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Abstract

Norovirus is the leading cause of gastroenteritis worldwide. Despite recent developments in

norovirus propagation in cell culture, these viruses are still challenging to grow routinely.

Moreover, little is known on how norovirus infects the host cells, except that histo-blood

group antigens (HBGAs) are important binding factors for infection and cell entry. Antibodies

that bind at the HBGA pocket and block attachment to HBGAs are believed to neutralize the

virus. However, additional neutralization epitopes elsewhere on the capsid likely exist and

impeding the intrinsic structural dynamics of the capsid could be equally important. In the

current study, we investigated a panel of Nanobodies in order to probe functional epitopes

that could trigger capsid rearrangement and/ or interfere with HBGA binding interactions.

The precise binding sites of six Nanobodies (Nano-4, Nano-14, Nano-26, Nano-27, Nano-

32, and Nano-42) were identified using X-ray crystallography. We showed that these Nano-

bodies bound on the top, side, and bottom of the norovirus protruding domain. The impact of

Nanobody binding on norovirus capsid morphology was analyzed using electron microscopy

and dynamic light scattering. We discovered that distinct Nanobody epitopes were associ-

ated with varied changes in particle structural integrity and assembly. Interestingly, certain

Nanobody-induced capsid morphological changes lead to the capsid protein degradation

and viral RNA exposure. Moreover, Nanobodies employed multiple inhibition mechanisms

to prevent norovirus attachment to HBGAs, which included steric obstruction (Nano-14),

allosteric interference (Nano-32), and violation of normal capsid morphology (Nano-26 and

Nano-85). Finally, we showed that two Nanobodies (Nano-26 and Nano-85) not only com-

promised capsid integrity and inhibited VLPs attachment to HBGAs, but also recognized a

broad panel of norovirus genotypes with high affinities. Consequently, Nano-26 and Nano-

85 have a great potential to function as novel therapeutic agents against human

noroviruses.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006636 November 2, 2017 1 / 33

a1111111111
a1111111111
a1111111111
a1111111111
a1111111111

�2�3�(�1�$�&�&�(�6�6

Citation:KoromyslovaAD,HansmanGS(2017)
Nanobodies targetingnorovirus capsidreveal
functional epitopesandpotentialmechanisms of
neutralization. PLoSPathog13(11):e1006636.
https://doi.org/10.1371/journal.ppat.1006636

Editor:BarbaraSherry,NorthCarolinaState
University, UNITEDSTATES

Received:May17,2017

Accepted:September8,2017

Published:November2,2017

Copyright:�‹ 2017Koromyslova,Hansman.Thisis
anopenaccessarticledistributedundertheterms
of theCreativeCommonsAttributionLicense,
whichpermitsunrestricteduse,distribution,and
reproductioninanymedium,providedtheoriginal
authorandsourcearecredited.

DataAvailabilityStatement:Allrelevantdataare
withinthepaperandits SupportingInformation
filesexceptfor theatomiccoordinatesand
structurefactors,whichareavailablefromthe
RCSBProteindatabankdatabase(accession
number(s) 5O02,5O03,5O04,5O05,5OMN,
5OMM).

Funding:Thisworkwassupportedbyfunding
fromBundesministeriumfuÈr Bildungund
ForschungBMBFVIP+(NATION,03VP00912):
https://www.bmbf.de/de/vip-technologische-und-
gesellschaftliche-innovationspotenziale-

https://doi.org/10.1371/journal.ppat.1006636
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006636&domain=pdf&date_stamp=2017-11-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006636&domain=pdf&date_stamp=2017-11-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006636&domain=pdf&date_stamp=2017-11-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006636&domain=pdf&date_stamp=2017-11-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006636&domain=pdf&date_stamp=2017-11-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006636&domain=pdf&date_stamp=2017-11-02
https://doi.org/10.1371/journal.ppat.1006636
http://creativecommons.org/licenses/by/4.0/
https://www.bmbf.de/de/vip-technologische-und-gesellschaftliche-innovationspotenziale-erschliessen-563.html
https://www.bmbf.de/de/vip-technologische-und-gesellschaftliche-innovationspotenziale-erschliessen-563.html


Author summary

Wedeterminedthebinding sitesof sixnovelhumannorovirusspecificNanobodies
(Nano-4,Nano-14,Nano-26,Nano-27,Nano-32,andNano-42)usingX-raycrystallogra-
phy.TheuniqueNanobodyrecognitionepitopeswerecorrelatedwith their potentialneu-
tralizingcapacities.WeshowedthatoneNanobody(Nano-26)boundnumerous
genogroupII genotypesandinteractedwith highlyconservedcapsidresidues.FourNano-
bodies(Nano-4,Nano-26,Nano-27,andNano-42)boundto occludedregionson the
intactparticlesandimpairednormalcapsidmorphologyandparticleintegrity.One
Nanobody(Nano-14)boundcontiguousto theHBGA pocketandinteractedwith several
residuesinvolvedin binding HBGAs.Wefound that theNanobodiesdeliveredmultiple
inhibition mechanisms,which includedstericobstruction,allostericinterference,anddis-
ruption of thecapsidstability.Our datasuggestedthat theHBGA pocketmight not bean
idealtargetfor drugdevelopment,sincethesurroundingregionishighlyvariableand
inherentlysuffersfrom lackof conservationamongthegeneticallydiversegenotypes.
Instead,weshowedthat thecapsidcontainedotherhighlysusceptibleregionsthatcould
betargetedfor virus inhibition.

Introduction
Humannorovirusis recognizedasthemostimportant causeof outbreaksof acutegastroenter-
itis [1]. Thevirusisanon-envelopedsingle-strandedRNA viruswithin the������������	 fam-
ily. Thehumannorovirusgenomecontainsthreeopenreadingframes(ORFs),whereORF1
encodesnon-structuralproteins,ORF2encodesthecapsidprotein (VP1),andORF3encodes
theminor capsidprotein (VP2).Thevirion comprisesof 90VP1dimersthat form anicosahe-
dral particle(T = 3) 35±40nm in diameter[2,3].TheVP1canbeexpressedin insectcellsand
self-assemblesinto virus-likeparticles(VLPs)morphologicallysimilar to nativevirions [4].
Smallericosahedralparticles(15±25nm, T = 1),presumablycomposedof 30VP1dimers,can
alsoself-assemblein insectcellsandwerefound in patientstoolspecimens[5,6].TheX-ray
crystalstructureof norovirusnative-sizeVLPsshowedthat theVP1canbedividedinto shell
(S)andprotruding (P)domainsthatareconnectedviaaflexiblehinge[3]. TheSdomain
formsthescaffoldof thecapsid,while thesurfaceexposedPdomainscontainthemaindeter-
minantsof antigenicityandhostbinding epitopes.

Norovirusesaregeneticallydiverseandcanbedividedinto sevengenogroups(GI-GVII)
thatarefurther subdividedinto numerousgenotypes[7]. TheGII genotype4 (GII.4) includes
mostepidemicandpandemicstrains,whileGII.17wasrecentlyattributedwith majorout-
breaksin EastAsia[8]. Norovirusillnessis typicallyself-limitingandusuallysubsidesin sev-
eraldays.However,chronicinfectionsin vulnerableindividuals,suchastheyoungand
elderly,canleadto additionalcomplicationsandevendeath[9±11].Currently thereareno
availablevaccinesor antiviral treatmentsfor humannoroviruses,despitetheir discoveryover
four decadesago[2].

Recently,two cellculturesystemshaveshownthathumannoroviruscanreplicatein B-cells
or stemcell-derivedhumanenteriods[12,13].However,noroviruspathogenesisisstill poorly
understoodandtheinteractionwith thehostreceptor(s)isunclear.Nevertheless,histo-blood
groupantigens(HBGAs)havebeenshownto beimportant binding factorsfor humannorovi-
rusinfections[14±17].HBGAsarefoundassolubleantigensin salivaandareexpressedon
epithelialcells,whichsuggestthatnorovirusesmayencounterHBGAsseveraltimesduring the
courseof theinfection.SolubleHBGAsmayinteractwith virion particlesprior attachmentto
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cells[13] or function asbinding factorson cellsurfaces[12]. Until recently,thenoroviruscap-
sidwaspresumedto bind two HBGA moleculesperVP1dimer,howevertwo additional
HBGA binding siteswereidentifiedon theVP1dimer, indicatingthat theinteractionwith
HBGAsis rathercomplex[18,19].

Interestingly,thepresenceof serumantibodiesthatblocknorovirusbinding to HBGAshas
beenassociatedwith adecreasedrisk of infectionandillness[12,20,21].Moreover,in arecent
enteroidnorovirusreplicationsysteminhibition in theblockingassaywascorrelatedwith neu-
tralizationin cellculture.A recentstudysuggestedthatantibodiestargetingtheHBGA pocket
couldinhibit norovirusreplicationbystericinterferencewith theGI.1HBGA pocket[22]. A
numberof otherstudieshaveidentifiednorovirus-specificmonoclonalantibodies(mAbs)and
singlechainvariabledomains(VHH or Nanobodies)thatcouldblocknorovirusVLPbinding
to HBGAs[20,23±27].However,mostof theseantibodiesandNanobodiesaregenotypespe-
cific,whichlimits their therapeuticpotential[28].

Apart from theHBGA binding site,otherneutralizingepitopeslikely exist.Forexample,
uponbinding to cellreceptors,picornaviruses,whicharestructurallysimilar to noroviruses,
initiate multiple structuralrearrangementsfrom thematurecapsidto expandedintermediate
forms,leadingto externalizationof theinternalpolypeptide,membranefusionandreleaseof
viral RNA [29]. NeutralizingNanobodiesthat interferewith theconformationalrearrange-
mentof thecapsidwererecentlyreportedfor poliovirus[30]. In thatstudy,Nanobodieswere
usedto trap transitionalconformationsof theviral capsid,whichoccurduring cellentryand
arerequiredfor thereceptorbinding.

Thereis still limited information on norovirusparticleattachmentto cellsurfacesand
rearrangementsduring cellentry.Defining thestructuraldynamicsof thenorovirusparti-
clesduring aninfectioncouldshowtransientconformationsrelatedto specificfunctionsin
thevirus life cycle.Thesesnapshotsof theparticledynamicscouldbeobtainedfrom the
reconstructionof thecapsidproteincomplexeswith antibodyfragmentsor Nanobodies.
Moreover,thestructuralanalysiscouldoffer insightsinto vulnerableregionson thecapsid
thatcouldbetargetedby inhibitors. Indeed,werecentlydiscoveredthatahumannorovirus
specificNanobody(termedNano-85)boundto intactnorovirusVLPsandtheNanobody
binding interactioncausedtheVLPsto disassemble[31]. Our resultssuggestedthat the
Nano-85binding epitopemight representavulnerableregionon thecapsidthat is impor-
tant for thestructuralintegrity.

In thecurrentstudy,weanalyzedanovelpanelof norovirus-specificNanobodiesin order
to identify othervulnerableregions.TheNanobodybinding epitopesweredeterminedusing
X-raycrystallographyandthespecificbinding interactionswerecorrelatedwith asurrogate
neutralizationassay.Wefound thatNanobodybinding couldtriggercapsiddeformationand
increaseproteolyticdegradationof capsidprotein,ultimatelyexposingviral RNA.Our new
findingsshowedthatnorovirusparticleshavevulnerableepitopesthatwereindispensablefor
capsidassembly,structuralintegrity andHBGA attachment.

Results
WeanalyzedsixnewNanobodies(Nano-4,Nano-14,Nano-26,Nano-27,Nano-32,andNano-
42),whichbelongedto sixgroupsbasedon thesequencesimilarity.Theaminoacidsequence
identity rangedfrom 65to 80%,with mostsequencevariationslocatedin CDRregions.Nano-
32andNano-4hadexceptionallylongCDR3loops,with 29and18residues,respectively.
Nano-32hadanadditionaldisulfidebridgeconnectingCDR2andCDR3.Nanobodieswith
variableCDRloopswereexpectedto bind to distinctepitopeson thecapsid.
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Binding specificities
TheNanobodybinding specificitieswereinitially confirmedwith theimmunizationantigen
(i.e.,GII.10VLPs)andthecorrespondingGII.10Pdomain(S1Fig).All sixNanobodiesbound
to theGII.10VLPsandPdomain,whichindicatedthat theSdomaindid not containany
Nanobodybinding epitopes.Nano-42,Nano-14,Nano-26,andNano-4showedthestrongest
binding capacities(0.02±0.2�g/ml), whereasNano-27andNano-32hadlowerbinding ability
(1.5and0.2�g/ml, respectively).Followingtheseresults,thecross-reactivitieswereanalyzed
with apanelof VLPsandPdomainsfrom variousGI (GI.1andGI.11)andGII (GII.1,GII.2,
GII.4 2006and2012,GII.10,GII.12,andGII.17)genotypes(Fig1).Nano-85exhibitedthe
broadestrecognitionrange,detectingGI.11VLPsandnumerousGII Pdomains.Nano-26also
showedbroadreactivity,detectingall GII genotypes.Nano-4andNano-42showedlimited
cross-reactivity,whileNano-27,Nano-32,andNano-14wereGII.10specific(S1Fig).

HBGA blocking properties of Nanobodies
In orderto determinetheHBGA blockingpotentialof theNanobodies,asurrogateneutraliza-
tion assayswereperformedusingGII.10andGII.4 VLPs.ThreeNanobodies(Nano-14,Nano-
32,andNano-26)inhibited thebinding of GII.10VLPsto PGMin adose-dependentmanner
(IC50= 1.7to 6.6�g/ml) (Fig1E).Similarly,Nano-14,Nano-26,andNano-32inhibited bind-
ing to A-typesaliva(IC50= 0.3to 3.1�g/ml) andB-typesaliva(IC50= 1.1to 4.3�g/ml) (S2A
andS2BFig).Nano-85wasrelativelyineffectivein blockingtheGII.10VLPsto PGMor B-
typesaliva(IC50> 70�g/ml) andweaklyblockedGII.10VLPsto A-typesaliva(IC50= 12�g/
ml). Nano-4,Nano-25,Nano-27,andNano-42demonstratedno inhibition of GII.10VLPs.
Additionally,bothNano-26andNano-85blockedGII.4 VLPsfrom binding to PGM(Fig1F)
(IC502.4�g/ml and3.1�g/ml, respectively)andB-typesaliva(IC500.7�g/ml and1.2�g/ml,
respectively)(S2CFig).To demonstratethatNano-26andNano-85specificallyinhibit VLP
binding to HBGAspresentin PGMandsaliva,ablockingassayusingsyntheticHBGAswas
performed(S2DFig).Nano-26andNano-85blockedGII.4 VLPsfrom binding to synthetic
B-tri saccharidewith IC50rangingbetween1 �g/ml to 10�g/ml. Nano-4andNano-42did not
inhibit GII.4 VLPsfrom binding to PGM.

Thermodynamic properties
Thethermodynamicpropertiesof Nanobodiesbinding to GII.10Pdomainswereanalyzed
usingITC (Table1).Mostof theNanobodies(Nano-4,Nano-14,Nano-26,Nano-27,and
Nano-42)exhibitedexothermicbinding with nanomolaraffinities(S3Fig).Thebinding reac-
tion wasdrivenbyalargeenthalpychangeandwascharacterizedwith unfavorableentropyof
thebinding.Thissuggestedthat thenet formationof non-covalentbondsbetweentheNano-
bodyandthePdomainwasamajorcontributor to thebinding.Thestoichiometryindicated
thebinding of oneNanobodymoleculeperPdomainmonomerfor all Nanobodies,except
Nano-14,wheretheratio of Pdomain:Nanobodywas2:1.Nano-32binding wascharacterized
byapositiveenthalpychangeassociatedwith endothermictypeof reaction(S3Fig).Instead,a
largepositiveentropywasthemaincontributing factorto the�ïG. Thesedifferentthermody-
namicparameterswerelikely associatedwith thedistinctbinding epitopeof Nano-32,aspre-
sentedbelow.

X-ray crystal structures of norovirus P domain Nanobody complexes
Thestructuresof GII.10Pdomainin complexwith Nano-14,Nano-26,Nano-27,Nano-32,
andNano-42weresolvedusingX-raycrystallography(Table2).Additionally, theX-raycrystal
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structureof GII.17Pdomainwith Nano-4wasdeterminedin orderto explainNanobody
cross-reactivitybinding interactionsat theatomiclevel.Wealsosolvedadoublecomplex
structureof GII.10Pdomainwith Nano-26/Nano-85,whichpermittedahigherresolution
thantheGII.10PdomainandNano-26complexalone,andexplainedhowtwo distinctNano-
bodiesboundsimultaneouslyto onePdimer.Theoverallstructureof thePdomainsin all
complexstructureswasreminiscentof unboundPdomainwith limited structuralchanges
observeduponbinding of theNanobodies.All Nanobodieshadtypicalimmunoglobulinfold
andinteractedwith thePdomainprimarily with CDRloops.Theelectrondensitiesfor Nano-
4,Nano-32,Nano-26,Nano-27,andNano-42werewell resolved,whereasfor Nano-14,the
distantpartof aNanobodycloseto thetwo-fold crystallographicsymmetryaxiswaspartially
disordered.Overall,wecouldseparatesixNanobodiesinto threedistinctbinding regionson
thePdomain:termedtop,side,andbottom.Nano-4,Nano-26,Nano-27,andNano-42bound
to thebottom;Nano-32boundto theside;andNano-14boundon thetop of thePdomain
(Fig2 andTable3).Thebinding sitesof Nano-4andNano-27partiallyoverlappedtheNano-
85binding site.Moreover,Nano-42boundwith almostidenticalorientationasNano-85.

To supportour structuraldataandexcludethepossibilityof lessprobableorientations
derivedfrom thecrystalpackingweperformedcompetitiveITC measurements.Nano-85
showedno binding to thePdomainpre-incubatedwith Nano-4,Nano-27andNano-42,indi-
catingthat theseNanobodiescompetedfor thesamebinding regionon thePdomain(S4Fig).
On thecontrary,whenNano-85titrationswereperformedto thePdomainpre-mixedwith
Nano-14or Nano-26thebinding isothermwasreminiscentof theNano-85Pdomainmea-
surement.Thesedataimplied thatNano-14andNano-26boundto sitesdistinct from Nano-
85,whereasotherNanobodiescompetedwith theNano-85epitope.Therefore,thesePdomain
NanobodycomplexstructuresclearlyrepresentedthepreciseNanobodybinding epitopes.

Fig 1. Nanobod ies cross-react ivites and inhibition of VLP attachment to PGM. Nanobody cross-reactivities were analyzed using a panel of
GII and GI noroviruses in direct ELISA. P domains, 15 ��g/ml, (GII.1, GII.2, GII.4, GII.10, GII.12, GII.17) or VLPs, 4 ��g/ml, (GI.1 and GI.11) were
detected with a panel of serially diluted Nanobodies (A) Nano-85, (B) Nano-4 (C) Nano-26 (D) Nano-42. Nano-85 exhibited the broadest
reactivity range and detected all GII noroviruses at 0.4 ��g/ml or less and cross-reacted strongly with GI.11 VLPs (��0.8 ��g/ml). Nano-26
recognized GII.1, GII.2, GII.4, GII.10, GII.12, and GII.17 P domains. Nano-4 bound GII.10, GII.17, GII.12, and GII.1 P domains. Nano-42 could
only detect GII.10 and GII.4 2012, whereas Nano-27, Nano-32, Nano-14 did not cross-react with any examined P domains. All experiments were
performed in triplicate (error bars are shown) and the cutoff was set at an OD490 of 0.15 (dashed line). (E, F) PGM blocking assay was used as a
surrogate neutralization assay. GII.10 VLPs were pretreated with serially diluted Nanobodies and added on PGM coated plates. (E) Inhibition of
GII.10 VLPs binding to PGM. Nano-14 and Nano-32 inhibited 50% (IC50) of the binding at 1.7 to 2.6 ��g/ml, respectively. For Nano-26, the IC50

value was 6.6 ��g/ml. Nano-85 showed only weak blocking potential. (F) Inhibition of GII.4 VLPs binding to PGM. Nano-85 and Nano-26 blocked
the binding with IC50 values of 2.2 ��g/ml and 2.5 ��g/ml, respectively. Binding is expressed as a percentage of the untreated VLP binding (100%).
50% inhibition is shown as a dashed line. All experiments were performed in triplicate (error bars are shown).

https://doi.org/10.1371/journal.ppat.1006636.g001

Table 1. Thermod ynamic propertie s of Nanobod y binding to the P domain .

�ûKd �ûH �ûS �ûG

GII.10-Nano-4 3.50E-08 (2.72E-08) -1.20E+04 (180) -3.2 (2.7) -1.10E+04 (592)

GII.10-Nano-14 1.04E-08 (2.60E-09) -2.20E+04 (190) -36.1 (7.5) -1.10E+04 (110)

GII.10-Nano-26 3.20E-09 (1.22E-09) -1.00E+04 (95) 4.8 (1.4) -1.20E+04 (270)

GII.10-Nano-27 9.50E-09 (1.90E-10) -8.10E+03 (334) 9.5 (1.1) -1.10E+04 (19)

GII.10-Nano-32 6.00E-08 (2.10E-08) 5.00E+03 (132) 49.8 (0.7) -9.90E+03 (245)

GII.10-Nano-42 8.09E-10 (7.36E-10) -9.84E+03 (80) 9.1 (1.9) -1.30E+04 (500)

Titrations were performed at 25ÊCby injecting consecutive aliquots of 100 ��M of Nanobodies into 15 ��M of P domain. The binding isotherm was calculated

using a single binding site model. The binding constants, Kd (dissociation constant, M), �ûH(heat change, cal/mole), �ûS(entropy change, cal/mole/deg), �ûG

(change in free energy, cal/mol). All experiments were performed in triplicate. Standard deviations are shown in brackets.

https://doi.org/10.1371/journal.ppat.1006636.t001
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Structure of GII.10 P domain Nano-14 complex
Thestructureof GII.10PdomainNano-14complexwassolvedto 1.8� resolution.Nano-14
boundon thetop of thePdomainin thegrovelocatedbetweenthetwo Pdomainmonomers
(Fig3A and3B).A vastnetworkof hydrogenbondswasformedbetweenNano-14andbothP
domainmonomers.Themajority of interactionswerebuilt betweenonePdomainmonomer
(chainA) andCDR3of theNano-14(Fig3C).SixPdomainresidues(chainA: Arg299,
Trp381,Lys449,Asp403,andGlu333;chainB:Gln384)formedelevendirecthydrogenbonds
with Nano-14.FourelectrostaticinteractionswereobservedbetweenNano-14andtheP
domainresiduesArg299andGlu382(chainA). Thenumeroushydrogenbondsandelectro-
staticinteractionscorrespondedwellwith thelargenegativebinding enthalpy(S3Fig).FiveP
domainresidues(His298,Val361,Ala363,Arg299,andTrp381)wereinvolvedin eighthydro-
phobicinteractionswith Nano-14.Two additionalinteractionswereobserved:Pdomain

Table 2. Data collection and refinement statistics for P domain Nanobod y complex structures.

Nano-4 GII.17 P
domain

Nano-14 GII.10 P
domain

Nano-26 Nano-85 GII.10
P domain

Nano-27 GII.10 P
domain

Nano-32 GII.10 P
domain

Nano-42 GII.10 P
domain

PDB 5O02 5OMM 5O04 5OMN 5O03 5O05

Data collection

Space group C121 C121 C121 P6222 P41212 P212121

Cell dimensions

a, b, c (�c) 118.5 64.0 70.0 97.5 94.2 101.3 167.2 91.5 118.1 167.4 167.4 143.5 109.7 109.7 268.3 87.9 105.4 107.7

�., ��, �� (Ê) 90 97.26 90 90 112.70 90 90 127.12 90 90 90 120 90 90 90 90 90 90

Resolution range
(�c)

45.1±1.69
(1.80±1.69)�

48.50±1.65
(1.75±1.65)�

47.98±2.30
(2.44±2.30)�

48.34±2.68
(2.78±2.68)�

49.04±2.19
(2.33±2.19)�

47.33±2.00
(2.12±2.00)�

Rmerge 6.8 (42.7)� 6.4 (56.1)� 7.9 (59.2)� 15.0 (195.8)� 5.9 (77.3)� 9.02 (79.2)�

I/�1I 11.5 (2.3)� 16.5 (2.8)� 10.7 (2.3)� 20.6 (1.65)� 23.8 (2.7)� 13.1 (2.0)�

Completeness (%) 96.5 (90.2)� 98.0 (95.3)� 91.7 (90.1)� 99.5 (97.0)� 99.8 (98.9)� 99.6 (98.8)�

Redundancy 3.2 (2.8)� 4.9 (4.8)� 2.8 (2.7)� 19.3 (18.7)� 10.6 (7.6)� 4.5 (4.6)�

CC1/2 99.7 (84.9) 99.9 (80.6) � 99.6 (76.3) 99.9 (74.4) 99.9 (92.5) 99.8 (74.9)

Refinement

Resolution range
(�c)

45.06±1.77 48.50±1.7 47.98±2.30 48.34±2.68 49.04±2.19 48.76±2.63

No. of reflections 55890 99684 58206 33588 84286 68145

Rwork/Rfree 15.1/18.2 16.5/19.3 21.2/24.1 23.5/26.2 17.2/19.3 18.0/22.1

No. of atoms 4034 5957 8217 3218 7011 6995

Protein 3490 5440 8064 3218 6706 6425

Ligand/ion 29 100 72 0 70 156

Water 515 417 81 0 887 414

Average B factors
(�c2)

Protein 19.10 26.30 52.30 68.20 63.40 40.40

Ligand/ion 43.60 36.20 56.80 0 75.30 53.10

Water 33.00 29.30 38.20 0 54.40 40.70

RMSD

Bond lengths (�c) 0.006 0.008 0.002 0.002 0.005 0.009

Bond angles (Ê) 1.05 1.16 0.67 0.48 0.87 1.08

Each data set was collected from single crystals, respectively.

�Values in parentheses are for the highest-resolution shell.

https://doi.org/10.1371/journal.ppat.1006636.t002
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Fig 2. Variety of Nanobod y binding sites on the GII.10 domain. The X-ray crystal structures of the P domain-Nanobody complexes were
superimposed onto each other. Nano-85 and Nano-25 complex structures were previously published in [31]. GII.10 P domain is colored light
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His358(chainB) formeda�-sulfur interactionwith NanobodyMet106,whereasPdomain
Glu333(chainA) participatedin a� donor hydrogenbondwith Phe102.

TheninePdomainresiduesinvolvedin Nano-14binding werepredominantlyvariable(see
Fig4).This finding correspondednicelywith theELISAdatathatshowedNano-14wasGII.10
specific.Remarkably,theNano-14binding site,which is largelyformedbyCDR3loop,
extendedbetweentwo HBGA binding pockets(Fig2).Suchstrategicpositioningof Nano-14
resultedin stericinterferencewith thetwo conventionalHBGA binding sitesandthetwo
newlyidentifiedHBGA binding pockets[18]. Moreover,threePdomainresidues(Trp381,
Glu382andLys449)weredirectlyinvolvedin binding HBGAs[32] andNano-14,indicatinga
directcompetitionfor theHBGA pocket.Importantly,analysisof theNano-14binding site
with theELISAblockingdataprovidedanovelstructuralbasisof GII HBGA binding interfer-
ence(seeFig1).

Structure of GII.10 P domain Nano-32 complex
TheNano-32binding sitewaslocatedon thesideof theGII.10Pdomainin acleftbetween
two Pdomainmonomers(Fig5A and5B).In thePdomainNano-32complex,severalP
domainloopswereslightlyshiftedcomparedto theunligandedPdomain(S5Fig)(chainA:
residues487±491and517±522;chainB:residues309±314,287±300,and418±421).Moreover,
aPdomainloop(residues343±352)wasshifted~4.3� from theloop in theunligandedstruc-
ture.Severalresidueswithin this loopwerealsodisordered,suggestingacertaindegreeof P
domainflexibility. Theloopcontainingresidues295±300waspositionedidenticallyin both
monomersin contrastto theusualasymmetricorientationin unligandedstructure[18]. These
conformationalrearrangementslikely correlatedwith themajorentropychangeobservedin
ITC measurements(Table1).Nano-32wasessentiallyheldequallywith two Pdomainmono-
mers(Fig5C).FourPdomainresiduesfrom chainA (Arg287,Asn344,Trp343,andAsp316)
andtwo residuesfrom chainB(Arg492andThr519)formedsevendirecthydrogenbounds
with Nano-32.SeveralPdomainresidueswerealsoinvolvedin electrostaticinteractions
(chainA: Arg287andAsp247;chainB:Glu236)andhydrophobicinteractions(chainA:
Pro314;chainB:Val248andPro518).SixPdomainresiduesinvolvedin Nano-32binding
werehighlyvariableandfiveresidueswereconservedin GII.4 andGII.10noroviruses(Fig4).

gray (chain A) and dark gray (chain B), Nano-14 (red), Nano-42 (dark purple), Nano-32 (yellow), Nano-27 (blue), Nano-26 (cyan), Nano-4
(pink), Nano-85 (orange), and Nano-25 (dark green). HBGA binding sites are marked black and newly identified additional fucose binding
sites are marked blue. One Nanobody bound on the top of the P domain (Nano-14), two Nanobodies bound on the side (Nano-32 and Nano-
25) and five Nanobodies bound on the bottom (Nano-85, Nano-4, Nano-26, Nano-42 and Nano-27). Nano-32, Nano-26 and Nano-14 were
involved in a dimeric interaction with the P domain, whereas the binding of Nano-4, Nano-25, Nano-27, and Nano-85 was monomeric.
Nanobody binding footprints are marked on the bottom and top of the P domain.

https://doi.org/10.1371/journal.ppat.1006636.g002

Table 3. Summary of Nanobod ies analyzed in this study.

Nanobody Affinity to GII.10, Kd Cross reactivity PGM blocking Binding site on the P
domain

EM

Nano-4 3.50E-08 GII.1, GII.12, GII.17 No Bottom Monomeric Small

Nano-14 1.04E-08 No Yes Top Dimeric Native

Nano-26 3.20E-09 GII.1, GII.2, GII.4, GII.17 Yes Side, bottom Dimeric Broken/Small

Nano-27 9.50E-09 No No Side, low Monomeric Small

Nano-32 6.00E-08 No Yes Side, middle Dimeric Aggregated native

Nano-42 8.09E-10 GII.4 No Bottom Monomeric Small/Broken

Nano-85 3.47E-09 GII.1, GII.2, GII.4, GII.12, GII.17, GI.11 Moderate Bottom Monomeric Broken/Small

https://doi.org/10.1371/journal.ppat.1006636.t003
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Fig 3. Nano-14 in complex with the GII.10 domain. (A) The X-ray crystal structure of the GII.10 domain Nano-14 complex was determined
to 1.7�c resolution. The molecular replacement in C121 space group indicated one P domain dimer and one Nanobody per asymmetric unit.
P domain chain A (light blue), chain B (salmon), Nano-14 (red). The Nano-14 bound to the top of the P1 subdomain in the canyon between
two monomers. (B) The Nano-14 binding site overlapped with the binding pocket of HBGAs (as an example B-trisaccharide is shown in
green sticks) (C) A close-up view of GII.10 P domain and Nano-14 interacting residues. The P domain hydrogen bond interactions included
side-chain and main chain interactions from both monomers. R299, W381, K449, D403, and E333 from chain A and Glu384 from chain B
formed direct hydrogen bonds with Nano-14: D53, D1, F102, T103, T104, M106, and W109. P domain E382 and R299 were involved in
electrostatic interactions with Nano-14 residues D1 and H32. Hydrophobic interactions involved P domain chain A: W381, H298, R299,
V361, A363 and Nano-14: F102, I100, V101, M106, and H32. Two additional interactions were observed with P domain chain B residues:
direct hydrogen bond with Q384 and Pi-sulfur interaction with H358.

https://doi.org/10.1371/journal.ppat.1006636.g003
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AlthoughNano-32stronglyinhibited binding of GII.10VLPsto HBGAs,noneof theresidues
weresharedbetweentheHBGA pocketsandtheNano-32binding site.Thisresultsuggested
thatNano-32indirectly interferedwith theHBGA pocketsor utilizedanothermechanismto
inhibit HBGA binding.

Structure of GII.17 P domain Nano-4 complex
Wesolvedthestructureof GII.17PdomainNano-4complex,sincetheGII.17noroviruswas
of recentclinicalconcern;andwewantedto analyzethecross-reactiveepitopesat theatomic
level.Accordingto theELISAdata,Nano-4boundstronglyto theGII.17VLPs.X-raydatafor
GII.17PdomainNano-4complexwasprocessedto 1.7� resolutionin C121spacegroup.
Nano-4boundto thebottomof thePdomainin closeproximity to thepreviouslyidentified
Nano-85binding site(Fig2 andFig6A and6B)[31]. An extensivenetworkof directhydrogen

Fig 4. Nanobod y binding epitopes on the GII P domain sequence alignment. Eleven different GII genotype P domain sequences
were aligned using ClustalX. The GII.10 capsid sequence was used as the consensus sequence, other sequences include GII.1
(U07611), GII.2 (HCU75682), GII.3 (DQ093066), Saga-2006 GII.4 (AB447457), NSW-2012 GII.4 (JX459908), GII.5 (BD011877), GII.6
(BD093064), GII.7 (BD011881), GII.8 (AB039780) GII.10, and GII.12 (AB044366). For clarity only GII.10 residues are shown. The
binding epitope of a broadly reactive monoclonal antibody 5B18 MAb (light blue) is shown for the reference. The GII.10 residues
interacting with Nano-4 (pink), Nano-14 (red), Nano-25 (dark green), Nano-27 (blue), Nano-32 (yellow), Nano-42 (deep violet), and
Nano-85 (orange) are colored accordingly. The asterisks mark conserved amino acids. P domain residues interacting with HBGAs are
boxed.

https://doi.org/10.1371/journal.ppat.1006636.g004
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Fig 5. Nano-32 in complex with the GII.10 domain. The X-ray crystal structure of the GII.10 domain Nano-32 complex was determined to
2.1�c resolution. The asymmetric unit cell contained one P domain dimer and two Nanobodies in space group P41212. The interface with the
surface area of 650 �c2 was considered biologically relevant. (A) The complex was colored according to Fig 3 with Nano-32 (yellow). (B) The
Nano-32 bound to the side of the P1 subdomain in the cleft between two monomers. (C) A close-up view of GII.10 P domain and Nano-32
interacting residues. The P domain hydrogen bond interactions included side chain and main chain interactions from both monomers. Direct
hydrogen bonds were formed with chain A: R287, N344, W343, D316 and chain B: R492 and W519 with Nano-32: D1, N5, S25, L45, S101,
and D123. Electrostatic interactions formed between P domain chain A: R287, E236, chain B: D247 and Nano-32: D1 and K120.
Hydrophobic interactions involved chain A: P314 and chain B: P518, V248 and Nano-32: V2, L45, Y95, and A119.

https://doi.org/10.1371/journal.ppat.1006636.g005
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Fig 6. Nano-4 GII.17 domain and Nano-42 GII.10 P domain complex structures. (A, B) The X-ray crystal structure of the GII.17 domain Nano-4
complex was determined to 1.7�c resolution. Unit cell contained one P domain and one Nanobody. Only one relevant interface with a surface area of
532 �c2 was found. GII.17 P domain is colored violet (Chain A) and light green (Chain B), Nano-4 is shown in hot pink. A close up view shows the
formation of the extended network of hydrogen bonds between P domain residues: T483, E486, D516, N520, Y523, S524 and Nano-4: R99, R100,
Y102, T106, G112, and Y113. Two hydrophobic interactions were formed between P domain: Y523, A526 and Nano-4: Y113, A109. Five
electrostatic interactions (P domain: R482, E486, D516) contributed to binding to Nano-4: D104, R100. (C, D) The structure of GII.10 P domain and
Nano-42 was solved to 2.0�c resolution with the unit cell containing one P domain dimer and two Nanobodies. The Nano-42 binding site had an
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bondswasformedbetweenPdomainresidues(Thr483,Glu486,Asp516,Asn520,Tyr523,and
Ser524)andNano-4(Fig6B).Two Pdomainresidueswereinvolvedin hydrophobicinterac-
tions(Tyr523andAla526)andfiveelectrostaticinteractions(Arg482,Glu486,andAsp516)
contributedto Nano-4binding.Only threeof ninePdomainresiduesinteractingwith Nano-4
werevariable(Fig4).Thesixconservedresiduesprovidedapossibleexplanationfor thebroad
cross-reactivityexhibitedwith Nano-4(Fig1).TheNano-4binding epitopewaslocatedon the
oppositesideof theHBGA pocket,anobservationthat issupportedby thelackof blocking
potentialin thesurrogateneutralizationassay.

Structure of GII.10 P domain Nano-42 complex
Nano-42boundon thebottomof thePdomainandcloselyoverlappedwith Nano-85binding
site(Fig6C).FivedirecthydrogenbondsinvolvedPdomainresidues(Asp526,Trp528,
Asn530,andThr534)andNano-42residues(Fig6D).Two hydrophobicinteractionswere
formedbetweenPdomainresiduesVal529andAla536andNano-42residuesTyr100and
Val54,respectively.Interestingly,theNanobodywasalsoheldby threeadditionalhydrogen
bondsmediatedbyanethyleneglycolmolecule.Ethyleneglycolinteractedwith Pdomainresi-
duesArg484andAsp526on onesideandNano-42residuesThr31andSer53on theother
side.Moreover,sixwatermediatedbondsprovidedadditionalstabilizationof thebound
Nano-42.AlthoughNano-42binding residuesweremainlyconservedin GII norovirusesand
wereidenticalbetweenGII.4 2006and2012strains,Nano-42apparentlydistinguishedthese
two strainsin theELISAcross-reactivitystudy(Fig1). In addition,althoughthebinding epi-
topeof Nano-42wasrathersimilar to thatof Nano-85,Nano-42did not inhibit VLPbinding
to HBGAs.

Structure of GII.10 P domain Nano-26 Nano-85 double complex
Nanobodieswerepreviouslyshownto aid thecrystallizationprocessby increasingproteinsta-
bility andstabilizingflexibleregions[33]. WehavealreadyutilizedNano-85to obtainhigh-
resolutioncomplexstructureswith threedifferentnorovirusPdomains[31]. Herein,weused
Nano-85to improvetheresolutionof theGII.10PdomainNano-26complexstructureand
describethesynchronizedbinding of two Nanobodies.Theinitial structureof GII.10P
domainNano-26complexwassolvedto ~3� resolution.A singlecrystalof GII.10Pdomain
Nano-85/Nano-26doublecomplexdiffractedto 2.3� in C121spacegroup.Bindingepitopes
andinteractionsof bothNanobodieswereidenticalto thosein theindividual complexes[31].
Nano-26boundat thebottomof thePdomain,perpendicularto Nano-85binding site(Fig
7A).

Nano-26binding sitecomprisedof residuesfrom bothPdomainmonomers,althoughthe
majority of thePdomaininteractionsinvolvedonly onechain(chainB).Nano-26formed
sevendirecthydrogenbondswith onePdomainmonomer(chainB:Asp269,Leu272,Gly274,
Gln471,Glu472,andThr276)(Fig7B).BothPdomainmonomerswereinvolvedin hydropho-
bic interactions(chainA: Ile231,Pro488;andchainB:Tyr470andPro475)with Nano-26.In
addition,two electrostaticinteractionscontributedto thetight binding.Nano-26binding resi-
duesweremainlyconservedbetweenGII genotypes,whichcorrelatedwellwith thebroadrec-
ognition shownwith ELISA(Figs1 and4).Althoughthebinding sitewasdistantfrom the

interface surface area of 621 �c2. GII.10 P domain is colored as in Fig 3 and Nano-42 is colored deep purple. Five direct hydrogen bonds involved P
domain residues: D526, W528, N530, T534 and Nano-42 residues: T31, Y100, S101, and S56, one electostatic interaction formed between P domain
F532 and Nano-42 K96. Two hydrophobic interactions were formed between P domain residues V529, A536 and Nano-42 residues Y100, V54.
Ethylene glycol molecule is shown in green sticks and participates in six direct hydrogen bonds with P domain and Nanobody.

https://doi.org/10.1371/journal.ppat.1006636.g006

Nanobodies reveal potential mechanisms of norovirus neutralization

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006636 November 2, 2017 14 / 33



Fig 7. Nano-26 Nano-85 GII.10 P domain double complex structure. GII.10 P domain Nano-26 Nano-85 crystal diffracted to 2.3�c in a C121 space
group. Unit cell contained a P domain dimer with two Nano-85 and two Nano-26 molecules. (A) GII.10 P domain is colored as in Fig 3 with Nano-26 (cyan)
and Nano-85 (orange). The Nano-85 and Nano-26 binding site in a double complex were identical to binding sites in individual complexes. (B) Nano-26
binds to the cleft between two P domain monomers at the bottom of the P domain dimer. (C) Close up view on the interactions between P domain residues
and a Nano-26. Seven direct hydrogen bonds formed between P domain chain B: D269, L272, E274, E471, E472, T276 and Nano-26: V2, R26, R99, and
Y104. P domain chain A: I231, P488 and chain B: E271, D316, Y470, and P475 were involved in hydrophobic interactions and two electrostatic interactions
with Nano-26: V2, I28, F30, M31, K75, and A102.

https://doi.org/10.1371/journal.ppat.1006636.g007

Nanobodies reveal potential mechanisms of norovirus neutralization

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006636 November 2, 2017 15 / 33



HBGA binding pocket,Nano-26hadahigh inhibition capacityin theblockingassay,which
alsosuggestedindirect HBGA interference.

Structure of GII.10 P domain Nano-27 complex
TheNano-27binding epitopewaslocatedon thebottomregionof thePdomain(Fig8). Inter-
estingly,thebinding sitepartiallyoverlappedtheNano-4binding site.SixPdomainresidues
(Arg484,Gly491,Arg492,Thr493,Glu496,andThr534)wereinvolvedin tendirecthydrogen
bondsandtwo electrostaticinteractions.Threeresidues(Arg484,Ala536,andPro537)were
involvedin four hydrophobicinteractionswith Nano-27.TheNano-27binding sitecomprised
sixconservedresiduesandtwo variableresidues.TheELISAdatashowedthatNano-27was
strainspecific,which indicatedthatcertainvariableresidueslikely playacrucialrole in cross-
reactivity(Fig4).Similarlyto Nano-4,Nano-27alsofailedto blockVLPbinding to HBGAs.

VLP structural integrity upon Nanobody treatment
WepreviouslyshowedthatNano-85wasableto disassemblenorovirusVLPs[31]. To explore
if thesesixnewlyidentifiedNanobodieshadasimilarability,wetreatednative-sizeVLPswith
Nanobodiesandexaminedthetreated-particlemorphologyusingEM. Overall,threedistinct
VLPstructuralmodificationswereobservedwith Nanobodytreatment(Fig9). In thefirst
case,Nano-85andNano-26treatmentpartiallydisassembledanddeformedthenative-size
VLPs.Nano-85treatmentalsoproducedaminor fractionof small-sizeVLPs(20±23nm). In
thesecondcase,Nano-4,andNano-27treatmentinducedaconformationaltransitionfrom
native-sizeVLPs(35±38nm) to thesmall-sizeVLPs.In caseof Nano-42,smallanddisassem-
bledparticleswereequallypresentaftertreatment.In thethird case,Nano-32treatmentpro-
ducedlargeaggregatesof apparentlyintactnative-sizeVLPs.Noneof theseeffectswere
observedwith Nano-14treatment.

To investigateatemperaturedependenceof theNanobodytreatment,wemixedGII.10
VLPswith Nano-85andNano-26at4ÊC,room temperature,and37ÊCfor 30minutes(S6
Fig).Nano-85treatedVLPsshowedacontinuousdegradationof native-sizeparticles,produc-
ing smalland/orpartiallybrokenparticlesasmajor intermediateforms.Nano-26wasmore
effectiveacrossthetemperaturerangeandalmostcompletelyalteredtheVLP integrity.The
combinationof Nano-85andNano-26appearedto causeamoreintensedegradationof VLPs.
Thetemperaturedependenceof Nano-85inducedmorphologicalchangesindicatedthe
involvementof capsidªbreathingºin thedisassemblyprocess.

WealsoperformedDLSmeasurementsto quantitativelyevaluateGII.10VLPheterogeneity
afterNanobodyexposure.Nano-14treatedVLPshadalmostidenticaldiametersto native-size
particles(37nm and35nm, respectively)(Fig10Aand10B).Nano-32treatedVLPsdisplayed
10,000timesincreaseddiameters,confirming theformationof thelargeaggregatesobserved
usingEM. Nano-26andNano-85treatedVLPsmainly formedVP1proteinaggregates,
althoughasmallpeakcorrespondingto native-sizeparticlesremained.Nano-4,Nano-27,and
Nano-42treatedVLPsshowedpeakscorrespondingto small-sizeVLPs(21±23nm). Overall,
theDLSanalysiscorrespondedwellwith theEM resultsandprovidedadditionalevidencethat
Nanobodytreatmentalteredthecapsidstructuralintegrity.

Nanobody effects on prevalent GII.4 and GII.17 VLPs
TwoNanobodies,Nano-26andNano-85,exhibitedbroadcross-reactivitiescoupledwith
adverseeffectson capsidintegrity.To understandif theseeffectswererelevantfor clinically
important norovirusstrains,GII.4 (Sydney2012)andGII.17VLPsweretreatedwith Nano-26
andNano-85(Fig11).BothNanobodiesleadto malformedandaggregatedGII.4 VLPsand

Nanobodies reveal potential mechanisms of norovirus neutralization

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006636 November 2, 2017 16 / 33



producedonly afewsmall-sizeparticles.In thecaseof GII.17VLPs,Nano-26treatmentcaused
theformationof small-sizeVLPs,whereasNano-85seemedto haveno notableeffecton the
particlesize.TheseEM resultsweresupportedwith theDLSmeasurements(Fig11).Overall,
theseresultssuggestedthateffectsof theNanobodytreatmentmight varyamongdifferent
genotypes.

To further evaluatethebinding effectsof Nano-26andNano-85on GII.4 (2012)VLPs,we
performedtime-, temperature-,andconcentration-dependentDLSmeasurements(S7andS8
Figs).Nano-26inducedchangesin theVLPsizedistribution after30seconds,whereasfor
Nano-8515minuteswererequiredto observethefirst noticeableeffects(S7Fig).Fluctuations
in VLPsizesweremoreevidentat37ÊCfor bothNano-26andNano-85after15minutesincu-
bation(S7AandS7BFig).Nanobodyeffectswerealsoconcentrationdependent,with mini-
mum concentrationsof 12.5�M and50�M requiredfor Nano-26andNano-85,respectively
(S7CandS7DFig).TheseresultssuggestedthatoneNano-26moleculeperVP1dimer wassuf-
ficient to causemorphologicalchanges,whereasNano-85required>2 timesmolarexcess.

Nanobody effects on GII.4 virions
In orderto examinetheNanobodyeffectson norovirusvirions,weimplementedamodified
RNA exposureassayandviral loadswerequantifiedusingreal-timeRT-PCR.Concentrated
GII.4 positivestoolsamplesweretreatedwith thebroadlyreactiveNano-26andNano-85,
whileNano-14wasusedasanegativecontrol and250mM citric bufferwasusedasapositive
control.Treatedsampleswerethensubjectedto RNAsedigestion.Nano-26,Nano-85,and

Fig 8. Structure of the GII.10 P domain Nano-27 complex. The X-ray crystal structure of GII.10 P domain Nano-27 complex was solved to 2.9�c
resolution. GII.10 P domain is colored according to Fig 3 and Nano-27 (blue). (A) Nano-27 bound to the lower part of P domain monomer. (B) Nano-27
forms an extensive network of hydrogen bonds and hydrophobic interactions with P domain residues. Six P domain residues: R484, G491, R492, T493,
E496, and T534 were involved in ten direct hydrogen bonds and two electrostatic interactions with Nano-27: D54, E64, R98, Y52, S56, T57, and E64.
Three P domain residues: R484, A536, and P537 were involved in four hydrophobic interactions with Nano-27: W58, Y52, and L47.

https://doi.org/10.1371/journal.ppat.1006636.g008
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Fig 9. Nanobod y treatment of GII.10 noroviru s VLPs causes capsid deformat ion. GII.10 VLPs were treated with each Nanobody for 1 h at room
temperature and applied on EM grids for negative staining. Nano-14 treated VLPs preserved the initial morphology, whereas Nano-26, Nano-85 and
Nano-42 binding caused changes in particle integrity. Nano-85 treated VLPs were largely broken with a few small-size particles. Nano-4, Nano-27
and Nano-42 treated VLPs tended to shift to the smaller form, whereas Nano-32 treated VLPs formed large aggregates. Negative stain EM images
were obtained at 50,000 magnification. The scale bar represents ~50 nm.

https://doi.org/10.1371/journal.ppat.1006636.g009
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citratetreatedstoolsamplesshowedreducedgenomecopynumberscomparedto theNano-14
control (approx.30timesfor Nano-26andNano-85and250timesfor citrate)(Fig10C).
Theseresultssuggestedthat theNano-26andNano-85openedthevirionsandreleasedthe
viral RNA,whichwasdegradedbyRNAse.To evaluatetheNanobodyeffectson norovirus
virionsmoredirectly,weusedastoolsamplewhereRNA degradationwasnot detectedand
performedRNA extractionwith incompletelysisstep(Fig10D).Additional degradation
causedbyNanobodiesor citrateleadto anincreasednumberof genomecopiescomparedto
untreatedsamples.Indeed,Nano-26,Nano-85,andcitratetreatedsampleshadhigherRNA
levelsthanin thecontrol samples(PBSor Nano-14)(Fig10D).Although,thefold increasewas
relativelysmall(5±7times),thedifferencewassignificant.

To further investigateif NanobodytreatmentcouldrendernorovirusVLPsvulnerableto
proteolyticcleavage,wesubjectedGII.10,GII.4,andGII.17VLPsto a30-minutetrypsin

Fig 10. Nanobod y treatment leads to changes in norovirus capsid morpholog y. (A) DLS profiles of Nanobody treated GII.10
VLPs. (B) Average diameters of treated VLPs. Nano-26, Nano-32 and Nano-85 binding caused the formation of large molecular
weight aggregates. All experiments were performed in triplicates. (C) Concentrated stool suspension was treated with Nano-14,
Nano-26, Nano-85, and 250 mM citrate buffer and subsequently with 50 U of RNAse. Genome copies were quantified with RT-
qPCR. Nano-26, Nano-85, and citrate caused a significant decrease in genome copy levels compared to Nano-14. (D) 10% stool
suspension was treated with Nanobodies or GHCl and diluted twice with PBS to decrease viral lysis efficiency. Genome copies
levels were measured as before and indicated additional lysis in samples pre-treated with Nano-85, Nano-26 and GHCl. Statistical
analysis was performed using one-way ANOVA test. Significant differences (P�0.05 ) between the treated samples and a negative
control (Nano-14 treatment) are marked with stars.

https://doi.org/10.1371/journal.ppat.1006636.g010
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Fig 11. Broadly reactive Nanobod ies affect the capsid of prevalent norovirus strains. VLPs of two prevalent norovirus strains GII.4 and
GII.17 were incubated with Nano-26 and Nano-85 for 1 h at room temperature. (A) Samples were then applied on EM grids and stained with 1%
uranyl acetate. Both Nanobodies degraded GII.4 VLPs. Nano-26 exposure of GII.17 VLPs caused the appearance of VLPs with smaller
diameters, whereas Nano-85 seemed to be ineffective, although VLPs appeared to be partially deformed. EM images were obtained at 50,000
magnification, the scale bar represents ~100 nm. (B) DLS profiles of GII.4 2012 and GII.17 VLPs treated with Nano-26 and Nano-85 confirmed
the EM observations.

https://doi.org/10.1371/journal.ppat.1006636.g011
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digestionafterNanobodyexposureandobservedtheproteinbandsusingSDS-PAGE(S10
Fig).Nano-14treatedVLPsproducedsimilarbandsastheuntreatedVLPs.Nano-26and
Nano-85treatmentresultedin multiple cleavageproductsfor GII.10andGII.4 VLPs.In the
caseof GII.17VLPs,only Nano-26treatmentshowedadditionalcleavageof thecapsidprotein.
Overall,theseresultssuggestedthatNano-85andNano-26causedtheparticlesto become
structurallyunstable,morevulnerableto proteolyticcleavage,andviral RNA exposure.

Discussion
Structuralinformation of antibodyandNanobodybinding sitescanbeinstrumentalfor
understandingtheneutralizingandimmuno-dominantepitopesaswellasmotion dynamics
of theviral capsid.NumerousneutralizingmAbshavebeenidentifiedin recentyearswith
diverseneutralizationmechanisms[34]. Oneof themostdirectmechanismsisblockingthe
receptorbinding sites.SuchneutralizingmAbsandNanobodieswerepreviouslyidentifiedfor
influenzavirus,HIV, herpessimplexvirus,rhinovirus,andothers[35±41].Forexample,in the
caseof HIV, with theaidof anextralongCDR3loop,theneutralizingNanobodyD7 effec-
tivelycompetedfor theCD4binding siteon gp120protein [42]. PreviouslydescribedNanobo-
diesandmAbswith therapeuticpotentialagainsthumannoroviruswerealsoproposedto
interferewith theHBGA binding site[20,22±27].MAb termedNV8812boundto aconforma-
tional epitopeon theGI.1Pdomainandblockedthebinding of norovirusVLPsto humanand
animalcelllines[24]. Four ��-GI mAbsisolatedfrom chimpanzeeschallengedwith norovirus
blockedVLPbinding to carbohydratesandinhibited hemagglutination,althoughtheir precise
binding siteswerenot described[20]. Recently,aGI.1specificmAb wasdiscoveredthatsteri-
callyhinderedtheHBGA pocket[22]. In our study,weshowedthatNano-14overlappedwith
theGII.10HBGA binding sitesandinhibited HBGA binding bystericinterferenceandcom-
petition for thepocket.Theblockingabilitiesof Nano-14werealsocomparableto previously
reportedblockingNanobodies(IC50= 0.34±2.0�g/ml) [23], scFvfragments(IC50= 0.3±
1.5�g/ml) [43], andmAbs(IC50= 0.12±0.74)�g/ml [20,28].Althoughexhibitinghigh inhibi-
tion capacity,thesemAbsandNanobodiestendto bestrainspecific.

Theuseof mAbsor Nanobodiesdirectedto theHBGA pocketmayinherentlysufferfrom
thevariationsandconstantlychangingaminoacidsin this region.Therefore,thereisaneedto
identify additionalneutralizationepitopes,whicharelesssusceptibleto sequencevariations.
Indeed,Nano-32recognitionepitopewasdistantfrom theHBGA binding pocketandblocked
VLPbinding to HBGAs.A similarphenomenonwaspreviouslydiscussedwith thenorovirus
specificblockademAb NVB71.4,whereneitherparticledisassemblynor sterichindrance
couldexplainNVB71.4blockadeactivity[25]. However,it wassuggestedthat theNERKmotif
(residues310,316,484,and493accordingto GII.4 numbering)couldfunction asaconforma-
tional regulatorthroughanallostericeffect[25]. Interestingly,two of theseresidueswere
directlyinvolvedin Nano-32binding,suggestingasimilarblockagemechanismasobserved
with mAb NVB71.4.Nano-32inducedconformationalrearrangementof severalPdomain
loops,whichin turn alteredthehydrophobiclandscapeof thePdomainsurface.Thisrear-
rangementlikely causedtheparticleaggregationleadingto interferenceat theHBGA binding
pocket.An inhibition mechanismbyallostericinterferencewaspreviouslydescribedfor highly
neutralizingmAbsagainstHIV anddenguevirus[44,45].Also,arecentstudyshowedthat the
PGT121mAbsagainstHIV gp121protein inhibited CD4binding,althoughthebinding epi-
topewasremotefrom theCD4binding site.Moreover,denguevirusneutralizingmAb 1A1D-
2boundto apartiallyoccludedepitopeon envelopeglycoproteinEandpromotedparticle
reorganization[45]. Thesechangesin viral surfacewerelikely responsiblefor theinhibitory
propertiesby thismAb.
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To allowstructuralrearrangementto occurduring viral entryanduncoating,theviral cap-
sidproteinsneedto beexceptionallydynamic.Internalplasticityandmotionsof thecapsid
proteinscanallowaccessto buriedregions,whichoftenplayanimportant role in theviral life
cycle[46]. Indeed,multiple antibodiesagainstpicornavirusesandflavivirusesthatbind to nor-
mally inaccessiblesiteson theviral capsidwereshownto behighlyneutralizing[47±52].For
rhinovirusesandpolioviruses,buriedregionsof internalVP4proteinaretransientlyexposed
dueto thecapsidªbreathingºandaretargetedbyneutralizingmAbs.Thesecrypticepitopes
areoftenveryconservedandthereforeprovidecross-serotypicneutralization.Wepreviously
identifiedabroadlyreactivenorovirusmAb [53] andNano-85thatboundto aconserved
regionthatwasoccludedin thecontextof native-sizeparticles[31]. Here,weidentifiedfour
novelNanobodies(Nano-4,Nano-26,Nano-42,andNano-27)thatboundto thesimilar inter-
nalandpoorlyaccessibleepitopesasNano-85.In comparisonwith Nano-85,thebinding sites
of Nano-27andNano-4werelocatedcloserto thePdomaincrown.In contextof thecomplete
particle,thispositionhadfewerstericclasheswith neighboringPdomains.TheNano-26epi-
topewaslocatedat thebottomof thePdomain,albeitperpendicularto Nano-85binding site.
Althoughcompletelydifferent,Nano-26recognitionepitopewasalsoconservedandpoorly
accessible(Fig7).Thetime- andtemperature-dependenceof theNanobody-induceddegrada-
tion suggestedanimportant roleof conformationalmobility andcapsidªbreathingºin Nano-
85andNano-26binding to thesehiddenepitopes[46].

Dueto their smallsizeandhighaffinities,therapidbinding of theNanobodiesprovideda
meansto trap transientlyexposedregions,otherwiseburiedin thenativestateof theparticles.
Trappingtheparticlesin aparticularconformationor otherwiseinhibiting capsidªbreathingº
isacommonantiviral strategysharedbymanyneutralizingmAbs,Nanobodies,anddrugs
againstHIV, flaviviruses,picornaviruses,influenza,andothers[54±60].Forexample,several
neutralizingNanobodiesagainstpoliovirusandrespiratorysyncytialviruswereshownto spe-
cificallystabilizeeitherthenativeor expandedconformationof capsid,preventingit from fur-
ther rearrangementnecessaryfor theinfectionprocess[30,61].It isplausiblethat in thecaseof
norovirusNanobodiesdescribedhere,binding resultedin astabilizationof theparticularP
domainconformation,thusreducingthemobility andinfluencingthepositionon theS
domain.TheinteractionbetweenSandPdomainswaspreviouslyshownto control thesize
andstabilityof theGI.1noroviruscapsid[62]. Superpositionof PdomainNano-26complex
on thecryo-EMVLPstructurerevealedanextensiveclashwith theSdomain(Fig12).Nano-
26binding likely disruptednormalS-Pdomainorientations,whichconsequentlyresultedin
particledisassembly.Nano-26requiredlesstime andconcentrationto achieveparticledisas-
semblythanNano-85.Thisobservationsuggestedthat therestrictionof anormalS-Pdomain
relationshiphadamoredestabilizingeffectthaninterferencewith P-Pdomaininteractions.
Of note,only Nano-26wasableto influencethemorphologyof GII.17VLPs,whereasGII.17
VLPstoleratedNano-85binding.Apparently,Nano-26binding stabilizedtheS-Pdomaincon-
formation thatwasincompatiblewith themorphologyof native-sizeGII.17particles,but sup-
portedtheformationof small-sizeVLPs.Furthermore,threeotherNanobodies,Nano-27,
Nano-4andNano-42,droveashift from native-sizeGII.10VLPsto asmaller-sizeform. Likely,
theseNanobodiescouldselectivelystabilizetheA/B conformationof thePdimer.Theinability
of theA/B dimer to reassembleinto C/C dimerscouldleadto theformationof smallparticles,
whereall dimersareidenticalandresembleA/B dimer for T = 3 capsids.

Interferencewith thecapsidmotionsandintegrity providesonepossibleexplanationfor
theblockingpropertiesof bothNano-26andNano-85in thesurrogateneutralizationassay.
Nanobodybinding causedthelossof normalVLPmorphologyandthetreatedVLPsshoweda
reducedsignalin theblockingassays.Indeed,chemicallydisassembledVLPsshowedno bind-
ing in aPGMassay(S10Fig).TheseobservationssupporttheassumptionthatNano-85and
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Nano-26inhibited thebinding of norovirusVLPsto HBGAsbycompromisingcapsidmor-
phologyinsteadof directlycompetingfor theHBGA pocket.Interestingly,Nano-42,Nano-27,
andNano-4,whichstimulatetheformationof small-sizeparticles,did not interferewith the
attachmentto theHBGAs.It waspreviouslyshownthatsmall-sizeVLPseffectivelyboundto

Fig 12. Nanobod y binding in context of the whole particle. Nanobodies GII.10 P domain complex
structures were superimposed with A/B dimer (A) or C/C dimer (B) of the GII.10 VLP cryo-EM structure. A
view from 5-fold axes (A) or 3-fold axis is presented (B). Two Nanobodies bound to the relatively more
exposed sites, Nano-26 (cyan) and Nano-32 (yellow). Nano-4 (hot pink), Nano-14 (red), Nano-25 (dark
green), Nano-27 (blue), Nano-42 (dark purple), and Nano-85 (orange) bound to occluded epitopes on the
bottom of the P domain and were poorly visible in context of the whole particle.

https://doi.org/10.1371/journal.ppat.1006636.g012
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thesurfaceof CaCo2cellsandcompetedwith thenative-sizeVLPs[24]. Apparently,thesmall-
sizeVLPsthat resultedfrom Nanobodyexposurewereequallyableto bind HBGAs.

Intriguingly, our structuraldataindicatedthatcloselyoverlappingepitopesareresponsible
for distinct functions.A striking exampleisNano-42andNano-85,whichdespitehaving
almostidenticalbinding footprints,showeddistinctbinding andblockingproperties.Nano-42
seemedto belesseffectivein disassemblingtheVLPscomparedto Nano-85.Similarobserva-
tionswerepreviouslyreportedfor 80SpoliovirusspecificNanobodies,wheredespiteidentical
binding sites,thestructuresof theexpandedvirusdifferedin eachcomplex[48]. Likewise,
althoughNano-4andNano-27sharedfiveof eightbinding residues,Nano-27wasstrainspe-
cific,whereasNano-4wascross-reactive.Eventhoughtheepitopescloselyoverlapwith Nano-
85binding site,theseNanobodiesdid not exhibitblockingproperties.Analysisof GII.10P
domainresiduesinvolvedin Nano-27,Nano-4,andNano-42binding suggestedthat residues
484,491±493,and496might constitutethemolecularswitchresponsiblefor preferential
assemblyof smallparticles.Thus,additionalhigh-resolutionstructuralinformation couldbe
instrumentalin understandingepitope-functionrelationshipsbyproviding theexactlocation
andinteractionsof thebinding partners.This information might remainelusivewhenmore
generalepitopemappingmethodsareused.

In addition to identificationof functionalepitopeson thenoroviruscapsid,our datapro-
videdinsightsof Nanobodypotentialneutralizationpropertiesin contextof infectiousnorovi-
rusvirions.Recently,it wasshownthatsilverdihydrogencitrateexposurecompromisesGII.4
VLPsintegrity andfacilitatesviral RNA degradation[63]. Similarly,weshowedthatNano-
body-inducedmorphologicalchangesof noroviruscapsidresultedin exposureof viral RNA
from thenorovirusvirions in clinicalsamples.ThenakedRNA wasespeciallyvulnerableto
RNAsedigestionandasimilarRNA degradationassaywasshownto greatlyreducetheinfec-
tivity of murine norovirus[64]. In addition to exposingtheviral RNA,Nanobodiesincreased
thesusceptibilityof capsidprotein to proteases,whichareabundantin thegut.Althoughthe
exactroleof proteolyticcleavagein thenoroviruslife cycleis largelyunknown,cleavedcapsid
proteinwasshownto losetheability to bind HBGA andmaintaincapsidassembly[65].

In summary,weidentifiedseveralNanobodiesthat impairednormalcapsidmotions,
assembly,andintegrity with subsequentreleaseof viral RNA.FourNanobodiesblocked
norovirusbinding to cellattachmentfactors(HBGAs),utilizing threedistinct inhibition
mechanisms:stericocclusionof theHBGA binding site,allostericinterference,andviola-
tion of normalcapsidmorphology.Therefore,Nanobodiescouldactasbroadinhibitors in
multiple stagesof thenoroviruslife cycle.TheNanobodycapacityto inhibit humannorovi-
rus infectionsin therecentlydevelopedcellcultureneedsto befurther evaluated.Never-
theless,theextensiveevidencethat interferencewith viral capsiddynamicscouldimpair
normal functioningsuggestedthatNanobodiescouldbecomeeffectivenorovirustherapeu-
ticsin future.

Materials and methods

P domain production
ThenorovirusPdomains,GI.1(Norwalkvirus,GenbankaccessionnumberM87661),GI.11
(Akabane,EF547396),GII.1 (Hawaii,U07611),GII.2 (SnowMountain,AY134748),GII.4
(Sydney-2012,JX459908andSaga42006,AB447457),GII.10(Vietnam026,AF504671),GII.12
(Hiro, AB044366),andGII.17(Kawasaki308,LC037415wereexpressedin 
.����, purified and
storedin GFB(25mMTris-HCl pH7.6,0.3MNaCl) [66]. Thefull-lengthcapsidgenes,GI.1
(AY502016.1),GI.11,GII.1,GII.2,GII.4,GII.10,GII.12,andGII.17,wereexpressedin insect
cellsusingthebaculovirusexpressionsystemandstoredin PBS[67,68].
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Generation of norovirus specific Nanobodies
NorovirusspecificNanobodieswereproducedatVIB Nanobodyservicefacility,Belgiumas
previouslydescribed[31]. Briefly,asinglealpacawasinjectedwith GII.10VLPs.A VHH
library wasconstructedfrom isolatedperipheralbloodlymphocytesandscreenedfor thepres-
enceof antigen-specificNanobodiesusingphagedisplay.Thirty-five Nanobodieswereisolated
andallocatedto 17distinctgroupsbasedon asequencealignment.SixNanobodies(Nano-4,
Nano-14,Nano-26,Nano-32,Nano-42,Nano-27,andNano-8)that representeddifferent
groupswereanalyzedin thisstudy.TheNanobodygeneswereclonedto pHEN6Cvector,
expressedin WK6 
.���� cells,purified andstoredin PBSor GFB.

Direct antigen ELISA
Nanobodytitersto norovirusPdomainsor VLPswerequantifiedwith directELISA(17).
Briefly,microtiter plateswerecoatedwith 7 �g/ml of GII.10Pdomainsor 2 �g/ml of GII.10
VLPs.Forcross-reactionexperiments,15�g/ml Pdomainand4 �g/ml VLPswerecoatedon
ELISAplates.TheVLPsor Pdomainweredetectedwith seriallydilutedNanobodiesand
HRP-conjugatedmouse��-His-tagmonoclonalantibody.Absorbancewasmeasuredat490
nm (OD490) andall experimentswereperformedin triplicate.

Blocking assays
Piggastricmucin (PGM)andsalivablockingassayswereperformedaspreviouslydescribed
[69]. Briefly,ELISAplateswerecoatedwith 10�g/ml PGM(Sigma,Germany)or with saliva
typeA or Bdilutedin PBS1:2000.Nanobodiesweretwo-fold seriallydiluted in PBScontaining
2.5�g/ml GII.10VLPs(for PGMassay),0.5�g/ml GII.10VLPs(for salivaassay)or 0.5�g/ml
GII.4 2006VLPs(both PGMandsalivaassay)andincubatedfor 1 h atRT.TheVLPs-Nanobo-
diesmixture wasaddedto theplatesandboundVLPsweredetectedwith a��-GII.10 or ��-
GII.4 VLPsrabbitpolyclonalantibody.ForsyntheticHBGA blockingassay,10�g/ml synthetic
bloodtypeB trisaccharideaminederivative(Dextra,UK) wascoatedon Piercemaleicanhy-
drideactivatedplates(ThermoFisherScientific)overnightat4C.SeriallydilutedNanobodies
werepre-incubatedwith 5 �g/ml GII.4 VLPsfor 1hatRT.Followingstepswereperformedas
above.Thebinding of VLPs-onlywassetasareferencevaluecorrespondingto a100%bind-
ing.Thehalfmaximalinhibitory concentrations(IC50) valuesfor Nanobodyinhibition were
calculatedusingGraphPadPrism(6.0a).

Isothermal Calorimetry measurements
IsothermalCalorimetry(ITC) experimentswereperformedusinganITC-200(Malvern,UK).
Samplesweredialyzedinto theidenticalbuffer(GFBor PBS)andfilteredprior titration exper-
iments.Titrationswereperformedat25ÊCby injectingconsecutive(1±2�l) aliquotsof Nano-
bodies(100±150�M) into Pdomain(10±20�M) with 150secondintervals.Thebinding data
wascorrectedfor theheatof dilution andfit to aone-sitebinding modelto calculatetheequi-
librium binding constant,KA, andthebinding parameters,N and�ïH. Bindingsiteswere
assumedto beidentical.For thecompetitiveITC measurements,thePdomainwasmixed
with Nano-4,Nano-42,andNano-27in a1:1molar ratio.Titrationswith Nano-85werethen
performedasabove.

P domain and Nanobody complex purification and crystallization
PdomainandNanobodycomplexeswerepurified bysizeexclusionchromatography(39).The
PdomainandNanobodycomplexeswerecrystallizedusingthefollowingconditions:GII.10P
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domainNano-26/Nano-85[0.1M sodiumcitrate,40%(w/v) PEG600];GII.17Pdomain
Nano-4[0.2M calciumacetate,10%(w/v) PEG8000,0.1M imidazole(pH 6.5)];GII.10P
domainNano-42[0.2M potassiumiodide,20%(w/v) PEG3350];GII.10PdomainNano-14
[0.1M sodiumcitrate(pH 5.5),20%(w/v) PEG3000];GII.10PdomainNano-32[0.2M mag-
nesiumformate];andGII.10PdomainNano-27[2 M sodiumchloride,0.1M sodiumacetate].
Crystalsweregrownin a1:1mixture of theproteinsampleandmotherliquor at18ÊC.Prior to
datacollection,crystalsweretransferredto acryoprotectantcontainingthemotherliquor in
30%ethyleneglycol,followedby flashfreezingin liquid nitrogen.

Data collection, structure solution, and refinement
X-raydiffraction datawerecollectedat theEuropeanSynchrotronRadiationFacility,France
atbeamlineBM30,ID30A, ID23-1A andprocessedwith XDS[70]. Structuresweresolvedby
molecularreplacementin PHASER�
��	���� [71] usingGII.10Pdomain(PDBID 3ONU)
or GII.17Pdomain(5F4M)andaNano-85(4X7D)assearchmodels.Structureswererefined
in multiple roundsof manualmodelbuilding in COOT[72] andrefinedwith PHENIX [73].
Alternativebinding interfacesderivedfrom thecrystalpackingwereanalyzedusinganonline
serverPDBePISA.Theorientationof theNanobodywith thehighestinterfacesurfaceareaand
contactwith CDRswasselectedasthebiologicallyrelevantinterface.Atomic coordinateswere
depositedto theProteinDataBank(PDB).

Electron microscopy and dynamic light scattering
ThenorovirusVLPmorphologywasanalyzedusingnegativestainelectronmicroscopy(EM)
aspreviouslydescribed[31]. Nanobodies(1 mg/ml) andVLPs(1 mg/ml) weremixedin 1:1
ratio andincubatedfor 1 h at room temperature.Prior to loadingon carboncoatedEM grids,
all sampleswerediluted30timeswith distilledwater.Gridswerewashedtwo timeswith dis-
tilled waterandstainedwith 1%uranylacetate.Thegridswereexaminedon aZeiss910elec-
tron microscope(Zeiss,Oberhofen,Germany)at50,000-foldmagnification.VLPdiameter
wasmeasuredwith ImageJsoftwareusingcalibratedpixel/nm scalebar.Thehydrodynamic
diametersof treatedanduntreatednorovirusVLPsweremeasuredusingdynamiclight scat-
tering(DLS)on ZetaSizerNano(MalvernInstruments,UK). Sampleswerediluted1:50with
PBSup to afinal volumeof 1 ml. Three� 12measurementrunswereperformedwith standard
settings(RefractiveIndex1.331,viscosity0.89,temperature25ÊC).Theaverageresultwascre-
atedwith ZetaSizersoftware.

Stool treatment and real-time PCR
In orderto determinetheeffectsof theNanobodieson nativevirions,wecollectedGII.4 posi-
tivestoolsamplesfrom two individualswith acutenorovirusinfection[74]. A 10%(w/v) stool
suspensionwaspreparedin PBSandclarifiedbycentrifugationat10,000� g for 10min. First
stoolsamplewasconcentratedbyultracentrifugationat285,000� g for 3h at4ÊC.Then,70�l
of thesupernatantweretreatedwith 150�l of eachNanobody(1 mg/ml) for 30min at room
temperature.Samplesweredigestedwith 50U of RNAseOne(Promega,Germany)for 30min
at37ÊC.After treatmenttotalRNA wasextractedwith QIAampViral RNA extractionkit (Qia-
gen,Hilden,Germany).OnestepRT-qPCRwasperformedwith previouslypublishedGII.4
primersNKP2F(5'-ATGTTYAGRTGGATGAGATTCTC-3'),NK2R(5'-TCGACGCCATC
TTCATTCAC-3')andprobeRING2-TP(5'-FAM-TGGGAGGGCGATCGCAATCT-TAM
RA-3')usingqScriptXLT One-StepRT-qPCRToughMix (Quantabio,USA).For incomplete
lysis,samplesweredilutedtwicewith PBSprior to RNA extractionwith shortenedincubation
time.cDNA wassynthesizedusingHigh CapacitycDNA ReverseTranscriptionKit (Applied
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Biosystems,FosterCity, USA).qPCRwith melt curveanalysiswasperformedusingSYBR
GreenMasterMix (Bio-Rad,Hercules,USA).GII.4 specificprimers,senseJJV2F(5'-CAA-
GAGTCAATGTTTAGGTGGATGAG-3')andantisenseCOG2R(5'- TCGACGCCAT
CTTCATTCACA-3')wereusedfor norovirusdetectionaspreviouslydescribed[63]. Viral
loadwasquantifiedbycomparisonto astandardcurveof GII.4 norovirusRNA transcriptsof a
knownconcentration.Averagevaluesfor two independentexperimentsfor concentratedvirus
andthreeindependentexperimentsfor RNAsefreestoolarepresented.Statisticalanalysiswas
performedusingone-wayANOVA test.DifferenceswereconsideredsignificantwhenP�0.05.

Trypsin digestion
To evaluatetheimpactof Nanobodybinding on capsidsusceptibilityto proteolyticdigestion
norovirusVLPs(1 mg/ml) wereincubatedwith Nanobodies(1 mg/ml) in 1:1ratio for 30min
at37ÊC.Then,trypsin-EDTAwasaddedto final concentrationof 10�g/ml for 30min at37ÊC.
Theconcentrationof trypsinwaschosento yieldonly partialcleavagewith visibleintermediate
products.After digestion,sampleswereloadedon theSDS-12%polyacrylamidegeland
stainedwith coomassiestain.

Supporting information
S1Fig.Nanobodybinding to GII.10 VLPsandP domain andcross-reactivity.Nanobody
binding characteristicswereanalyzedusingGII.10VLPsandPdomainin adirectELISA.
Plateswerecoatedwith (A) GII.10VLPs,(B) GII.10Pdomain.Nano-42,Nano-14,Nano-26
werethestrongestbindersanddetectedGII.10VLPsatadilution of ~50ng/ml. Nano-4
detectedVLPsatalowerdilution of 0.1�g/ml. Nano-32detectedVLPsatconcentrations
above0.4�g/ml andNano-27above1.5�g/ml. A similarbinding patternwasobservedwith
theGII.10Pdomain,whereNano-42,Nano-4,Nano-14,Nano-26detectedPdomainin con-
centrationsup to 20ng/ml. Nano-32,andNano-27reactedwith thePdomainatconcentra-
tionsabove0.2�g/ml. and1.6�g/ml respectively.(C-E)Nano-14,Nano-27andNano-32
boundonly GII.10Pdomainandshowedno cross-reactivityto anyotherGII Pdomains
(15�g/ml) or to GI.1andGI.11VLPs(4 �g/ml).
(TIF)

S2Fig.SalivaandHBGA blocking assays.Salivablockingassaywith GII.10VLPs(2.5�g/ml)
wasperformedsimilarly to PGMbinding assay.(A) Nano-14,Nano-26,andNano-32inhib-
ited50%of thebinding (IC50) to A typesalivaat0.4,2.6,and3.1�g/ml, respectively.(B) ForB
typesalivaIC50valuesfor Nano-14,Nano-26,andNano-32were1.1,4.3,and1.8�g/ml,
respectively.Nano-85showedonly weakblockingpotential.Bindingwasexpressedasaper-
centageof theuntreatedVLPbinding (100%).(C) Inhibition of GII.4 VLPs(0.5�g/ml) bind-
ing to syntheticB-tri saccharide.BothNano-26andNano-85showedacompleteinhibition at
10�g/ml andno inhibition at1 �g/ml. (D) Inhibition of GII.4 VLPs(0.5�g/ml) binding to
syntheticB typesaliva.Nano-26andNano-85blockedGII.4 VLPbinding with IC50of 0.7and
1.2�g/ml. All experimentswereperformedin triplicate(error barsareshown)andthecutoff
wassetatanOD490of 0.15(dashedline).
(TIF)

S3Fig.Thermodynamicpropertiesof Nanobodybinding to P domain. Titrationswereper-
formedat25ÊCby injectingconsecutivealiquotsof 100±150�M Nanobodiesinto 10±20�M
GII.10PdomainPdomain.Examplesof thetitrations (upperpanels)areshown.Thebinding
isothermwascalculatedusingasinglebinding sitemodelaftersubtractionof theheatof dilu-
tion (lowerpanels).Nano-32binding to thePdomainexhibitedendothermictypeof reaction,
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whereasall otherNanobodiesshowedexothermicbinding reaction.
(TIF)

S4Fig.Competitive thermodynamicpropertiesof Nanobodybinding to P domain. For the
competitiveITC measurements,thePdomainwaspre-mixedwith Nano-4,Nano-14,Nano-
26,Nano-27,andNano-42in a1:1molar ratio.Standardtitrationswith Nano-85werethen
performed.Titrationsweredoneat25ÊCby injectingconsecutivealiquotsof 100�M Nano-
bodyinto 15�M GII.10PdomainPdomain.Examplesof thetitrations (upperpanels)are
shown.(A-C) Titration to PdomainNano-4,Nano-27andNano-42showedtheabsenceof
heatreleaseassociatedwith injections,indicatingthelackof binding.(D, E)Nano-85showed
thebinding to GII.10PdomainNano-26andNano-14complexeswith exothermictypeof
reaction,whichresembledthebinding of Nano-85to Pdomainalone.Thebinding isotherm
wascalculatedusingasinglebinding sitemodelaftersubtractionof theheatof dilution (lower
panels).
(TIF)

S5Fig.Conformational changesin GII.10 P domain upon Nano-32binding. Severalloops
of GII.10Pdomainin complexwith Nano-32hadalteredconformationcomparedto unli-
gandedPdomain.Loopbetweenresidues295±300waspositionedsymmetricallyin both
monomerswhichwasnot observedin apo-structure,but wascharacteristicfor GII.10P
domainin complexwith 30mM B-tri saccharide(PDBcode4Z4Z).Loop343±352waspar-
tially disorderedanddeviated4.3� awayfrom its positionin unligandedstructure.Loops309±
314,418±420aswellas487±491,517±522hadslightlyshiftedconformation(2-3�).
(TIF)

S6Fig.VLPsexposedto Nanobodiesexhibit alteredmorphology.GII.10VLPswerepre-
incubatedwith Nano-85,Nano-26,or with bothNano-85andNano-26for 30min at4ÊC,
room temperature,and37ÊC.After treatmentVLPsweresubjectedto negativestainingand
examinedbyEM at50,000magnification.VLPsexposedto Nano-85showedatemperature
dependenceof morphologicalchanges.At 4ÊCalargeportion of native35±37nm VLPswere
visible,whereasatRTsmall20±23nm VLPsappearedandprevailedat37ÊC.In caseof Nano-
26andjoint Nano-26andNano-85treatmentVLPswerelargelydegradedatanytestedtem-
perature.
(TIF)

S7Fig.Time courseof Nanobodyinducedcapsidheterogeneity.GII.4 VLPswereincubated
with Nano-26(A) or Nano-85(B) for indicatedperiodsof time at room temperatureandDLS
profileswerethenmeasured.Peakscorrespondingto largemolecularweightaggregates
appearedafter30secondsin caseof Nano-26treatedVLPsand15min for Nano-85.Arrows
indicatenativesizeVLPs(35±37nm in diameter)andsmallVLPs(20±23nm).
(TIF)

S8Fig.Temperatureandconcentrationdependenceof GII.4 VLP sizedistribution after
Nanobodytreatment. Hydrodynamicdiametersof GII.4 VLPstreatedwith Nano-26(A) or
Nano-85(B) at4ÊC,RT,37ÊCfor 15min weremeasuredusingDLS.VLPshadanincreased
particleheterogeneityat37ÊCcomparedto 4ÊCandRT.Additionally,VLPswerepre-incu-
batedwith differentconcentrationsof Nano-26(C) or Nano-85(D) for onehour atRT.Size
distribution wasalteredatconcentrationsover12.5�M for Nano-26and50�M for Nano-85.
(TIF)

S9Fig.Proteolytic digestionof norovirus VLPs.GII.10,GII.4,andGII.17VLPs(1 mg/ml)
weretreatedwith 1 mg/ml of Nano-14(laneN14),Nano-26(laneN26),Nano-85(laneN85),
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or PBSfor 30min at37C.After thetreatmentsampleswereexposedto typsin(10�g/ml final
concentration)for additional30min at37C.Sampleswerethenrun on theSDSPAGEand
stainedwith Coomassie.VLPswithout trypsincleavagecorrespondto thelastlane.Nano-14
doesnot impacttherateof proteasedegradation,whereasNano-26andNano-85significantly
increasedthedigestionefficiency.
(TIF)

S10Fig.PGM binding assaywith norovirus VLPs.GII.10,GII.4,andGII.17VLPs(A, Band
C,respectively)wereseriallydiluted in PBS,or 1M Tris buffer(pH 10),andincubatedat room
temperaturefor oneor tenhours.StandardPGMbinding assaywasthenperformedusing
polyclonalserumagainstGII.10for detectionof GII.10VLPsandpolyclonalserumagainst
GII.4 for detectionof GII.4 andGII.17VLPs.VLPsdisassembledwith pH 10for tenhours
showedno binding to PGM.Incubationwith pH 10for onehour greatlyreducedthebinding
of GII.10VLPsandcompletelyabolishedthebinding of GII.4 andGII.17VLPs.
(TIF)
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