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ilamentous bacteriophages, which in-

clude f1, fd, and M13 species, are

able to infect a variety of Gram-
negative bacteria like Escherichia coli.' 3
These phages share a common morphol-
ogy and a circular, single-stranded DNA ge-
nome. In contrast to lytic bacteriophages,
filamentous phages are assembled in the
cytoplasmic membrane and secreted from
infected bacteria without cell lysis. Infection
begins by the attachment of proteins plll
to the F pilus of a male E. coli. The circular
single-stranded DNA enters the bacteria
where it is converted by the host DNA rep-
lication machinery into a double-stranded
plasmid replicative form. By rolling circle
replication, the replicative form makes
single-stranded DNA, and the templates
for expression of the coat proteins are
formed. These proteins are inserted into
the cytoplasmic membrane, waiting for
phage extrusion. Finally, morphogenesis
and extrusion of phage descendants occur
simultaneously by packaging of the single-
stranded DNA into coat proteins while the
filamentous particle crosses the bacterial
wall.'?

Phage display technology, first intro-
duced by G.P. Smith? in 1985, permits the
presentation of large peptide and protein li-
braries on the surface of filamentous phages,
which affords the in vitro selection of pep-
tides and proteins (including antibodies)
with high affinity and specificity to almost
any target by affinity capture.** Phage dis-
play involves the fusion of foreign DNA se-
quences to the phage genome such that
the resulting foreign proteins are expressed
in fusion with one of the coat proteins. Al-
though all five coat proteins have been
used to display proteins or peptides, gene

www.acsnano.org

ABSTRACT A method is described for the site-directed manipulation of single filamentous bacteriophages,
by using phage display technology and atomic force microscopy. f1 filamentous bacteriophages were genetically
engineered to display His-tags on their plX tail. Following adsorption on nitrilotriacetate-terminated surfaces,
force spectroscopy with tips bearing monoclonal anti-plll antibodies was used to pull on individual phages via
their plll head. Analysis of the force-extension profiles revealed that upon pulling, the phages are progressively
straightened into an extended orientation until rupture of the anti-plll/plll complex. The single-virus manipulation
technique presented here provides new opportunities for understanding the forces driving cell —virus and
material —virus interactions, and for characterizing the binding properties of polypeptide sequences or proteins
selected by the phage display technology.
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VIl protein (pVIIl) and gene IlI protein (plll)
are by far the most commonly used. Nota-
bly, filamentous bacteriophages engi-
neered by phage display also offer exciting
opportunities in nanotechnology, for ex-
ample, for the directed synthesis of mag-
netic and semiconducting nanowires®’ and
for the assembly of functional hybrid
nanostructures.®

While classical biophysical and molecu-
lar biology techniques probe the averaged
properties of viruses, single molecule assays
provide a means to observe, analyze, and
manipulate individual virus particles,
thereby revealing events and properties
that would otherwise be hidden.’ "2 In this
context, recent progress in atomic force mi-
croscopy (AFM) methods'*'* has enabled
researchers to image a variety of viruses in
buffer solution,’ ' and to measure the
forces required to detach them from cell
membranes.'? Yet, the combined use of ge-
netic engineering and AFM for the site-
directed manipulation of filamentous
phages has never been reported.
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The quality of the phage production
a and purification procedures was first as-
sessed by AFM imaging (Figure 2). Figure
2 panels a and b show AFM images of
mica surfaces on which engineered
phages were adsorbed. The surfaces were
devoid of large aggregates or debris and
clearly showed individual, slightly curved
filaments of 7 = 2 nm diameter (Figure 2c)
and 400—1000 nm length. Overall, these
values fit with the theoretical dimensions
of the engineered phages. Since the
phage length is proportional to the size
of the encapsidated DNA,* we expect their
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ing to the head-to-tail length of the im-
mobilized phages (Ly). As can been seen
in Figure 2d, the distribution of Ly values
showed two maxima centered at 480 and
825 nm, corresponding most probably to
the phagemid and phage helper particles,
respectively. We note that samples that
were only purified by PEG precipitation
(thus without passage on Ni2*-NTA
column) were of very poor quality;

that is, numerous aggregates were ob-
served, presumably resulting from the co-
precipitation of bacterial debris and phage
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Figure 1. Principle of site-directed single-virus manipulation. (a) Ff filamentous
bacteriophages are genetically engineered to display His-tags on their plX tail.
(b) To this end, E. coli bacteria are transformed by a phagemid (pUPP9/HisTag)
which code for a Hise-pIX protein and infected by a helper phage. (c) The solu-
tion of His-tagged phage particles is purified by immobilized ion metal affinity
chromatography. In the various input and output fractions, phage particles are de-
tected by their infectivity and titrated as colony forming units (cfu). Approxi-
mately 50% of the particles are retained on the column and can be eluted by com-
petition with imidazole. Purified phages are collected by pooling the eluted
fractions ranging from 150 to 300 mM imidazole. (d) Following extensive purifica-
tion, the heterobifunctional filaments are anchored via their His-pIX tail on gold
surfaces modified with NTA/EG groups and picked through their plll head using an
AFM tip modified with anti-plll antibodies.

RESULTS AND DISCUSSION

To address this challenge, we genetically engineered
filamentous bacteriophages to display Hise tags at their
plX, N terminal tail (Figure 1a). We achieved this by us-
ing E. coli bacteria infected by a R408 helper phage, a f1-
type phage,'® and transformed with a phagemid which
code for a Hisg-plX protein (Figure 1b). The obtained
tagged filamentous particles are a mixture of R408
helper phage and encapsidated ssDNA of pUPP9/
HisTag phagemids. They were precipitated together by
polyethylene glycol (PEG) and further purified on a Ni?*-
NTA column with a ~50% yield (Figure 1c). The success-
ful purification by immobilized metal affinity chroma-
tography confirms the efficient Hise tag display on the
phage particles and also affords a high purity that is re-
quired for subsequent AFM analysis. Phages were then
attached via their Hisg tags on gold surfaces modified
with nitrilotriacetate (NTA) groups and picked through
their plll head using an AFM tip modified with anti-plll
antibodies (Figure 1d).
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particles. These data demonstrate that thor-
ough purification (PEG precipitation + Ni?*-NTA col-
umn) of the phages is essential for observing individual
viruses and for guaranteeing further reliable single-
virus measurements.

Force spectroscopy was then used to pull on the
plll head of individual phages anchored on NTA/EG
surfaces (Figure 1d). To this end, AFM tips were func-
tionalized with monoclonal anti-plll antibodies, us-
ing a flexible polyethylene glycol spacer which per-
mits the antibodies to be firmly attached and to be
freely oriented. Shown in Figure 3 are the force data
obtained between anti-plll tips and phage surfaces.
In 35% of the cases (n = 360), the curves showed ei-
ther single or multiple binding peaks, together with
rupture lengths ranging from 50 nm to several hun-
dreds nm. The distribution of the last adhesion
forces (F,gn), showed a well-defined maximum at 44
+ 14 pN (n = 360) that we attribute to specific
antibody—antigen interactions for the following rea-
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sons: (i) this force value is much smaller
than the 150 pN force associated with
single His-Ni?"-NTA bonds;?° (ii) a marked
reduction of adhesion frequency was ob-
served when force curves were recorded in
200 pg/mL solutions of anti-plll (Figure
3b, inset). In view of the tip surface chem-
istry that we used (PEG linker) and of the
fact that our measured forces are in the
range of values reported for single
antigen—antibody interactions using simi-
lar recording conditions,?' 2> we conclude
that the 44 pN force is likely to reflect the
rupture of single plll/anti-plll complexes.
Adhesion forces in the 50—100 pN range
were frequently observed and attributed
to the simultaneous detection of two plll
proteins, in agreement with the notion
that each phage displays multiple copies
of plll proteins.

Consistent with the above observations,
we found that the mean adhesion force (F)
increased linearly with the logarithm of the
loading rate (r), as expected for specific inter-
actions (Figure 3¢).2*~2° From this relationship, the
length scale of the energy barrier was assessed from
the slope of the F versus In(r) plot, x; = 0.77 nm, while
extrapolation to zero forces yielded the kinetic off-rate
constant of dissociation at zero force, kof = re=o Xg/ksT =
0.74 s™". Both xg and ko values are in the range of val-
ues reported in previous antigen—antibody studies
(xg = 0.4—1.0 nm and ko = 1073—10% s71).2226

We also note that the 35% binding probability is
larger than what we expect considering the surface
coverage of the bacteriophages observed in air (Fig-
ure 2a). There are several possible reasons for this
apparent discrepancy. First, during force measure-
ments some viruses may protrude into the solution
with a certain degree of mobility since they are only
attached via their pIX tail. We therefore speculate
that an anti-plll tip may detect the same plll head
multiple times. Second, due to dewetting forces as-
sociated with drying, the surface density of the bac-
teriophages may be smaller in air than in liquid.
Accordingly, the above data show that AFM with
anti-plll tips can detect and manipulate single bacte-
riophages via their plll head up to a maximum force
of 150 pN (strength of the His-Ni?*-NTA bond), there-
fore validating the proof-of-concept of “site-directed
single-virus force spectroscopy”.

Another pertinent issue is to understand the molec-
ular origin of the force peak profiles (shape, rupture
length). Notably, we found that none of the force peaks
could be described by the wormlike-chain (WLC) model,
which is in contrast with the behavior of modular pro-
teins. Force-extension curves of such proteins gener-
ally show nonlinear force peaks that can be fitted
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by the WLC model, each peak reflecting the force-
induced unfolding of secondary structures (a-helices,
B-sheets).8732 Thus, rather than reflecting secondary
structure deformations, we suggest that the intermedi-
ate force jumps correspond to the progressive desorp-
tion of the filaments from the surface and/or from
neighboring phages (see the image in Figure 2a show-
ing that some phages associate with each other), while
the last jump represents the rupture of the plll—antiplll
complex.

How about the origin of the observed rupture
lengths? Figure 3d shows that the average rupture
length was L, = 128 = 52 nm, which is much smaller
than the phage length, L. = 500 nm. However, the L,
values can be easily interpreted considering the follow-
ing model (Figure 3e): (i) initially, the engineered
phage is a rigid rod'® that is slightly curved; (i) upon
pulling on its plll head, it progressively looses its curva-
ture and become more extended since the plX tail re-
mains attached on the surface. As there is no lateral mo-
tion of the tip or the surface, rupture should take place
when the phage is in straight oblique position between
the His-Ni-NTA and plll/anti-plll anchor points. Consid-
ering our mean experimental values Ly, = 480 nm and
the theoretical contour length L. = 500 nm, we find that
the expected rupture length should be 140 nm, which
matches remarkably well the experimental data, L, =~
130 nm. The above interpretation is further supported
by a controlled experiment in which the phages were
attached randomly and via multiple points on surfaces
using PEG linkers. In these conditions, the average rup-
ture length dropped to L, = 18 = 10 nm (Figure 3d; in-
set), a value which corresponds to the extension of the
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Figure 2. AFM imaging of single viruses. (a,b) Deflection images in air of genetically
engineered phages adsorbed on mica (image size: 10 pm X 10 um (a) and 3 pm X
1.6 um (b)). Statistical analysis of (c) the diameter and (d) head-to-tail length

(Lhy, see arrow in Figure 2b) of single filaments (measured on 60 filaments from
five images).
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Figure 3. Site-directed force spectroscopy of single viruses. (a) Representative force curves recorded in buffer solu-
tion between genetically engineered phages anchored on a NTA/EG surface and AFM tips functionalized with anti-
plll. The last force peak represents the adhesion force of the anti-plll/plll pair (see “F,q,” label), while the occasional in-
termediate force jumps are attributed to phage-surface or phage—phage desorption events (see asterisk (*) labels).
Although most rupture lengths (L,) were around 100 nm, some were up to several hundreds nm (lower traces). Data
obtained using an approach speed of 1000 nm s~' and an interaction time of 500 ms. (b) Histogram showing the dis-
tribution of the last adhesion forces (F.q4n) generated from 1024 curves. The curves were obtained by recording, on
10 pm X 10 pm areas, four force—volume data sets consisting each of 16 X 16 force curves. Three different tips and
three different surfaces prepared independently were used. Shown in the inset is a blocking experiment performed
in a 200 pg/mL solution of anti-plll. The histogram was obtained by recording two 16 X 16 force—volume data sets,
using two tips and two surfaces prepared independently. (c) Dependence of the adhesion force on the loading rate ap-
plied during retraction. The interaction time (500 ms) and the approach speed (1000 nm s~') were kept constant. (d)
Histogram showing the distribution of rupture length (L,) from 360 different curves. Shown in the inset is the distri-
bution of L, values observed when the phages were attached via multiple points using PEG linkers. (e) Schematics of
the single-virus pulling experiment: initially, the phages are slightly curved and lying flat on the surface; upon plll de-
tection and pulling, they are straightened into an extended orientation.

PEG linkers on the tip and on the surface, and to the
stretching of the plll/anti-plll complex. Together, these
findings show that single filaments were manipulated
and extended via their two terminal regions, without
deformations of the constituting proteins (unfolding,
depolymerization).

CONCLUSIONS

In conclusion, our experiments demonstrate that
the combined used of phage display technology and
AFM is a powerful platform for the controlled ma-
nipulation of individual filamentous bacteriophages.
Pulling on the plll head of bacteriophages anchored
by their plX tail using moderate forces, leads to their
progressive desorption from the surface and to their
straightening into an extended orientation. We an-

\\&) VOL.3 = NO. 10 = ALSTEENS ET AL.

ticipate that the novel method presented here, that
is, site-directed single-virus force spectroscopy, will
find broad applications in life science and nanotech-
nology. In biology, the site-directed manipulation
of bacteriophages with AFM tips should allow the
exploration of the forces that drive the various
stages of the bacterial infection process (attach-
ment of plll proteins to F pili and assembly and se-
cretion of the phages from the bacterial surface). In
bio- and nanotechnology, the method should be
very useful to characterize the biophysical proper-
ties of engineered phages particles and phage dis-
played peptides or proteins that bind to specific bi-
oligands or to organics/inorganics used for the
design of self-assembled hybrid materials.®
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METHODS

Chemicals and Biologicals. Polyethylene glycol 6000 was pur-
chased from AppliChem (Germany) and other chemicals from
Sigma Aldrich (Germany). His Trap FF columns were from GE
Healthcare Life Science. E. coli strain TG1 is from Invitrogen.

Construction of the Phage Expressing HisTag on pIX. The HisTag cod-
ing sequence was obtained by annealing the oligos His/F (5'-
GCGCGCATGCCGCACACCATCACCATCACCATGCTAGCGGC-3")
and His/R (5'-GCCGCTAGCATGGTGATGGTGATGGTGTGCG-
GCATGCGCGC-3'). A fragment encoding SV5Tag-linker-plIX-
EcoRl was isolated by PCR from a plasmid expressing a GFP-pIX
fusion protein (E. Pesavento, unpublished work) using the prim-
ers SV5/F (5'-CACCATGCTAGCGGCAAACCAATCCC-3") and pUC/R
(5'-CGACGTTGTAAAACGACGG-3'). The HisTag and SV5Tag-
linker-plIX-EcoRl fragments were then assembled by overlap PCR
using His/F and pUC/R as primers. In this way, an ORF composed
of HisTag- SV5Tag-linker-plX, flanked by Sphl and EcoRlI restric-
tion sites, was obtained. This ORF was cloned in a pDAN5-sfGFP
vector (A. Bradbury, to be published) in place of the sfGFP-plil
ORF. The pDan5-sfGFP vector is based on a pUC19 plasmid with
an M13_origin. The resulting phagemid, named pUPP9-HisTag
(Figure 1b), was electroporated into E. coli TG1.

Phage Production and Purification. One liter of LB-Ampicillin (100
rg/mL) medium inoculated by TG1 harboring the phagemid
pUPP9His/Tag and already infected by the helper phage R408
was grown overnight at 37 °C. After centrifugation, the phages
were purified from the supernatant by two successive PEG pre-
cipitations. The final pellet was dissolved in 1 mL of Milli-Q wa-
ter and reprecipitated again for 20 min at 4 °C with 200 p.L of
PEG/NaCl (20% W/V PEG 6000/2.5 M NaCl). The mixture was cen-
trifuged at 10000 rpm for 20 min at 4 °C and the precipitated
phage was finally dissolved in 2 mL of Milli-Q water. This phage
sample was loaded onto the His Trap FF column (prepacked with
Ni sepharose) beforehand, prepared as recommended by the
manufacturer’s protocols, and equilibrated at a flow rate of 1 mL/
min with the equilibration buffer (50 mM Tris-HCl, 100 mM Nacl,
and 20 mM Imidazole pH 7.4). After washing the column with
five volumes of equilibration buffer the his tagged phages were
eluted with a 50 mM stage imidazole gradient (starting from 50
up to 450 mM) in the same buffer.

Phage Titer Measurements. Serial 10X dilutions of the purified
phagemid particles were prepared and 10 pL of each one were
mixed with 990 pL of a TG1 culture in exponential phase. After
incubation at 37 °C without agitation for 30 min and with agita-
tion for another 30 min, 100 pL of each mixture were spread on
LB Petri dishes containing Ampicillin (100 pg/mL) and incubated
overnight at 37 °C. The colonies were counted and the phage ti-
ter was calculated as colony-forming-units (cfu).

AFM Measurements. AFM measurements were performed at 20
°C in buffered solutions (PBS, pH 7.4), using a Nanoscope IV Mul-
timode AFM (Veeco Metrology Group, Santa Barbara, CA) and ox-
ide sharpened microfabricated Si;N4 cantilevers (Microlevers,
Veeco Metrology Group). Force measurements were recorded
in the force—volume mode consisting of arrays of 16 X 16 force
curves on 10 wm X 10 wm areas, using a maximum applied
force of 350 pN and a loading rate of 10000 pN/s, calculated by
multiplying the tip pulling velocity (hm/s) by the slope of the
peaks (pN/nm). A ramp delay of 500 ms was applied between
tip approach and tip retraction, while keeping constant the maxi-
mum applied force. The spring constants of the cantilevers were
measured using the thermal noise method (Picoforce, Veeco Me-
trology Group), yielding values ranging from 0.01 to 0.015 N/m.
Force-volume data were treated using the Nanoscope V 7.30
(Veeco Metrology Group) and Matlab (The Mathworks Inc.)
softwares.

For force spectroscopy, AFM tips were functionalized with
anti-plll (Mo Bi Tec, Germany) using PEG-benzaldehyde linkers
provided by H.J. Gruber (University of Linz), essentially as de-
scribed elsewhere.3® Cantilevers were washed with chloroform
and ethanol, placed in an UV—ozone cleaner for 30 min, im-
mersed overnight into an ethanolamine solution (3.3 g etha-
nolamine into 6 mL of DMSO), then washed three times with
DMSO and two times with ethanol, and dried with N,. The
ethanolamine-coated cantilevers were immersed for 2 h in a so-
lution prepared by mixing 1 mg of Acetal-PEG-NHS dissolved in
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0.5 mL of chloroform with 10 L of triethylamine, then washed
with chloroform and dried with N,. Cantilevers were further im-
mersed for 5 min in a 0.1% iodine/acetone solution, washed
three times in acetone, dried under N,, and then covered with a
200 p.L droplet of a PBS solution containing anti-plll (0.2 mg/mL)
to which 2 pL of a T M NaCNBHj; solution were added. After 50
min, cantilevers were incubated with 5 L of a 1 M ethanolamine
solution in order to passivate unreacted aldehyde groups, and
then washed with and stored in PBS 10 min later.

For surface immobilization of the phages, silicon wafers (Sil-
tronix) were coated using electron beam thermal evaporation
with a 5-nm thick chromium layer followed by a 30-nm thick
gold layer. The gold-coated surfaces were cleaned for 15 min
by UV and ozone treatment, rinsed with ethanol, dried with a
gentle nitrogen flow, and immersed overnight in ethanol con-
taining 0.05 mM of NTA-terminated (10%) and triethylene
glycol(EG)-terminated (90%) alkanethiols. After rinsing with eth-
anol, the tips and supports were immersed in a 40 mM aqueous
solution of NiSO, (pH 7.2) for 1 h, rinsed with water, incubated
in 1 mL of purified phage solution for 2 h, and finally rinsed with
PBS. After rinsing, the support was carefully attached to a steel
sample puck (Veeco Metrology Group) using a small piece of
double face adhesive tape, and the mounted sample was trans-
ferred into the AFM liquid cell while avoiding dewetting.
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