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Abstract: Background: Filamentous bacteriophages such as M13 are an important class of macro-
molecular assembly, rich in chemical moieties that can be used to impart modifiable positions at the
nanoscale.

Objective: To explore the structurally more complex Pfl bacteriophage with respect to a diverse set
of bioconjugation reactions and to prepare novel fluorescently-labelled Pfl-based composite
biomembranes for future applications in areas such as nanoporous filtration biofilms and photocon-
ducting nanocomposite materials.
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Methods: Pf1 was characterized with respect to amine (N-terminal, Glyl and Lys20), carboxylate
(aspartate, glutamate), and aromatic (tyrosine) modification and its extension to the creation of func-
tional biomaterials. Modification with an amine reactive fluorophore was carried out with Pfl.
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Results: The reaction profiles between M13 and Pf1 differ, with M13 capable of modification at two
primary amines on its major coat protein, while Pfl is capable of a single reaction per coat protein.
Subsequent to the production of dye-functionalized Pfl, a biocomposite of wild type and functional-
ized Pfl could be fabricated into a bulk material by glutaraldehyde (amine-reactive) crosslinking.
These biomaterials were characterized by scanning electron and confocal microscopy, showing a
distribution of patches of functionalized Pfl within the main Pf1 construct.
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Conclusion: The current study provides a framework for future fabrication of advanced bionano-
materials based on the Pf1 bacteriophage.
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1. INTRODUCTION

Biomolecules present an important category of well-
defined architectures from which order and features in the
nanoscale can be derived. Viruses [1, 2], capsule proteins [3,
4], liposomes [5, 6], DNA [7] as well as other derived bio-
logical structures such as nanocellulose [8] well-represent
the diversity of scaffolds employed to fabricate novel biona-
nomaterials. From a nanodimensional building block per-
spective, viruses are a host-dependent replicating entity
which can be produced in high yields with excellent mono-
dispersity and are rich in reactive moieties specific to the
amino acid composition of their viral coat proteins. Hence
viruses are currently of great interest as complex but highly
controllable scaffolds for various applications [9-14].

M13 is a filamentous virus which has a considerable im-
pact in areas such as medicine [15-19], nanomaterial synthe-
sis [20-24], energy [25-29], biosensor fabrication [30-36]
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and functional materials [37-40]. Pfl, a more complex and
larger filamentous virus, has not been explored in terms of
application and bioconjugate capabilities; though it is used as
a nuclear magnetic resonance (NMR) co-solvent to align
DNA and proteins in a magnetic field [41, 42]. The fabrica-
tion of novel Pfl-based biomaterials, such as chromophore-
labelled biofilms and porous membranes, as well as conduc-
tive Pfl composites, would be important components in fu-
ture advanced monitorable gas/water separation processes
and conductive photoactivated materials. The greater length
and complexity of Pfl should allow for more intricate scaf-
fold architectures in these advanced materials than previous-
ly available. In order to enable these strategies however, fun-
damental knowledge is required on the reactions and cross-
linking properties of this bacteriophage.

Filamentous bacteriophages (viruses which infect bacte-
ria) are classified based on their mode of infection as well as
their capsid structures. The F-specific filamentous phages
(Ff) infect their host bacterium by adhering to the pilus of F+
strains. The representative of the Ff phages are two separate
structural classifications, class I and class II, of which M13
and Pfl belong respectively [43]. M13 utilizes Escherichia
coli as its host organism and Pfl requires Pseudomonas ae-
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ruginosa. Both are composed of a single-stranded DNA
(ssDNA) genome encapsulated by many copies of a small,
and alpha-helical major coat protein, and several copies of
minor coat proteins at their tips.

For M13, the major coat protein (p8y3) is present in
2700 copies and for Pfl, the major coat protein (p8ps) is
present in 7400 copies. Additionally, M13 has approximate
dimensions of 7 x 900 nm and Pfl of 6 x 2000 nm [44].
Well-characterized strategies to functionalize M 13 including
genetic, chemical modification of canonical amino acids and
bioorthogonal reactions have enabled the extensive applica-
tion of this phage [45-47]. Since the major coat proteins
p8umiz (A{LEGDDPAKZAA FNSLQASATE YIGYAWAMVV
VIVGATIGIK LFKKFTSKAS) and p8pg (G;VIDTSAVES
AITDGQGDMK,, AIGGYIVGAL VILAVAGLIY SMLR-
KA) differ in amino acid composition, the bioconjugation
toolbox available to the two is expected to differ.

Early work on Pfl exploring the structure of the viral
coat yielded data on the reactivity of several of the amino
acid residues of p8ps [48]. This study showed very prelimi-
nary chemical modification information in order to under-
stand amino acid residues that were solvent exposed related
to viral coat structure. It reported that Tyr25, N-terminal
Glyl, Lys20, and Asp4 were exposed to the reaction. With
respect to reactive amines that form stable conjugates, M13
is capable of modification at the N-terminus and Lys8 [49],
while preliminary work with Pf1 utilizing succinic anhydride
suggested that the N-terminus and Lys20 (though less reac-
tive than Glyl) were exposed [48]. No other research has
been reported on further exploring the reactivity of solvent-
exposed p8ps amine-containing residues.

If Pfl is only capable of N-terminal modification, reac-
tion with this phage may yield a larger but simpler and more
uniform bioconjugate than M 13 with a much greater number
of subunits in the viral sheath, allowing for additional bio-
conjugation and crosslinking reactions to be possible. The
work herein aims to further explore the capability of chemi-
cal modification of this bacteriophage as well as to provide a
framework for future initiatives toward the fabrication of
bionanomaterials based on the Pfl macromolecular building
block. Here, the reactive amines were labelled with an acti-
vated ester, the NHS ester of 5(6)-carboxytetramethylrho-
damine (NHS-TAMRA), and the resulting conjugates ana-
lyzed by spectroscopy and mass spectrometry. In further
characterizing the potential utility of this particular filamen-
tous bacteriophage as a biomolecular building block, the
reaction of Tyr and Asp/Glu residues were also explored in
the context of further bioconjugation to small molecule
probes (Fig. 1). Furthermore, the potential application of Pfl
to the fabrication of advanced materials was explored with
glutaraldehyde as a protein crosslinking agent and the result-
ing constructs were analyzed by scanning electron microsco-
py (SEM) and fluorescence microscopy.

2. MATERIALS AND METHODS

2.1. Purification of M13 Phage

An overnight culture of ER2738 E. coli (New England
Biolabs, Whitby, ON, Canada) was diluted 1:100 in lyso-
geny broth (LB) and inoculated at a final concentration of
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1x10° pfu mL™" of purified M13KE. The culture was ampli-
fied for 5.5 h at 37°C with shaking to aerate. The bacterial
cells were pelleted by centrifugation at 4500 x g for 10 min
at 10°C. The supernatant was retained and 20 mL 2.5 M
NaCl containing 20% polyethylene glycol-8000 (PEG)
(PEG/NacCl solution) was added per 80 mL of collected su-
pernatant to precipitate phage overnight at 4°C. The precipi-
tated M 13 solution was centrifuged at 12000 x g for 15 min
at 10°C. The resulting pellet was resuspended in 5 mL of
phosphate-buffered saline solution (PBS; 10 mM Na,HPO,,
1.8 mM KH,POy, 137 mM NaCl, 2.7 mM KCl) at pH 7.4 per
100 mL of precipitated phage solution. PEG/NaCl solution
(1 mL per 5 mL of resuspended M 13 pellet) was added to the
collected phages and left on ice for 1 h. The solution was
centrifuged at 12000 x g for 15 min at 10°C. The entirety of
the recovered M13 was resuspended in 10 mL PBS (per 1L
of amplified M13). The resulting pellet was then centrifuged
at 12000 x g for 5 min to remove insoluble particles. The
supernatant was retained.

2.2. Pf1 Phage

Pfl bacteriophage (protease-free) was purchased from
ASLA Biotech (Riga, Latvia; supplier: Cedarlane, Burling-
ton, Ontario, Canada) at a concentration of 50 mg mL’
(~10° mol Pfl L") as a suspension in 10 mM potassium
phosphate buffer (pH 7.6) 2 mM MgCl, and 0.05% NaNj.
Pfl was employed without any further purification; when
necessary Pfl was concentrated by PEG precipitation as
described above for M13.

2.3. NHS-TAMRA Bioconjugation

Phage reactions were set up assuming 2700 p8 per M13
or 7400 p8 per Pfl. Reactions were set up with either 12.5
UM p8yiz, or 25 uM p8py with 250 uM NHS-TAMRA
(Click Chemistry Tools, Scottsdale, Arizona) in PBS pH 7.9
with 20% dimethyl sulfoxide (DMSO). Reactions were car-
ried out at 23°C. At certain time points, the reactions were
quenched by the addition of tris(hydroxymethyl)amino-
methane (Tris) pH 7.9 to a final concentration of 30 mM.
Reactions were cleaned up by three rounds of PEG precipita-
tion. Briefly, PEG/NaCl solution was added (1 mL per 5 mL
reaction) and precipitated on ice for 25 min before centrifu-
gation at 12700 x g for 25 min at 23°C. The final product
was resuspended in PBS pH 7.4 and quantified using an
equation for phage concentration adapted to consider short-
wavelength absorbance of TAMRA.

2.4. Quantifying Phage and TAMRA Conjugates

The amount of M13 present was quantified via UV-Vis
absorbance spectroscopy using Eq. (1), an approach analo-
gous to that used by other researchers in quantifying dye-
labelled phages [50]. Nyases 1S the number of bases in the M 13
ssDNA genome (for M13KE, this is 7222 bp). The 6 x 10'°
coefficient can be derived from the literature extinction coef-
ficient of 3.84 mg” cm™ mL [51]. Pfl was also quantified by
its absorbance using Eq. 82). The supplier’s extinction coef-
ficient of 2.25 mg"' cm” mL (used as recommended for
quantifying Pf1 phage solutions) [52] and the literature value
for the mass of assembled Pfl phage of 3.4 x 10’ g mol™
were used to determine the molar amount of Pfl [44]. For
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Fig. (1). Bioconjugation strategies employed on the major sheath protein, p8, of Pfl bacteriophage and include i) N-terminal acylation of
Glyl by NHS-TAMRA; ii) Asp/Glu coupling to biotin-PEG;-amine employing EDC/sulfo-NHS activation; iii) azo modification of Tyr25
utilizing 4-nitrobenzene diazonium p-toluenesulfonate (TsO") salt. (4 higher resolution / colour version of this figure is available in the elec-

tronic copy of the article).

Egs. (1 and 2), a correction factor (CF) of 0.32 (determined
from the absorbance at 269/556 nm ratio of the free dye at 43
uM) is included to account for the absorbance of TAMRA
when quantifying the TAMRA-conjugated phages. For the
unmodified phages, this term was ignored. Furthermore, to
account for the light-scattering of phages, the absorbance at
320 nm (Aszy) was subtracted to avoid overestimating the
phage concentration. The dye was also absorbed at this
wavelength, and therefore an additional correction factor
(CF3y) of 0.097 was also included (determined from the
ratio of 320/556 nm absorbance of the free dye at 43 uM).

[M13] = ((A269 - AtamrAmax X CF - (Asy - CF3 Aram.
RAmax)) X 6 X 10 )/Nbases (1)

[Pf1] = (A270 - AtamMrAmax X CF - (As20 - CF320 ATAMRA max)) /
(2.25 x MWpy)) (2

To determine the extent of labelling, the number of p8
subunits per phage was estimated assuming 2700 p8y,3 for
M13 and 7400 p8p; for Pfl. The percent labelling was
measured using Eq. (3), where Aramramax measures the ab-
sorbance at 517 nm for M13 conjugates and 518 nm for Pfl
conjugates. The extmctlon coefficient of the dye, eramra,
was 65000 M ecm™ [53].

% eff. = ((Atamramax = Asoo)) / (Eramra > [pVIII]) x 100%
3)
To further confirm that this treatment was appropriate for
estimating the extent of labelling, the Lowry assay was done

alongside a spectrophotometric estimate of Pf1-TAMRA and
the resulting estimates were comparable (Suppl. Fig. 1).

2.5. Other Bioconjugation Reactions

A modification of the strategy reported for tyrosine label-
ing of the MS2 virus was employed [54]. Preparation of the
4-nitrobenzenediazonium p-toluenesulfonate salt was ac-
complished by the addition of 10 pL of a p-nitroaniline solu-
tion (20 mg mL™ in CH5CN) to 5 pL of a p-toluenesulfonic
acid monohydrate solution (160 mg mL™" in doubly-distilled
water (ddH,0)) at 4°C. A chilled aqueous solution of sodium
nitrite (5 pL; 32 mg mL" in ddH,0) was then added, and the
resulting mixture was left to react for 1 h at 4°C with occa-
sional swirling. The diazonium reagent (6 uL) was then add-
ed to a 4°C solution of Pfl phage (10 puL of a 50 mg mL
Pf1 solution dissolved in 1 mL of 150 mM potassium phos-
phate buffer (pH 9.0) providing a final Pfl concentration of
0.5 mg mL~ 1. This would correspond to 111 pM p8pf subu-
nits with a 15-fold excess of diazonium to p8ps subunits.
The mixture was then allowed to react at 4°C for 2 h with
occasional swirling. The labeled Pfl was purified by trans-
ferring to a 12400 molecular weight cut-off (MWCO) cut-off
dialysis tubing and diluting 200-fold into PBS buffer (pH
7.4) for 12 h. The dialysis was conducted twice more to re-
move low molecular weight molecules.

The Asp/Glu modification was adapted from the car-
bodiimide bioconjugation method used by Li et al. for M13
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[49]. Pf1 stock (50 mg mL™) was first diluted to 5 mg mL"’
and dialyzed against concentrated phosphate buffer (cPB;
100 mM Na,HPOy,4, 18 mM KH,PO,4, 137 mM NaCl, 2.7 mM
KCI) pH 7.4 to further purify the Pfl before the reaction. Pfl
was reacted at a final concentration corresponding to 222
UM p8 subunits with 43 mM N-hydroxysulfosuccinimide
(sulfo-NHS; 194 eq; Toronto Research Chemicals, North
York, Canada), 43 mM biotin-PEG;-amine (194 eq; Quanta
BioDesign, Ltd., Plain City, USA), and 13 mM 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC; 59
eq; Millipore Sigma, Etobicoke, Canada) in cPB pH 7.4 for
18 h at 23°C. The reaction was cleaned up as described for
the Tyr modification using dialysis.

2.6. Mass Spectrometry

Intact phage samples for mass spectrometry (MS) were
exchanged into Milli-Q H,O (MQH,0) using an Amicon® 10
kilodalton (kDa) MWCO column (Millipore Sigma, Eto-
bicoke, Canada) and then further diluted in 1:1 MeOH:H,O
0.1% formic acid to a final concentration of 1 uM p8pf (8.16
x 10" particles mL™"' for Pf1), or 0.5-1 pM p8uys (2.23 x 10"
particles mL™") for analysis. Note, at higher concentrations,
M13 were found to precipitate out of solution when diluted
into 1:1 MeOH:H,0 0.1% formic acid and was first diluted
to ~5 uM p8 subunits in water before subsequent dilution
into MS solvents. Mass spectra were collected on a Thermo
Scientific Q-Exactive Orbitrap equipped with an electrospray
ionization (ESI) source. The raw mass spectra were deconvo-
luted using BioPharma Finder™ (ThermoScientific, v.3.0).

Tandem mass spectrometry (MS-MS) spectra were ob-
tained on a Thermo Scientific Q-Exactive Orbitrap equipped
with an ESI source. The normalized collisional energy
(NCE) on the instrument was set to 30. MS-MS spectra were
fit to anticipated fragments from the known sequence of
p8ps using mMass open source software (version 5.5.0) [55].
Additional details can be found in the figure legends of the
relevant supplemental figures.

2.7. Transmission Electron Microscopy

Phage samples were deposited onto carbon/formvar coat-
ed 400 mesh copper grids (Ted Pella, Redding, California) at
a particle concentration of 3x10"" pfu mL™"' for 1 min. Grids
were briefly washed twice in MQH,O, and then stained for
20 sec with 1% phosphotungstic acid (neutral, in MQH,0).
For Pfl, after adhering to the phage, the grid was incubated
with 0.1% bovine serum albumin (BSA) in Tris-buffered
saline solution (TBS; 50 mM Tris, 150 mM NaCl, pH 7.5)
for 10 min. Excess BSA was blotted off and the grid was
washed three times with TBS, and then three times with
MQH,;0 before staining. The BSA was used to improve the
uniformity of the staining. M13 phages were imaged at 60
kV using a CM10 Philips microscope modified with an Ad-
vanced Microscopy Techniques image capturing CCD cam-
era.

2.8. Pf1 Biomaterial Fabrication

Pfl (2.5 mg; 50 mg mL™") was further concentrated using
PEG/NaCl solution followed by centrifugation as above. The
pellet was resuspended to a final volume of 15 pL. After
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pipetting un-crosslinked Pfl onto glass slides (2.5 mg), 10
pL of 20% glutaraldehyde was added without mixing and
crosslinking carried out 1 day at 23°C. For composite Pfl
biomaterials, Pf1-TAMRA was included at 3.8% by mass.

2.9. Scanning Electron Microscopy

Pfl biomaterial samples were fixed to standard SEM
stubs with carbon tape and sputter-coated with ~10 nm thick
gold film to improve sample conduction. The samples were
imaged on a Zeiss Ultra Plus field emission SEM with an
electron beam energy of 10 keV. Unmodified Pfl at an ini-
tial solution concentration of 50 mg mL™"' was air-dried onto
a clean silicon chip before the gold-sputtering coating and
imaging as described above.

2.10. Confocal Fluorescence Microscopy

Pfl biomaterials were crosslinked directly onto glass
slides and imaged on a Zeiss LSM 510 Meta Confocal Mi-
croscope. Briefly, 250 pg Pfl with 3.7 ug PfI-TAMRA was
mixed and air-dried on a slide for 1 h. For crosslinking, 10
pL of 20% glutaraldehyde was added for 1 h prior to wash-
ing the slide with MQH,0. Excitation of the sample was
done with a HeNel laser line (543 nm) with NFT 545 filter
to pass wavelengths of 545 nm and longer to the detector.
The sample was retained after microscopy and store in
MQH,0 at 23°C.

2.11. Molecular Modeling

The biological unit of Pfl from the Protein Data Bank
(PDB: 1QL1) [56] was downloaded (ww.rcsb.org) [57]. This
structure contained 35 p8 subunits providing 1610 residues
(46 residues/subunit). The protein preparation wizard proto-
col was employed in Maestro (Schrodinger Release 2019-1:
Maestro, Schrodinger, LLC, New York, NY, 2019) [58]. The
downloaded structure was preprocessed which included the
assignment of bond orders, the addition of hydrogen atoms,
missing side chains and loops were added using the program
Prime (which added the N-terminal Glyl residue whose co-
ordinates are not provided in the PDB file), and residue
charges were generated using the program Epik (pH 7.0 +/-
2.0) [59, 60]. Following this preprocessing stage, the struc-
ture was refined which included hydrogen bond assignments
and optimization, and a restrained minimization to converge
heavy atoms to a root mean square deviation (RMSD) of 0.3
A employing the OPLS3e forcefield (OPLS3e, Schrédinger,
Inc., New York, NY, 2013) [61]. The prepared phage struc-
ture had no detected problems with any part of the mini-
mized structure such as steric clashes or high energy bond
lengths, bond angles, or dihedral angles.

NHS-TAMRA was modeled in its 5-carboxylate form. Its
structure was drawn in Maestro and geometry minimized
using the OPLS3e forcefield in MacroModel (Schrodinger
Release 2019-1: MacroModel, Schrédinger, LLC, New
York, NY, 2019). Subsequently, a conformational search
conducted in water was performed using a mixed torsion-
al/Low-mode sampling protocol (default settings were uti-
lized for other variables). Conformers less than 21 kJ/mol
above the lowest energy structure were kept. The lowest en-
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Fig. (2). TAMRA-labelling of Ff phages M13 and Pfl. A) Pfl major coat protein (PDB:1QL1 [50]). Lys20 (green) and Gly1 (purple) on two
separate subunits indicated with arrows. B) Structure of TAMRA with mass and expected fragment mass of aminolysis adduct. C) Individu-
al component spectra of Pfl (0.7 mg mL™"), NHS-TAMRA (110 pM) and Pf1-TAMRA (estimated 0.7 mg mL"! Pfl total, and 110 uM p8-
TAMRA). D) Deconvoluted ESI-MS of M13 (120 uM p8) reacted with 1 mm NHS-TAMRA. E) Deconvoluted ESI-MS of Pfl (120 uM
p8ps1) reacted with 1 mM NHS-TAMRA. F) Time course of percent labelling of major coat proteins of Pfl (25 uM p8ps; subunits; black
circles) and M13 (12.5 uM p8yy; subunits; open circles) reacted with 250 uM NHS-TAMRA. (4 higher resolution / colour version of this

figure is available in the electronic copy of the article).

ergy structure found in this way was then used as the struc-
ture represented in the main text.

3. RESULTS AND DISCUSSION

3.1. NHS-TAMRA Labelling

Several bioconjugation reactions were used to probe the
susceptibility of various residues to chemical modification
(Fig. 1). In order to further explore Pfl coat protein modifi-
cation with future bionanomaterial fabrication in mind, ini-
tial bioconjugation using a fluorescent probe was employed.
Relative positions of the N-terminal Gly and Lys20 are
shown in Fig. (2A). NHS-TAMRA (Fig. 2B), an amine-
reactive dye which absorbs maximally at 554 nm was reacted
in 10-fold excess with Pfl bacteriophage at an amount
equivalent to 25 pM p8pg to determine labeling efficiencies.
The absorbance spectrum of the PfI-TAMRA conjugate was
compared to the spectra of equivalent amounts of the indi-
vidual components, Pfl and NHS-TAMRA, showing good
agreement (Fig. 2C).

The reaction of NHS-TAMRA to Pfl blue-shifts the ab-
sorbance maximum from 554 to 518 nm consistent with the

formation of parallel dye (H-dimer) aggregates, an observa-
tion previously noted for small, well-defined organic scaf-
folds containing adjacent fluorescent dyes [62-64]. The re-
petitive structure and close packing of p8ps subunits proba-
bly contribute to the very drastic shift, resulting in a very
high 518/554 ratio of ~1.8, as the TAMRA moieties are ex-
pected to be in very similar chemical environments. This
value is somewhat higher than covalent TAMRA dimers
linked by a relatively short 1,2-diaminoethane linker
(519/550=1.5) [63], though lower than a similar TAMRA
dimer with a slightly longer linker allowing for more interac-
tion (520/554=2.64) [62]. As the value here falls between
these values, it is possible that there are at least two popula-
tions of TAMRA on the surface of Pfl: TAMRA without
any neighbors to dimerize with and TAMRA where two
neighboring p8ps subunits are labelled. This is consistent
with similar observations on the fluorescence of labelled
M13 upon high fluorophore labeling [49]. In contrast, under
lower percent labelling conditions where only a single
TAMRA molecule per p8 occurs on M13, this blue-shift in
the absorbance spectrum is absent, likely due to greater sepa-
ration of dye constrained to the viral coat [47].
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The Pfl-TAMRA conjugate was compared to M13-
TAMRA conjugates by mass spectrometry for further com-
parison. As previously established, at high concentrations of
NHS-TAMRA, M13 is capable of modification with two
NHS-TAMRA per p8 subunit [49]. This is also observed in
the present study for M13 at 64% labelling efficiency of
TAMRA per p8 (Fig. 2D). Note that the M13 sample was
oxidized as its mass was 16 Da higher than the expected
mono-isotopic mass of 5234 Da but the relative delta masses
of the mono- and duo-labelled p8 had the expected change of
412.15 Da. In contrast, under these same conditions for Pfl
(71% labelling efficiency of TAMRA per p8) there were
protein masses observed only for the unmodified and the
mono-labelled Pfl p8ps (Fig. 2E). The expected monoiso-
topic mass of unmodified p8ps is 4606.5 Da, and the ex-
pected mass for TAMRA-labelled p8pris 5018.6 Da. Given
that both samples had approximately the same extent of
TAMRA labelling the results are consistent with only one
amine being accessible to react with NHS-TAMRA on p8py;.

Furthermore, on-line fragmentation (MS-MS) on the Pfl-
TAMRA peak indicated the presence of TAMRA reacted to
N-terminal fragments of p8ps (Suppl. Figs. 2 and 3). A
fragment containing Lys20 and not the N-terminus could not
be positively identified, and therefore Lys20 modification
cannot be absolutely discounted; however, it is clear that the
N-terminus is labelled by this treatment. Labelling at the N-
terminal Glyl is more likely given its accessibility and lower
expected pKa [65]. Additionally, in M13 the N-terminus is
preferentially modified and labelled Lys8 occurs only in the
presence of higher concentrations of NHS-TAMRA [49]. In
previous work characterizing p8pg reactivity using succinic
anhydride, labeling results lead to the conclusion that the N-
terminus and, to a lesser extent, Lys20 were accessible [48].
Furthermore, the inspection of recent fiber diffraction data of
Pfl (PDB: 1QL1) indicated that the N-terminal Glyl is in
close proximity to Lys20 (Fig. 2A) [56]. Labelling at Gly1
might be expected to further hinder the acylation of a second
NHS-TAMRA at the Lys20 of the adjacent subunit (Fig. 3).
It is possible that given the relatively larger size of NHS-
TAMRA compared to succinic anhydride that modification
of Lys20 is more hindered with this particular activated es-
ter.

Fig. (3). NHS-TAMRA model adjacent to Gly1 (purple) and Lys20
(green) on Pfl surface (PDB: 1QL1 [50]). The structure is based on
PDB 1QL1 with N-terminal Gly1 built as described in Methods. (4
higher resolution / colour version of this figure is available in the
electronic copy of the article).
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The reaction rates of NHS-TAMRA with either M13 or
Pfl were qualitatively compared at 23°C. The extents of re-
action for M13 and Pfl were monitored by estimating phage-
conjugated TAMRA produced as described in the methods
(Fig. 2F). At 3 h, the reactions reached 27 and 29% labelling
efficiency (dye/reactive amine) for Pfl and M13, with final
values of 33 and 32% showing very similar rates of product
formation despite there being twice as many p8 subunits in
the Pfl reaction than the M13 reaction. Since the mass spec-
trometry analysis indicated that p8ps is labelled only once,
this result is consistent as the reactions would therefore have
had an equal number of reactive amines (Fig. 2E). In combi-
nation with the MS-MS results of NHS-TAMRA labelled
Pf1, this would seem to indicate a single reactive amine on
p8psi for activated esters such as the dye used here. Per subu-
nit, M13 is expected to be more densely labelled than Pfl
which could contribute to the tendency of M13 labelled to a
high degree with NHS-TAMRA to aggregate in solution.
Overall, a difference in the reactivity profiles of M13 and
Pfl with activated esters is observed.

3.2. Pf1 Tyr and Glu/Asp Reactions

To further characterize the reactivity of Pfl to bioconju-
gation reactions, modification of Tyr and Glu/Asp residues
was explored (Fig. 1). The Tyr labelling protocol, employing
4-nitrodiazonium p-toluenesulfonate, was based on that of
Hooker et al. [54, 66]. In their work, the resulting azo-
labeled Tyr residue was further converted into an o-amino
Tyr derivative which could be further reacted with a dieno-
phile via a hetero Diels-Alder reaction to afford more com-
plex bioconjugates. To test the feasibility of this type of
modification with Pfl, the filamentous phage was reacted to
form the Tyr azo intermediate which was detected by mass
spectrometry (Fig. 4A). The mass at 4755.5 Da corresponds
to the mass of the p8ps major coat protein with the expected
azo adduct. Given the hinderance expected at Tyr40 the only
possible location of the modification is at Tyr25 which is
expected to be more exposed to solvent.

The Glu/Asp modification was carried out via car-
bodiimide coupling, similar to that described on M13 by Li
et al. [49], but employing a biotin-PEG;-amine to react with
the activated carboxyl groups. The success of adduct for-
mation was determined by MS initially and then further con-
firmed by detection and estimation of the extent of biotinyla-
tion by a fluorescence assay using the fluorescent biotin ana-
logue, biotin-4-fluorescein (B4F). The expected adduct mass
was detected by MS at 5034.73 Da (Fig. 4B). Given the dif-
ficulty with quantitating the extent of modification by MS,
the biotin analogue biotin-4-fluorescein (B4F), was used to
create a fluorescence standard curve to which modified Pfl-
biotin was assessed in a competitive binding assay with
streptavidin (SA). Using this method, the extent of biotinyla-
tion was estimated to be ~10.7 + 1.1 % biotin/p8, or approx-
imately 792 + 81 biotin/Pf1 (Suppl. Fig. 4). In Pfl there are
four potential carboxyl groups at which modification might
occur: Asp4, Aspl4, Aspl8, and Glu9. The exact location of
the modification was not determined due to the low ioniza-
tion of the modified p8 subunit. However, where lower lev-
els of modification are required, this is a viable strategy. It is
therefore conceivable that these additional modifications,
which have been used in other phage bioconjugation
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Fig. (4). Mass spectra of additional bioconjugation reactions. A) Deconvoluted ESI-MS showing diazotization of Tyr on p8ps major coat
protein. B) Deconvoluted ESI-MS showing carbodiimide coupling of carboxyl groups on p8pg. (4 higher resolution / colour version of this

figure is available in the electronic copy of the article).

strategies, might also be used with Pfl for applications
where modification with different components are required.

3.3. Pf1/Pf1-TAMRA Crosslinking

M13 has been a critical component in the development of
various advanced materials [37-40]. The capability of cross-
linking Pf1 for the possibility of preparing functional materi-
als was explored in the current investigation. Preparing
crosslinked biomaterials from a filamentous phage with po-
tentially 7400 points of attachment permits the possibility to
prepare additional functionalization that might not be possi-
ble with crosslinking of smaller, globular proteins. Trans-
mission electron microscopy (TEM) images of the starting
materials, un-modified Pfl and Pf1-TAMRA, were captured
(Fig. S5A and 5B). These images show the expected filamen-
tous structure to remain after TAMRA bioconjugation and
the imaged phages are consistent with the expected diameter
of 5.3-6.3 nm [44]. PfI-TAMRA tended to aggregate on the
TEM grid surface, though the filamentous structure was pre-
served. The black spots in the micrograph are likely artifacts
from uneven staining with heavy metal stain.

Initially, dimethyl adipimate (DMA) and glutaraldehyde
were used separately as crosslinkers with concentrated Pfl.
Biomembranes formed using up to 0.5 M DMA formed a
soft hydrogel which fragmented when attempting to manipu-
late (not shown). Glutaraldehyde instead produced cross-
linked materials sturdy enough to be handled with tweezers
(Fig. 6A). Pf1-TAMRA was mixed with Pfl and crosslinked
with glutaraldehyde employing an identical strategy (Fig.
6B). The material produced utilized Pfl as the bulk compo-
nent with 3.8% Pfl-TAMRA by mass. The resulting
biomembrane was pink in color and physically handled simi-
larly to the Pf1-only crosslinked material.

The glutaraldehyde crosslinked biomaterials were exam-
ined by SEM to determine whether there were notable sur-
face features (Fig. 6D and 6E). At a magnification of 30000x
little porosity or distinguishing surface features were evident
for either the Pfl or the Pfl/PflI-TAMRA crosslinked bio-

materials. The lack of pores or any kind of filamentous fea-
ture observable under these conditions is possibly due to the
predictable high density (estimated by the dimensions of the
crosslinked materials and total mass of Pfl used to prepare
them) of 400-500 mg Pfl cm” present in the samples. It is
possible that the slow evaporation of water and subsequent
shrinkage as the samples dried compressed any surface fea-
tures. Shrinkage and damage to the sample due to evapora-
tion is a known issue with preparing biomaterials for SEM
[67]. Pure Pfl (50 mg mL™") was air-dried onto silicon and
also examined by SEM without any crosslinking (Fig. 6F).
In support of the idea that lack of surface features or pores is
due to densely packed Pfl, the resulting surface was also
featureless, however a few fractures had formed in the sur-
face where the underlying structure of the membrane could
be seen. The strands visible by SEM are larger than individ-
ual Pfl and are likely bundles of phage which appear ran-
domly oriented and woven together. Overall, the materials
produced using this method are very dense. In the case where
more controlled methods of phage deposition are employed,
such as by using layer-by-layer deposition, as has been done
for M13, one can observe nanoscale features [40]. Also,
methods where the biomaterial is fabricated at lower densi-
ties of filamentous phage (M13), can result in observable
nanodimensional fine structure [39]. While crosslinking of
Pf1 does produce a stable material, further refinement of the
fabrication process will need to be optimized for a specific
use, such as those that might function as membranes.

3.4. TAMRA Fluorescence in Crosslinked Material

The initial Pf1/Pf1-TAMRA fabricated biomaterial was
examined using fluorescence microscopy to confirm the
presence and detect the localization, of the Pfl-TAMRA
bacteriophage in the crosslinked composite. It was apparent
that Pf1-TAMRA was indeed present in the biomaterial but
heterogeneously blended with the unlabeled Pfl as observed
by the apparent pockets of detected fluorescence (Fig. 6C).
Given the hydrophobic nature of TAMRA, it is possible that
the Pf1-TAMRA aggregates form microscopic pockets of
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Fig. (5). TEM analysis of starting materials for producing Pfl biomaterial. A) TEM micrograph of Pfl. B) TEM micrograph of PF1 labelled
with NHS-TAMRA. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

EmeTRTE———
200 nm

Fig. (6). Pfl-based biomaterials formed by crosslinking with 50% glutaraldehyde. A) Glutaraldehyde crosslinked Pfl. B) Glutaraldehyde
crosslinked Pf1/Pf1-TAMRA. C) Confocal microscopy image with 543 nm excitation and NFT 545 emission filters of crosslinked Pf1/Pfl-
TAMRA in b). D) SEM image of crosslinked Pfl crosslinked in a). E) SEM of crosslinked Pf1/Pfl1-TAMRA in b). F) SEM micrograph of
concentrated Pf1 (50 mg mL™'; un-crosslinked) dried on silicon overnight followed by SEM. The portion imaged shows a crack in an otherwi-
se featureless surface. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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Fig. (7). Confocal microscopy of Pf1/Pfl-TAMRA composite (543 nm excitation and NFT 545 emission filters). A) Low magnification (10x
objective lens) image of Pf1/Pfl-TAMRA crosslinked with glutaraldehyde 1h, B) and under high magnification (63x objective lens). C)
Crosslinked Pf1/Pf1-TAMRA recovered after imaging. D-F) Same settings as a-b) except Pf1/Pf1-TAMRA was imaged without any cross-
linking. F) Without crosslinker the material is disrupted on removal of coverslip. (4 higher resolution / colour version of this figure is availa-

ble in the electronic copy of the article).

functionality within the biomaterial. Given the resolution and
magnification limits for the confocal microscopy images,
one cannot comment on the integrity of the individual Pfl
phages, as their length (2 um) [44] is too small to determine
this. However, filamentous phages have been applied to
crosslinking applications to produce materials where the
phage was shown to be intact and it is presumed the phage is
also intact here [68-73]. Additional fluorescence characteri-
zation was carried out on Pfl/Pfl-TAMRA crosslinked di-
rectly on a glass slide alongside the same blend of Pf1/Pfl-
TAMRA without crosslinker. At low magnification, func-
tionalized Pfl-TAMRA was observed to be distributed
throughout the material (Fig. 7A). At higher magnification, it
becomes apparent that functionalized Pf1-TAMRA is dis-
tributed throughout the bulk biomaterial in patches or clus-
ters (Fig. 7B).

The appearance of these clusters was different between
the crosslinked and non-crosslinked blend. When crosslinked
by glutaraldehyde the construct appeared more like a net-
work of functionalization, while the Pf1-TAMRA gathered
in loosely connected “islands” in the absence of crosslinker
(Fig. 7D and 7E). Lastly, the crosslinked material was col-
lected from the slide after microscopic observation and could
be manipulated with tweezers (though quite delicate due to
the thinness of the membrane), while the Pf1/Pfl-TAMRA

without crosslinker was smeared upon removing the co-
verslip (Fig. 7C and 7F). Indeed, the total time that this bio-
material was crosslinked was only 1 hour before excess glu-
taraldehyde was washed off, unlike the initial construct
which was crosslinked for over 24 hours. The crosslinked
material could be immersed in water for at least 70 days
while remaining intact and without any apparent leeching of
PfI-TAMRA. This indicates that Pf1-TAMRA is able to
form part of the crosslinked network having several amines
already reacted to TAMRA or is otherwise trapped in the
material. The fluorescence characterization indicates aggre-
gation of Pf1-TAMRA within the biomaterial. It is likely that
reacting different functional groups to the coat protein, in
particular, more water-soluble moieties than the TAMRA
fluorophore, could result in the fabrication of more homoge-
nous material with functional components.

A very recent appreciation that there are substantially more
phages than previously believed to exist underscores the critical
need to explore the bioconjugation chemistry of phage in order
to exploit this vast reservoir of macromolecular biopolymers for
future bionanomaterial fabrication [74]. The present study pro-
vides a critical evaluation of the Pfl bacteriophage’s capability
for bioconjugation and the modified Pfl’s ability for subsequent
crosslinking to fabricate solid bionanomaterials. Future work
will focus on more elaborate modifications followed by con-
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trolled crosslinking strategies or “grafting from” polymerization
[75] studies, enabling synthesis of more advanced nanodimen-
sional architectures. Due to a large number of modifiable func-
tional groups on each Pfl building block, applications of Pfl-
based membranes can be extended to sophisticated conducting
nanocomposites by incorporation of conductive additives such
as carbon nanotubes and polyaniline [68], into tissue engineer-
ing scaffolds and smart bandages [17-19], and employed in the
fabrication of nanoporous filtration biofilms [40].

CONCLUSION

Based on the current investigation, Pflcan be readily and
uniquely modified by NHS-TAMRA at the N-terminal Glyl
of its major sheath protein, p8. In addition, Glu/Asp as well
as Tyr residues on the p8 protein can be bioconjugated em-
ploying carbodiimide or diazotization chemistries, respec-
tively. A biocomposite of wild type and TAMRA-
functionalized Pfl phage can be fabricated into a bulk mate-
rial by glutaraldehyde crosslinking.
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