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Abstract

The hydrophobicity of virions is a major physicochemical parameter regulating their
dissemination in humans and the environment. But knowledge about potential factors
modulating virion hydrophobicity is limited due to the lack of suitable quantifying
methods. It has been recently shown that sodium dodecyl-sulfate (SDS) labels capsid
hydrophobic domains in capillary zone electrophoresis of non-enveloped virions,
altering their electrophoretic mobility (W) in proportion to their hydrophobicity. This was
exploited here to quantify the hydrophobicity of GA, QB and MS2 phages as a function
of pH. By subtracting the native from the SDS-modified p of phages, measured in the
absence and presence of SDS, respectively, we defined a "hydrophobic index"
increasing with virion hydrophobicity. Using this approach, we found that the virion
hydrophobicity changes at a virion-specific pivotal pH. This procedure may be applied
under various physicochemical conditions and to diverse non-enveloped virus families

of significance to human health and the environment.
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1. Introduction

The replication cycle of viruses includes an extracellular period during which viral
particles, called virions, may reach the environment to reside for weeks/months. At this
stage, the physicochemical surface properties of virions largely modulate their
adhesion to diverse surfaces (Gerba, 1984). Notably, change in the electrical charge
and/or hydrophobicity of virions in response to fluctuations in the environment (e.g. pH,
temperature, or ionic strength) inevitably impact the fate of viruses. Therefore,
understanding these physicochemical dynamics is important to predict transmission
routes of viruses and to better control their dissemination as recently emphasized with
the COVID-19 outbreak (Joonaki et al., 2020).

Both charge-charge and hydrophobic interactions cooperate by acting in a
‘supralinear’ way (Stefan and Le Novere, 2013) and therefore must be considered
together when studying virion adhesion processes (Gerba, 1984). The overall electric
charge of virions can be assessed by considering their isoelectric point (pHi) (Michen
and Graule, 2010), i.e. the pH value at which the virion charge reverses. But the
interpretation of pHi values may be unreliable in describing the ionization degree of
virions beyond this equilibrium pH (Dika et al., 2015; Heffron and Mayer, 2021; Langlet
et al., 2008a). The electrophoretic mobility (1) of virions can provide quantitative
information about their surface charge density outside their pHi (Heffron and Mayer,
2021). It is known that the electric charge of virions changes non-linearly as a function
of pH (Armanious et al., 2016; Langlet et al., 2008a; Shi and Tarabara, 2018) and ionic
strength (Dika et al., 2013b; Langlet et al., 2008a). The hydrophobicity of virions also
varies between viruses (Armanious et al., 2016; Dika et al., 2013b; Shi and Tarabara,
2018), but the dynamics of virion hydrophobicity and potential physicochemical factors

affecting it remain to be characterized. The pH of the virion environment may be such



63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

a factor, as pH variations can induce structural rearrangements in the proteinaceous
capsid (Roshal et al., 2019; Song et al., 2020), modifying the surface exposure of
hydrophobic amino acid residues that should have an impact on virion hydrophobicity.
The protonation/deprotonation equilibria of alkaline/acidic amino acid residues in the
capsid are also expected to impact the hydrophobic/hydrophilic balance of virions (Dika
et al., 2013b). Therefore, like electrical charge, the hydrophobicity of virions should be
considered dynamically in response to pH variation.

The electrophoretic mobility p of all electrically charged molecular species depends
on their size-to-charge ratio. This is the separative principle of capillary zone
electrophoresis (CZE) (Shintani, 1997). But for macromolecular assemblies like
viruses, the charged surface leads to the formation of an electric double layer (EDL)
and thus to a zeta potential (¢) (Hunter, 1981a, 1981b). Therefore the molecular
electrokinetic model of CZE becomes irrelevant with viruses (Kenndler, 2001). To
describe the electromigration of virions in CZE, several electrokinetic theories can be
applied depending on a ratio of the virion’s radius R to the reciprocal of the Debye

parameter K (i.e. the thickness of the EDL), the latter being influenced by the ionic

strength | of the medium (K ~ v/I). For moderate ionic strengths (i.e. 10-100 mM), the
thickness of the EDL formed around a virion is much smaller than its radius. According
to the Smoluchowsky electrokinetic model, the p value of a virion becomes thus
proportional to its ¢ potential, itself being proportional to the virion’s charge density and
to the K value (Kenndler, 2001). Interestingly, it has been recently reported that adding
an anionic amphiphilic compound, sodium dodecyl-sulfate (SDS), to the background
electrolyte (BGE) used for CZE analyses resulted in a p shift for MS2 and Q8 phages
in comparison with similar SDS-free analyses (Sautrey et al., 2018). This effect has

been shown to be related to non-polar interactions of the lipophilic tail of SDS
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molecules with capsid hydrophobic domains, exposing in their stead the negatively
charged hydrophilic head of SDS molecules, thereby increasing the negative charge
density of virions. One can thus hypothesize that the more SDS changes the p value
of virions the more capsids have hydrophobic domains. Based on this line of thought,
the SDS-induced shifting of p values in CZE analyses of virions can be exploited to
guantify virion hydrophobicity in aqueous media.

MS2, GA and Qf are bacteriophages belonging to the Leviviridae. The virions
consist of a positive single stranded RNA enclosed in an icosahedral capsid (27 nm
diameter) made from 178 copies of a single coat protein (Golmohammadi et al., 1996,
1993; Tars et al., 1997). The capsids also include one copy of a maturation protein
bound to the RNA genome and that is essential for the virions to be infectious (Cui et
al., 2017; Dent et al., 2013). These bacteriophages infect Escherichia coli in the human
or animal intestine; they are therefore sometimes released in feces and follow the fecal
oral route to infect new hosts. Being structurally similar to most enteric viruses
pathogenic to humans and following similar environmental routes, MS2, GA and Q
are often used to predict the dissemination of waterborne enteric viruses in the
environment and their accumulation in food products (Farkas et al., 2020; Hodgson et
al., 2017). The persistence of phages in vivo is equally important in the context of their
use in therapy situations (Serwer et al., 2021). The rate of their removal from blood by
the reticuloendothelial system (Merril et al.,, 1996) involves the physicochemical
adhesion of virions to the surface of cells specialized in blood clearing. For these
purposes, MS2, GA and QB phages have been used as models for studying virion
hydrophobicity (Armanious et al., 2016; Boudaud et al., 2012; Dika et al., 2013b;
Langlet et al., 2008a). However, virion hydrophobicity was considered as a constant

parameter, and its dynamics in response to environmental changes, notably pH
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variations, remain to be evidenced in order to provide a comprehensive prediction of
the dissemination of viruses in aqueous media.

The strategy here was thus to measure the SDS-induced shift in the p value of MS2,
GA and Qp phages as a function of pH from 4 to 11 by CZE analyses performed in the

absence and presence of 10 mM SDS. These shifts were determined by subtracting

) from the corresponding SDS-modified p (12729 "y 1o

. hage, pH
the native p value (U729 P SDS-modified

native

guantify the hydrophobicity of virions by means of a ‘hydrophobic index’ (symbolized
Hﬁ’,l,age). Importantly, all phosphate buffers used as BGE were prepared to ensure 10

mM ionic strength by adjusting the phosphate concentration according to the desired
pH value, otherwise (i) changes in the Debye parameter K of the virions depending on
the ionic strength of the medium are likely to interfere with the measurements
(Kenndler, 2001; Langlet et al., 2008a), and (ii) phage aggregation often occurred
beyond 100 mM ionic strength (Langlet et al., 2008a) may also interfere in
measurements by preventing SDS binding to the virions buried within aggregates.
Following this procedure, we found that the hydrophobicity of MS2, GA and Q phages
changes suddenly at a phage-specific pivotal pH. This is possibly also true for other

non-enveloped virus families and other physicochemical factors.
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2. Materials and methods

2.1. Chemical and reagents

Phosphoric acid = 85% (14.6 M), sodium dodecyl-sulfate (SDS), dimethyl sulfoxide
(DMSO) and other reagents in analytical grade were from Sigma Aldrich (Saint Louis,
USA). Ultrapure water was obtained in a Purelab Ultra MKII system from Elga (Le

Plessis Robinson, France).

2.2. Production and purification of bacteriophages

MS2, GA and QB were all produced, purified and enumerated using described
protocols (Bastin et al., 2020). The final concentrations of purified phage suspensions
in 1 mM PBS (13.7 mM NacCl, 0.27 mM KCI, 1.0 mM NazHPO4, 0.18 mM KH2PO4, pH
7.4) were 4x1013 PFU/mL for MS2, 1x10* PFU/mL for QB, and 5x10%? PFU/mL for

GA. The stock suspensions were stored at 4°C and away from light until use.

2.3. Capillary zone electrophoresis (CZE)

CZE experiments were performed on a PA 800 Plus Pharmaceutical Analysis
System apparatus (SCIEX) equipped with a diode array UV/vis detector operating
between 200 and 300 nm and located at the outlet side of the capillary. Data acquisition
and processing were performed using the 32 Karat software supplied by SCIEX, and
electropherograms at 214 nm were analyzed. A fused-silica capillary 75 um internal
diameter (Polymicro Technologies, Caudebec les Elboeuf, France), 30 cm total length
(from the inlet to the outlet) and 20 cm effective length (from the inlet to the UV
detection window) was employed. Capillary temperature was controlled by coolant at
25.0 °C. All solutions were filtered before use with a 0.45 ym pore size regenerated

cellulose filter (Alltech, Templeuve, France). Analyses were accomplished using
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phosphate buffers as background electrolytes (BGES), supplemented or not with 10
mM SDS. The BGEs were prepared by diluting appropriate volume of 0.85% H3POa4
aqueous solution (146 mM) to reach the required concentration for a final 10 mM ionic
strength depending on the desired pH (please, read Appendix A for details), and
eventually by dissolving SDS powder in ultrapure water. The pH was adjusted with 1
M NaOH, and ultrapure water was added up to final volume.

A neutral marker was prepared by diluting pure DMSO (0.005% v/v) in ultrapure
water or in 10 mM SDS aqueous solution in order to measure the mobility peor of the
electroosmotic flow (EOF) for each analysis. The ionic strength of stock phage
suspensions was reduced by one-tenth dilution in ultrapure water or in 10 mM SDS
aqueous solution prior to analysis in order to avoid variable stacking effects within each
phage sample at the beginning of CZE runs. The final concentrations of viral samples
were 4x10%? PFU/mL for MS2, 1x10*? PFU/mL for QB and, 5x10'! PFU/mL for GA. For
CZE analyses of the three phages together (Fig. 1a and 2a), 5 pL of 10-fold diluted
phage suspensions were mixed directly into a vial prior to injection.

The analytical method consisted of successive rinses using 1 M NaOH (2 min),
ultrapure water (2 min) and BGE (2 min). Then, the DMSO and viral samples were
successively injected at the inlet side of the capillary in the hydrodynamic forward mode
under 0.5 psi pressure (3 s for DMSO solution then 5 s for viral suspension), both sides
of the capillary were immersed in BGE, and 10 kV voltage was applied (normal
polarity). The EOF is then oriented from the anodic inlet side to the detection window
near the cathodic outlet side. The virions, being negatively charged, are attracted to
the anode (i.e. by their electrophoretic mobility p) while being pulled towards the
cathode by the EOF oriented in the opposite direction. Thus, virions migrate more

slowly than DMSO, and the more their negative charge density, the longer is their
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migration time. All analyses were performed at least in triplicate in order to evaluate

the residual standard deviation (RSD) for each measurement.

2.4. Mobility and hydrophobic index calculation

In CZE performed in normal polarity, each species injected at the inlet of the BGE-
filled capillary are mobilized toward the detection window under the influence of a high
voltage applied between both sides of the capillary. The migration velocity of the

analytes is governed by their apparent mobility (,uapp) which can be determined from

measurement of their migration time according to the following relation (Shintani,

1997):
_ L
Happ = avxty ()
where Happ is the apparent mobility of the considered analyte, L is the capillary total

length expressed in meter, | is the capillary effective length from the inlet to the
detection window (meters), AV is the applied electrical potential expressed in volt and
tm IS the migration time of the analyte expressed in seconds.

The apparent mobility of each analyte is so called because it is the outcome of two
intrinsic mobilities, namely the electroosmotic mobility (v, ) and the electrophoretic
mobility (i) as shown in the following relation:

Happ = H + Hgor 2)

where p_ . is a driving force both for ionic and neutral species, which depends on the
BGE composition, while p is a specific feature of electrically charged analytes depicting
their electrostatic attraction to either of the two electrodes located at the capillary

extremities.
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With neutral species like DMSO, where there are no cathodic or anodic attractions,
K is null. Such neutral species are therefore mobilized only according to the EOF,

enabling determination of the y, . value from the relation (3) by combining the relations

(1) and (2):
DMSO — —_ L 3)
H app Heor A thanMSO (

where uPMSO js the apparent mobility of DMSO and t25%s its migration time.
app

From a single run performed by co-injecting a DMSO sample as an EOF marker
and a phage sample as an electrically charged entity, we applied relation (3) with the

DMSO migration time to determine the y_ . value while relation (1) was applied with

the phage migration time to determine the p___ of virions. Finally, according to relation

app

(2), both relations (1) and (3) were combined to determine the [ of virions:

virion — , virion _ ; DMSO — __ LI~ LI Y R
M Happ = Happ AV " Ay@WS0 — py \ o ~ IS0 (4)

where U;Zf,m and p"o" are, respectively, the apparent and electrophoretic mobilities of

a phage while t2™" is its migration time.

By applying relation (4), the native p value of a phage at a given pH (u”729 P

native ) was

determined from CZE analysis without SDS, while the corresponding SDS-modified p

value (pg';ag_;(fgﬁe ) was determined similarly from CZE analysis in the presence of 10

phage

mM SDS. The hydrophobic index of phages as a function of pH (H,; ") was calculated

H
values from the p2age: P

by subtracting the p°"29e PH SDS-modified

. values, both expressed in
native

terms of dimensionless quantities by normalizing mobilities with physical constants to
undo their units (Radko et al., 2000):

thage_( hage, pH hage, pH) % 3ne (5)

“\MsDS-modified ~ * native 2ekT

10
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where € and n are respectively the permittivity and the viscosity of the BGE (taken
as those of water that are 6.94x101° F.m* and 8.90x10* Pa.s, respectively), k is the
Boltzmann constant (1.38x102% m?.Kg.s2.K'1), T is the absolute temperature (298 K)

and e is the electron charge (1.60x101° C).

2.5. Prediction of protein hydrophobicity from primary sequence analysis

Online protscale software from the expasy platform was used. The software can be
found via the following internet link as it was on January 01, 2022:
https://web.expasy.org/protscale/

For prediction of hydrophobicity, a seven amino acids smoothing average window
was used for analysis by using the algorithm “Kyte and Doolittle”. Hydrophobic amino
acid corresponding score can be found at the following internet link:
https://web.expasy.org/protscale/pscale/Hphob.Doolittle.html

The sequences for capsid protein of GA, QB and MS2 phages were all from the
UniProtKB data base with the following reference numbers: GA: P07234

(CAPSD_BPGA); MS2: P03612 (CAPSD_BPMS2); QB: P03615 (CAPSD_BPQBE).
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3. Results and discussion

3.1. CZE assays with SDS-free BGEs: native electrophoretic mobilities

To illustrate the accuracy achieved by electrophoretic mobility measurement in
CZE, a sample containing the three phages MS2, QB and GA was analyzed at pH 7
by co-injection with an aqueous solution of DMSO (used as the EOF marker). Each
phage was detected as a single narrow peak, indicating no alteration of virions by the
process of electrophoresis (Sautrey et al., 2018), and at a repeatable migration time of
1.75, 2.26 and 3.42 min for GA, QB and MS2, respectively (Fig. 1a). Peaks
identification was made by individually analyzing each phage, which resulted in the

same migration times as when pooled. All three phages were slower than DMSO at

pH 7 (Fig. 1a), indicating a negative "9’

native

that is opposed to the EOF and signifies

that virions are negatively charged (see Section 2.3). This is consistent with a previous

study (Michen and Graule, 2010). Focusing on individual phages, GA was faster than

QB, which is much faster than MS2 (Fig. 1a). This indicates y**% 7 O 7 o647

native <<H native H native

(see Section 2.4 for details of data processing), suggesting the negative charge density
order MS2>>QB>GA. This order is inconsistent with previous reports in which the
negative charge density of MS2, QB and GA were similar at pH 7 (Dika et al., 2013b;
Langlet et al., 2008a; Shirasaki et al., 2009). The difference may be due to disparities
in the protocols in preparing the viral samples prior to electrophoretic mobility
measurements (e.g. purification methods may impact the virion surface properties)
(Dika et al., 2013a; Langlet et al., 2008a; Shi and Tarabara, 2018).

Each phage was then individually analyzed by co-injection with DMSO and using
SDS-free BGEs at a pH range from 4 to 11 (all at 10 mM ionic strength). Importantly,
the electric current intensities measured in the capillary during CZE analysis were

similar (Fig. S1) indicating equivalent ionic strengths for all BGEs (Kuhn and

12
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Hoffstetter-Kuhn, 1993). From these experiments, the native electrophoretic mobility

pﬁhage, PH of MS2, QB and GA phages was plotted against pH (Fig. 1b). However, on

ative

both sides of the pH range examined, the electrophoretic mobility measurement
became unreliable for all three phages (residual standard deviation ~ 25%, n=3) due
to poorly repeatable migration times. At pH 4, near the isoelectric point of these phages
(Michen and Graule, 2010), the electrophoretic mobility of virions and the EOF mobility
should tend to zero. This results in a very slow migration of both virions and DMSO
(Fig. S2), which is detrimental to their separation and impairs the measurement of
migration times required to calculate the electrophoretic mobility of virions.

The low precision in measurements at pH 11 is more difficult to explain and should
be the subject of further study. It can be hypothesized that increasing pH values
reduces the positive charges of protein domains near the RNA-coat protein interface,
thus destabilizing viral particle assembly. Moreover, the more alkaline the media the
more RNA spontaneously hydrolyses (Bock, 1967). This pH sensitivity has even been
exploited to ‘empty’ MS2 virions of their RNA (Hooker et al., 2004). Since the
electrokinetic properties of phages can, in some cases, be affected by the internal RNA
of virions (Dika et al., 2011; Langlet et al., 2008b), RNA spontaneous hydrolysis at high
pH may be responsible for the lack of precision at pH 11.

An optimal pH range was thus delimited from 5 to 10 at which the peaks of phages

and DMSO were well resolved with repeatable migration times, allowing an accurate

determination of 1”729 P" (RSD lower than 5%, n=3). MS2, GA and QB are

native

characterized by negative uphage, pH

native

values that decreases with rising pH, clearly

showing the dynamic of the charge density of virions as a function of pH (Fig. 1b). MS2

virions are more anionic than GA and Q virions at all pH levels examined as indicated

13
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MS2, pH
native

GA, pH
native

QB, pH

" values
native

by the low u values (Fig. 1b, red) in comparison with y and u

(Fig. 1b, green and blue, respectively).

3.2. CZE assays with SDS-containing BGEs: SDS-modified electrophoretic
mobilities

When performing CZE analyses in the presence of 10 mM SDS, the migration order
of MS2, QB and GA phages was reversed, as compared to SDS-free conditions.
Indeed, while QB and GA migrated faster than MS2 without SDS at pH 7 (Fig. 1a), they
are slower than MS2 in SDS-containing BGE (Fig. 2a). Quantitatively, the
electrophoretic mobility of MS2 virions only decreased from -3.09x10% m2.V-1s?
without SDS to -3.23x10® m2V-ls?! with SDS (20% decrease) indicating low
interactions between SDS molecules and MS2 virions. In contrast, the electrophoretic
mobility of QB and GA virions decreased significantly, from -1.35x10® m2.V-1.s to -
3.66x10® m2.V-is?t for QB (177% decrease) and from -0.48x10® m2.V1ls? to -
3.79x10® m2.V-1.s for GA (301% decrease). This indicates that SDS strongly interact
with GA and much less with Q virions. Furthermore, since the larger the SDS-induced
electrophoretic mobility decrease, the more hydrophobic the virions (Sautrey et al.,
2018), these results suggest the hydrophobicity sequence GA>QB>MS2 consistently

with earlier reports (Armanious et al., 2016; Dika et al., 2013b).

The SDS-modified electrophoretic mobility (y’;g‘;é_’;‘fgﬁed) of MS2, QB and GA was

GA, pH
SDS-modified

QB pH

sps.modifieq VAIUES are lower than

plotted against pH (Fig. 2b). Note that u and u

u’gﬁ;ﬂﬁﬁed regardless of pH, except for QB at pH 5, indicating higher negative surface
charge densities for GA and Q than for MS2 virion in the presence of SDS. The

phage, pH

M epe mogiieq VAIUES Variation against pH is irregular for each phage and interesting

14
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MS2, pH
SDS-modified

GA, pH

sps.modifieq VAIUES decCrease almost

features can be observed. First, the u and u

linearly and similarly from pH 5 to 7 (Fig. 2b, red and green, respectively), while the

QB, pH

M epsmodinieq VAIUE alsO decreases from pH 5 to 8 but more sharply (Fig. 2b, blue).
S2, pH . . . .

Second, the p o .. value remains fairly stable from pH 7 to 10 (Fig. 2b, red), while

the ,uGA’ PH and uQB’ PH values suddenly increase at pH 8 and 9 respectively,

SDS-modified SDS-modified

and then decrease again until pH 10 (Fig. 2b, green and blue, respectively). Overall,
these data highlight that virion hydrophobicity varies non-linearly with pH, but this

dynamic is different for each phage.

3.3. SDS-free versus SDS-containing analyses: Phage hydrophobic index

The uggﬁf’]:gﬁed values alone are not sufficient to assess the hydrophobicity of

virions because their surface charge density in the presence of SDS is obviously
related to both the ionizable residues of the proteinaceous capsid and to the SDS
molecules bound to the capsid. The native ionization of virions must thus be extracted

from their SDS-modified charge density to quantify their hydrophobicity. The

hage

‘hydrophobic index’ of phages depending on pH (HgH ) can be calculated by

values from the associated p”22%¢ P4

. hage, pH
subtracting the (/29 P SDS-modified

native values, and used to

describe the hydrophobicity of phages. Both mobilities should be expressed in terms

of reduced mobilities (Radko et al., 2000), to result in dimensionless Hgﬁ,age values that

can be easily compared between any non-enveloped virions (see Section 2.4).

Following this definition, Hz’,f"ge values start from 0 and increase with hydrophobicity.

MS?2

As shown in Fig. 3a, H>"“ is 0.10£0.11 suggesting a very low hydrophobicity of MS2

virions at pH 7. In contrast, H(}/’) and H(}A are 1.73+0.14 and 2.48+0.13, respectively.

15
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These results modify the previously suggested hydrophobic sequence (Armanious et

al., 2016; Dika et al., 2013b) to GA>QB>>MS2.

The very low value of HY*?

is intriguing in comparison to the higher H5" value.
Indeed, the MS2 and GA phages are very close in the evolutionary tree (Bollback and
Huelsenbeck, 2001) and in their structures (Pumpens et al., 2016). Based on this
reasoning, the theoretical hydrophobicity of the two capsid proteins of MS2 and GA
phages was determined from their primary sequences (Fig. 4). Notably, the first 60
amino acids (of ~130 for both phages) are rather hydrophilic, while the C-terminal 70
amino acids are rather hydrophobic. Interestingly, the hydrophobic residues are
present in longer stretches in the GA capsid protein (Fig. 4, solid line) than in MS2 (Fig.
4, dotted line). We thus suggest that the hydrophobic domains on the surface of MS2
virions may be too small to allow the binding of the relatively bulky SDS molecules,
especially if they form micellar aggregates or other supramolecular assemblies
(Sautrey et al., 2018). Future investigations could focus on testing other amphiphilic
probes to increase the sensitivity of this method. Nevertheless, the theoretical
hydrophobicity of a virion deduced from the primary sequence of its capsid protein is
not correlated with that experimentally observed (Heldt et al., 2017), possibly because

the internal RNA and the RNA-capsid protein interface may affect the physicochemical

surface properties of virions (Dika et al., 2011; Langlet et al., 2008b).

The hydrophobic index of phages (ngage) was also determined from pH 5 to 10

(Fig. 3b). Interestingly, the H‘;Z,age values are fairly stable for all three phages but only

outside of a narrow pivotal pH range where values change suddenly. As shown in Fig.
3b (green), Hgﬁ decreases slightly from pH 5 to 7 (5% per pH unit) and from pH 8 to
10 (8% per pH unit), while a sharp decrease occurs between pH 7 and 8 (26%

decrease). Similarly, Hgﬁ (Fig. 3b, blue) is almost unchanged from pH 5 to 8 and from
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9 to 10 (<3% per pH unit), whereas a sharp drop occurs between pH 8 and 9 (31%

decrease). Lastly, H,ﬁ/ﬁz (Fig. 3b, red) drops from pH 5 to 6 (68%) but is then stable

from pH 6 to 10. These data indicate a pivotal pH at which the hydrophobicity of virions
decreases sharply and which is specific for each phage. This has not been observed
using other methodologies or other non-enveloped viruses, and may be indicative of a
structural rearrangement of virions in response to pH changes that affects hydrophobic
domains on the capsid (Roshal et al., 2019; Song et al., 2020). Note that the pivotal

pH values of hydrophobicity do not match the isoelectric point of these phages, which
is below pH 4 (Michen and Graule, 2010), and that the curves of Hfﬁ and Hgf, versus

pH do not overlap with the corresponding curves of native electrophoretic mobility (Fig.
5, middle and right panels). This supports the idea that the hydrophobicity dynamics of
virions is not solely related to the ionization of the capsid, especially since other
constituents, notably internal RNA, play a role in their structuring (Koning et al., 2016).
Conversely, the H;,V,’fz versus pH curve overlaps the corresponding curve of native
electrophoretic mobility (Fig. 5, left panel). This could be due to the low hydrophobicity
of MS2 virions, at any pH, in comparison with QB and GA (Fig. 3a and 3b). Our
observation of a pivotal pH of virion hydrophobicity requires further study to explain the
phenomenon at a molecular level.

The finding of the pivotal pH of hydrophobicity means that minor pH variations may
have a strong impact on the adhesion of virions onto surfaces, and therefore on their
dissemination in both the environment and living organisms. For example, enteric
virions have been shown to accumulate on riverbed sediments where they can be
“stored” and released later to infect a new host (Bosch et al., 2006; Rao et al., 1986).
These adsorption/desorption processes depend on both the electrical charge and

hydrophobicity of virions (Fauvel et al., 2019), both varying with pH as we have shown
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here for hydrophobicity. Moreover, the change in hydrophobicity of GA and MS2 at
different pH values may help explain discrepancies in their behavior at interfaces when
comparing the removal efficiency of virions from agueous media ranging from pH 7.6
to 8.2 (Boudaud et al., 2012) versus their adhesion on hydrophobic surfaces under
controlled pH conditions (Dika et al., 2013b). This clearly shows that further
understanding how virion hydrophobicity varies, including pH but also other factors
e.g., temperature (Brié et al., 2016), is essential to improve the process of water
decontamination. Enteric virus pollution in water remains a major cause of viral
outbreaks responsible for millions of infections in humans every year (Upfold et al.,
2021). Note that the pH variation in virion hydrophobicity also may impact non-specific
interactions with all kinds of biological components in vivo, especially if the virions
pivotal pH of hydrophobicity is in a physiological pH range. For example, the
entrapment of in-blood phages by the reticuloendothelial system may need to be
controlled to ensure success during phage therapy (Merril et al., 1996). The
persistence of virions in blood is indeed variable even for closely related phages
(Serwer et al., 2021), just as we observed a marked difference in the hydrophobicity
features of MS2 and GA phages. The measurement of virion hydrophobicity and the
determination of a pivotal pH should thus be integrated into the framework of future
studies dealing with the survival of phages in blood, their infectivity and their

pathogenicity, and more generally with their dissemination in the human body.
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4. Conclusion

The hydrophobicity of three non-enveloped virions was quantified here as a
function of pH by using SDS to label capsid hydrophobic domains and CZE as sensing
technique. This relatively simple and fast procedure can be applied under various
physicochemical conditions in order to identify factors affecting virion hydrophobicity.
The hydrophobic index defined here could be adopted as a standard parameter in
describing the hydrophobicity of non-enveloped viruses. The virion hydrophobicity
changes at a virion-specific pivotal pH require further investigation as its existence may
reflect unknown structural dynamics of virions and could have broad implications in
their pathogenicity and dissemination. This report concerns only non-enveloped
+ssRNA icosahedral viruses but the approach developed can also be applied to other

and diverse virus families of significance to human health and the environment.

19



422

423

424

425

426

427

428

429

430

431

432

433

Appendix A

The BGEs used in this study were prepared to keep a constant ionic strength (10
mM) regardless of pH. The total phosphate concentration as well as the corresponding
volume of 0.85% H3PO4 aqueous stock solution (146 mM) required for 200 mL of BGE
are reported in Table Al as a function of pH. Briefly, the required volume of 0.85%
H3PO4 was taken, 150 mL pure water was added and the pH was adjusted with 1 M
NaOH; the final volume was adjusted with pure water.

Table Al. Total phosphate concentration and corresponding volume of 0.85%
H3PO4 aqueous solution (146 mM) required for the preparation of 200 mL of 10 mM

ionic strength BGEs.

Total phosphate concentration Volume of HsPO4 0,85% (mL)

PH (mM)

4 10.13 13.86
5 9.88 13.52
6 9.62 13.16
7 8.94 12.23
8 7.50 10.26
9 5.64 7.72
10 4.29 5.87
11 3.67 5.02
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Fig. 1. Electrokinetic properties of phages in SDS-free CZE. (a) Representative
electropherogram obtained at pH 7 with a pooled sample of MS2 (m), QB (®) and GA
(A) co-injected with a 0.005% v/v DMSO aqueous solution (%). The inset is an
enlargement near the peaks of DMSO (%) and GA (A). BGE: 8.94 mM phosphoric

acid adjusted to pH 7.0 (10 mM ionic strength). (b) pH-dependent variations in the

native electrophoretic mobility pﬁha.ge’ PH of MS2 (m), QB (®) and GA (A) measured by

ative

means of CZE analyses performed with different BGEs ranging from pH 4 to 11 (all 10

mM ionic strength). The dotted line indicates the isoelectric point (pﬁgzgs PH = 0). Error

bars are standard deviation (n=3).
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Fig. 2. Electrokinetic properties of phages in SDS-containing CZE. (a) Representative
electropherogram obtained at pH 7 with a pooled sample of MS2 (m), QB (®) and GA
(A) co-injected with a 0.005% v/v DMSO aqueous solution (%). BGE: 8.94 mM
phosphoric acid adjusted to pH 7.0 (10 mM ionic strength) supplemented with 10 mM

SDS. (b) pH-dependent variations in the SDS-modified electrophoretic mobility
p‘s”f’fg_i;ggﬁed of MS2 (m), QB (®) and GA (A) obtained as for Figure 1, but in the

presence of 10 mM SDS. Error bars are standard deviation (n=3).
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Fig. 3. Assessment of phages hydrophobicity as a function of pH. (a) comparison of
the hydrophobic indexes found at pH 7 for MS2 (red), QB (blue) and GA (green). (b)
pH-dependent variations in the hydrophobic index of MS2 (m), QB (®) and GA (A).
Error bars are the sum of standard deviations related to the electrophoretic mobilities

of native and SDS-modified phages.
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Fig. 4. Hydrophilic’/hydrophobic balance for capsid protein of GA and MS2 phages.
Hydrophobic amino acids provide positive score (+) while the hydrophilic ones provide
negative score (-). Dotted line: MS2. Solid line: GA. Results obtained from the online
‘protscale’ software using a ‘Kyte and Doolittle’ algorithm and a smoothing average
window through 7 amino acids. The primary sequences of capsid protein of GA and
MS2 used are from the database ‘UniprotkKB’ under reference #P07234 and #P03612

for GA and MS2, respectively.
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Fig. 5. Overlaps of phages hydrophobicity and native electrophoretic mobility as a

function of pH. Hydrophobic indexes Hj,

hage

(left axis, purple) and native electrophoretic

mobilities Mgg;gj PH (right axis, orange) of MS2 (left, m), QB (middle, ®) and GA (right,

A). Error bars are standard deviations (n=6 for hydrophobic index, n=3 for

electrophoretic mobility).
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Figure S1. Current measured across the capillary for SDS-free BGEs. Results
obtained by using BGEs at pH ranged from 4 to 11 (indicated on the graph). Please,
read the Materials and Methods section for details about CE instrumental conditions
(all runs having been performed similarly), and the Appendix A about the preparation

of BGEs.
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Figure S2. Repeated CE analyses of MS2 phage. Electropherograms recorded in
triplicate (red, blue and green traces) by using 10 mM ionic strength BGEs adjusted at
pH 4, 7 and 11 (indicated on the graph). Please, read the Materials and Methods
section for details about CE instrumental conditions (all runs having been performed

similarly), and the Appendix A about the preparation of BGEs.
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