ester in DMSO for 30 min at
room temperature. The fluorescently tagged (DA was purified and concentrated by ultra
filtration in phosphate buffered saline using a 30,000 NMWCO Centricon membrane. The fluorophore
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to protein (f/p) ratio was detmined following standard procedures supplied by the manufacturer. The
f/p ratio was 2.8:1. The quantum yielt)) (of (DAF)-F¢'®?*88 \was measured relative to fluorescein
with absorbance matched samples using a Hitachi moé#70 spectrophotometer (San Jose, CA,
USA) and a Photon Technology International QuantaMaster model/QO05 spectrofluorometer
(Lawrencevle, NJ, USA).

Figure 6. Analysis of purified DAFFc. A) 2 y/lane of(DAF),-Fc (v2)was electrophoresed
through SDSpolyacrylamide gel and stained with Coasia G25Q Additional gels with
400 ng (lanel) or 100 ng (lane 2) were blotted onto nitrodetie ad probed with
(B) antthuman 1gG or €) antrDAF antibodies. Lane 1, is protein reduced with DTT;
lane 2, non reduced protein. Molecular mass standards are indicated in kDa.

A 1 2B 1 2C 1 2

100 — —_
75—
50 s —

3.6. Cell Culture

Tanoue B,and Vero E6 were maintained in minimum eds¢ media (MEM) (GIBCO, Grand
Island, NY, USA). All media contain 10% he&bactivated fetal bovine serum (FBS), 100 units/mL
penicillin, 100mg/mL streptomycin, 10 mM HEPES, pH 7.4,r&/mL ciprofloxacin, 2 mM Lglutamine,
at 37C in a water jacketedb% CQ incubator.

3.7. Confocal Microscopy Imaging

Confocal laser scanning microscopy was performed with Zeiss META or LSM 510 systems using
632 1.4 oil immersion objectives as previously descrifeq.

3.8 CytometryExperiments

Equilibrium and kinat binding interactions were analyzed by flow cytometry as described
previously[17,45] using BD FACScan and Accuri C6 flow cytometers. Here we provide the essential
elements of cytometric analyses of the binding of fluorescent ligands §BA&y**%®ard SNV*8to
beads and cell surface receptors. A flow cytometer was used to determine the concentration. fbeads/p
of Protein G and streptavidtoated beads in their respective steakpensions before applicatidior
analyses of equilibrium ligand bindjnfluorescence histograms of 33000 beads were recorded as a
function of |l igand concentration at steady ste
free and bound ligand without a wash step enables real time addition of ligands sugeaasions
where binding is manifested by exponential increase in mean/median channel fluorescence. The
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increase in the mean fluorescence channel number of the histogram is related to the fractional recepto
occupancy of the specifically bound ligand nsntlhe mean fluorescence channel number of beads
exposed to fluorescent ligand under identical conditions but in the presence of exeigerasoent

ligand (at a concentration of at least 100&y4). To conserve scarceagents, the use of blocking
reagets at 100 K4 can be obviated by using beads that lack the cognate receptor, such as our use of
streptavidin beads as controls for protein G beads herein.

The number of receptors per bead or cell was calibrated using a variety of calibration beads
depemling on spectroscopic region of interest. Commercial standards from Bangs Laboratories
(Fishers, IN, USA), Quantum fluorescein isothiocyanate (FITC) MESF (molecules of equivalent
soluble fluorescein) beads were used with the appropriate correction factaccount for the
spectroscopic differences between calibration standards and probes detected iii5486 Birbband
pass filterdelimited spectral regiof86]. Thus, the correction factor (cf) appropriate for Alexad@8
calculated usingquation 8),

of = (ChF%T) texasss/ (Quf % T uorescein = (54,750 x 0.99 x 28)/(75,680 x 1 x 28)=0.71  (3)

w h e g s thé)absorption coefficient of the fluorophore at the excitation wavelehigtithe quantum

yield of the target fluorophore, and %T is the percentiagction of fluorescence light transmitted by
the 530nm, 3Gnm-wide bandpass filter. Using the 488 nm laser excitation, theesffnance
excitation of the Alexa488 was at 75% of its maximum compared to fluorescein, which was excited at
88% of its absgtion maximum. The quantum yield of target fluorophores were measured relative to
standard solutions such as fluorescein or rhodamine as described fop-fRARS above. For probes
detected in spectral regions other than thei 545 nm window covered bMESF beads, we used
guantum dot calibration beads or lipobeflg. As reported elsewhere, the emission quantum yield of
guantum dots varies among batches and manufactures, thokigheatch specificLipobeads were
custom made, as described below, dalibrating virus binding to beads or cells. In our application
lipobeads use the same R18 fluorophore in the same emmalopetic lipid environment as the virus
particle[17]. Thus thecfvalue is 1.

3.9. Supported Bilayer Membranes on Glass Beads

Lipid coated glass beads (lipobeads) were prepared as previously deldétjp@H For the present
study, lipoleads comprising either a singtemponent DOPC lipid bilayer membrane orld:1
ternary mixture of DOPGphingomyelin/cholesterol (DSC) lipid ménmanes doped with a variable
mole fraction[27] of (e.g, 2.7 mole %) R18 were prepared for use as flow cytometry calibration
standards for quantifying virus particles bound to protein G/(R#4€)beads.

3.10. Equilibrium Binding oMolecular Assembly Coropents(DAF),-Fc, and SN%#®on
ProteinG Beads

(DAF),-Fc. To evaluate the equilibrium binding of (DAHyc to protein G, 10,000 beads were
added into several 2QlL volume samples, and then mixed with increasing concentrations of
(DAF),-F'®@488 rangirg from ~1 nM 1 M for an hour at room temperature. Streptavidoated
beads were used as controls for measuringspewcific binding. After incubation, the samples were
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diluted to 50uL and read on the flow cytometeFhe site occupancy of (DAFFC'®*®® was
determined from analyzing cytometry histograms of samples measured against standard calibratior
beads as described above.

SNV*'® The determination of the saturable binding site density of (BREY***® on protein G
beads facilitated the nextep of producing the molecular assembly platform for displaying Bfiv
from incubating 760,000 Protein G beads with a #00d stoichiometric excess of (DAF}-c
for 30min at room temperature. The molecular assembly beads were then washed once and
resusended in HHB buffer at @00 beads/lu. SubsequentlylO (L aliquots from this stock were
incubated with increasing titers of virus particles until a plateau signifying binding saturation was
reached. Competitive binding experiments were performed withgéestoncentration of bedabrne
SNV*8and a variety of concentrations of soluble recombinant DAF in order to generate a competitive
binding curve, from which to determine the monovalent affinity of soluble DAF. The dissociation
constants for the bindingfahe competitorwere determined by examination of the fractional
occupancyf SNVF8 assuming a single class of bindsitgs.

3.11. Cell Surface Distributiorof DAF anda,bs Integrins

Adherent cells (Verp were detached with accutase (Sigma), blocketth 0% human serum
for 1 h, and incubated with primary antibodies at 4 € on a rotator for 2 h. Secondary antibodies were
incubated at 4 € on a rotator for 1 h. The cells were washed once and then analyzea Adttue
C6 flow cytometer. Nosspecific bnding by secondaryantibodies was determined by staining cells
with isotype controls in the absencepoimaryantibodieqsee Table 1 notes)

3.12. Virus Bindingto DAF Expressean Tanoue ECells

Binding assays were performed by incubating varying aunagons of SNV*® with 10,000
Tanoue B cells in microfuge tubes gently nutating for 30 min. Specific binding to DAF expressed on
Tanoue B cells was blocked with 40 joinof rabbit H319 antDAF antibodieg17]. SNV particles
were also préncubated wih sDAF and (DAFR)}-Fc to evaluate their comparative capacities to inhibit
binding to cellular DAF. Paired samples of fluorescently labeled®8\particles were incubated with
titers of SDAF and (DAR}Fc for one hour and then mixed with 10,000 Tanoue IB e 50 L
for 30 minutes and then read on a flow cytometer.

3.13. Infectivity Assays

For BSL3 live virus infection assays, Vero E6 cells were infected with SNV strain SN77734
inocula (moi = 0.1) that had been preblocked witB.85 M soluble DAF (sDAF in a final volume
of 100 L for 1hour. Unbound virus particles were removed by a triple washing, and cells were then
transferred to a CQOincubator for 24 hThe infection was monitored by a standard Western blot
analysis of Nprotein expression wherelcé/sates were boiled in sodium dodecyl sulfate buffer and
separatedby 10% sodium dodecyl sulfapolyacrylamide gel electrophoresis, transferred to a
nitrocell ul ose membrane. SNV Nypepimnaute eabbin antiaSAs d e
virus N protein) [46] used at a 1:1000 dilution, with overnight incubation, washed andotioded for
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an hour incubationwith a secondary antibody (PeroxidagdfiniPure Goat Anti Rabbit IgG;

cat# 111035003, lot# 104668ysed at 1:1000 dilution) from Jackson ImntmoResearch Laboratories
(West Grove, PAhe nitrocellulose membrane was then treated with an HRP substrate fraet Pier
SuperSignal ® West Pico (Product # 0034077) for 5 min before imaging. Quantitative analysis of the
gel was performed using A Biorad Maular Imager, ChemiDoc XRS+ equipped withage Lab
Software 4.138].

3.14. Ligand Binding Kinetic Measurements

The time course of association was measured by acquiringl8®@ baseline of ligarilee beads
before an aliquot of (DAR)F'®?*®8 was added with a Hamilton syringe, while data cdiiec
continued for up to 600. Fhis process was repeated for different concentrations of (ER¢}*488
Raw data were converted to ASCII format, using softw@degeloped by Dr Bruce Edwards at
UNM [17]. The dissociation rate constant was measured by adding a large excess of soluble protein G
to (DAF)-F'®¥*®hearing Protein G beads, during a data collection time course. The same process
was repeated to measure the binding kinetics of Sf\tg (DAF),-Fc bearing beads.

3.15. Kinetic Modeling olirus Binding

Hantaviruses encode two glycoproteins, Gn and Gc, which are required for receptor binding. We
used the structural parameters from recent studies of[36]Jaand Hantaan virusg87] to estimate
site occupancie®f Gn-Gc heterodimers on 192 @drdiameter SNV virus particles used in our
study[17]. Assuming a suggested upper limit of 70% surface coverage of the particle-8¢ Gn
spikes[36] we estimated an average surface expression of 562d3meterdimers on SNV. For the
purposes of our present study, this number of uniqu&Gsites constitutes the valency (f)each
single virus particleUpon binding to the surface of a bead, only 2 out of the ~56&&heterodimers
can simultaneously engageettiivalent (DAF)-Fc receptor on the same bead, thus ¢Fective
valency of the bound SNV is limited to 2.

Figure 7. Model binding of multivalent virus (V) to bivalent (DAFFc on beads occurs in
two stepqS, M, L refer tasmall medium andlarge RNA segments of the viral genomnidy].
First, virus particles in solution at concentration [V], each present an estimated 562 Gn
spikesthat, with equal probability, can bind to free bdmmine (DAF)-Fc sites with
constantsk,, andk.s. Second, nce sngly bound, the virubAF complex [VD] can form
[VD,] by binding to the second DAF with rate constdgtandk; .
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It is also possible to consider the ligation of more than one (BPR&Yyeceptor on the bead. This
might increase the valency to+2n (where n is the nominal value of additional DAF binding sites).
Based on topographical constraints and goodness of fit of a simple model, the mulg-HeAGation
model was not considered. The present scheme is illustrakggure 7 Considering a sinip binding
model as shown in Equatiof#) [48i 50], the following mass action rate equations were used to
determine the kinetic changes to the free and bound concentration of virus patrticles, [V], dnd [VD
i =1,2. Herekon and kot are the bimolecular bimdg and dissociation rate constants of one footed
binding, wherea%s andk; x are the forward and reverse rate constants describing theliokosg
binding of the second G@c heterodimer to the free binding site of (DAFE.

(jj_\t/ - -Vkon [V][D] + koff [VDl] (4a)
dVD,
i = VK VIIDL - K [VD,] - K, [VD, ] + 2K, [VD, ] (4b)
OI\(;tDZ:kX[\/ D,]- 2k  [VD,] (4c)

Assumng thatk,, << ki, the concentration of VDis expected to approach steady state values (see
Appendix A) which allows the model to be simplified under gtsisady state regime considerati{8¢j.
In this way thetwo-footed binding of SNV to (DAR}Fc was reduced to a two parameter fit, where
ko ¢ is¢he dissociation rate constant of SNV from (DAFg.

dvD
dt

2=vk_, [VIID] - 2k ,.[VD,] (5)

The experimental rate equationsr fthe variable parameters in Equatigh) were solved
numerically using the Runggeutta method51] for valuesof reaction rate constanks, andk, ¢ ¥sing
Berkeley Madonna Softwafg2].

4. Conclusions

This study has described a generalizabédl-free platform to characterize specific binding
interactions between DAF and SNV. The derived equilibrium and kibé&iding constants from this
study provide wuseful i nsights 1 nt oreckpiot wle e st |
mediating cell entry.
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Appendix A

Application of the steadstate approximation to the association of SNV with (DAE)beads.
From Equation (4b):

d\c;l_:)l =vk_ [VIID] - k[VD,]- k [VD,] +2k_[VD,] =0 (A1)
ke >> koyand k. >> k.. Equation (A2) simplifies to:
[VD,] = w (A3)
and substituting (A3) into Equation (2¢) yields
d \(;I[DZ =vk_ [VIID] - 2k  [VD,] (A4)
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