/ \ | 2 pubs.acs.org/Langmuir

Comparison of Zirconium Phosphonate-Modified Surfaces for
Immobilizing Phosphopeptides and Phosphate-Tagged Proteins

Florian Forato,” Hao Liu," Roland Benoit,® Franck Fayorl,” Cathy Charlier,- Amina Fateh,- )
Alain Defontaine,” Charles Tellier,” Daniel R. Talham,** Clémence QuePfélec,*’Jr and Bruno Bujoli'

TChimie et Interdisciplinarité: Synthése Analyse Modélisation (CEISAM), Université de Nantes, CNRS, UMR 6230, 2 rue de la
Houssiniére, BP 92208, 44322 Nantes Cedex 3, France

J:Depalrtment of Chemistry, University of Florida, Gainesville, Florida 32611-7200, United States

§CRMD-CNRS, 1B rue de la férollerie, 45071 Orléans Cedex 2, France

“CNRS, CEMHTI UPR3079, Université de Orléans, F-45071 Orléans, France

LFonctionnalité et Ingénierie des Protéines (UFIP), Université de Nantes, CNRS, UMR 6286, 2 rue de la Houssiniére BP 92208,
44322 Nantes Cedex 3, France

© Supporting Information
ABSTRACT: Different routes for preparing zirconium phospho-

nate-modified surfaces for immobilizing biomolecular probes are
compared. Two chemical-modification approaches were explored to

) . ) Phosphopeptide
form self-assembled monolayers on commercially available primary spot (3D) by optical
amine-functionalized slides, and the resulting surfaces were microscope
compared to well-characterized zirconium phosphonate monolayer- (SARFUS)

——

modified supports prepared using Langmuir—Blodgett methods. zirconium-
When using POCl; as the amine phosphorylating agent followed by phosphonate
treatment with zirconyl chloride, the result was not a zirconium- surface
phosphonate monolayer, as commonly assumed in the literature, but

rather the process gives adsorbed zirconium oxide/hydroxide species

and to a lower extent adsorbed zirconium phosphate and/or

phosphonate. Reactions giving rise to these products were modeled in homogeneous-phase studies. Nevertheless, each of the
three modified surfaces effectively immobilized phosphopeptides and phosphopeptide tags fused to an affinity protein.
Unexpectedly, the zirconium oxide/hydroxide modified surface, formed by treating the amine-coated slides with POCl,/Zr*,
afforded better immobilization of the peptides and proteins and efficient capture of their targets.

H INTRODUCTION of metal or metal oxide surfaces for the environment in which

Many methods have been developed for functionalizing they will be employed, but the same immf)bilization chemistry
material surfaces such as dip-coating, spin-coating,” self- can be used f(,)r the purpose of studying surface-conﬁged
assembled monolayers (SAMs),>~® layer-by-layer assembly,>~"2 molecules or biomolecules. For example, phosphate-bearing
vapor deposition,”® Langmuir—Blodgett deposition, "' and biological probes, including oligonucleotides, peptides, or small

) ) D 23-28 . 4+
plasma treatment'®"” for applications ranging from electronics proteins, have been shown. to bind strongly to Zr"-
to medical devices."* 2% Depending on the nature of the surface modified surfaces, and the potential of these substrates for the
to be modified, different functional groups can be employed to design of biological microarrays was demonstrated in our

23-26
immobilize molecular, polymer, or biomolecular surface

groups.™
modifiers. To prepare useful devices, a strong binding between An effective surface for accepting phosphate-tagged mole-
the probe and the support is required while using chemical

cules or biomolecules is a monolayer of Zr*" ions bound to a
processes that are simple and inexpensive but robust enough to phosphonic - acid-terminated surface. Exceptionally smooth,
ensure consistency in applications. Thus, the goal is to develop

well-defined zirconium phosphonate films can be prepared

general methods for immobilizing peptides and proteins using Langmuir—Blodgett (LB) methods, and these surfaces
i ; £ cati have been usefully employed.”” However, the large-scale

requiring few or no chemical modification of the probes and y employed. ’ g

using easily accessible microarray substrates. Among these,

production of such substrates at low cost is very unlikely
phosphonic acids have emerged as a powerful tool to modify because of the nature of the LB process. For this reason, in the
oxide and metal surfaces because the formation of P—O—metal
ionocovalent bonds usually provides highly stable architectures, Received: March 16, 2016
especially for metal cations in high oxidation states. Modifiers Revised:  May 9, 2016
are normally added to protect or optimize the chemical nature
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present study we compare the capture efficiency of proteins
bearing phosphorylated peptide tags immobilized on zirconium
phosphonate (ZrP) coatings made by different routes, including
a self-assembly method commonly used in the literature and a
novel approach utilizing a phosphonic acid bearing an N-
hydroxysuccinimide derivative. The performance of the two
chemical modification processes is compared to that of slides
prepared using the LB process as a reference when
immobilizing different phosphopeptides and affinity proteins.
The phosphorylated peptides and proteins were found to
specifically bind to each surface. The best performance was
found for the primary-amine-coated slides treated first with
POCI;, followed by zirconyl chloride. Surprisingly, we show
that this process does not result in a zirconium phosphonate
monolayer, as is commonly assumed, but rather gave a mixed
metal oxide/hydroxide layer. Nevertheless, this surface
effectively immobilized the phosphate-modified peptides and
proteins.

B MATERIALS AND METHODS

Starting Materials. All commercially available reagents, including
N,N'-disuccinimidyl carbonate, zirconyl chloride octahydrate, 2,4,6-
collidine, phosphorus oxytrichloride (POCL;), octadecyltrichlorosilane,
a-casein, and HPLC-grade solvents were purchased from Aldrich.
Reagents were of analytical grade and were used as received from
commercial sources unless otherwise indicated. Glass slides were
purchased from Goldseal (Horseshoe, NC) (3 in. X 1 in., thickness
0.93—1.05 mm). Aminopropylsilane glass slides (SuperAmine 2) were
purchased from Arrayit (Sunnyvale, CA). Hydrophobic glass slides
were made using octadecyltrichlorosilane following the method of
Maoz and Sagiv.”” The zirconium octadecylphosphonate Langmuir—
Blodgett monolayers were prepared on the hydrophobic slides as
described previously.'*'® Phosphorylated biotinylated peptides (0P,
1P, 2P, 2P/, 3P, and 4P) were purchased from ProteoGenix
(Schiltighem, France). The buffer used throughout the experiments
consisted of 10 mM glycine, 10 mM TRIS base, 10 mM 2-(N-
morpholino)ethanesulfonic acid(MES), and 10 mM acetic acid, which
allows buffers to be prepared in the 2—10 pH range (pH 3, 7.4).

Preparation and Modification of Amine-Terminated Slides.
SuperAmine 2 slides were used as received. For route A, the slides
were soaked in a 1:1 solution of 2,4,6-collidine (20 mM) and POCI,
(20 mM) in anhydrous acetonitrile and agitated for 16 h. For route B,
they were soaked in a solution of a phosphonic acid bearing an N-
hydroxysuccinimide end (compound 4, 0.1 mM) and 4-dimethylami-
nopyridine (0.1 mM) in anhydrous dichloromethane and agitated for
24 h. The slides were rinsed with either acetonitrile (route A) or
dichloromethane (route B) and annealed at 150 °C for 24 h to
promote stable covalent bond formation. The phosphonate-terminated
samples were then exposed to a 25 mM ZrOCl,-8H,0 solution in
Milli-Q water overnight. The slides were finally rinsed with Milli-Q
water and stored under argon in Milli-Q water.

Production and Purification of Tagged Proteins. H4 Nano-
fitins are recombinant proteins derived from Sac7d from Sulfolobus
acidocaldarius and evolved by ribosome display to bind lysozyme. The
sequence of H4 Nanofitin was fused with the phosphorylatable tag
(ARAEREDSDSSSEDE) containing four sites of phosphorylation in
plasmid pQE30H4P.”® The recombinant pQE30H4Plala plasmid
containing an H4 phosphorylatable tag (ARAEREDADAASEDE) with
one serine was derived by site-directed mutagenesis from pQE30H4P.

For protein production, the BL21(DE3) E. coli strain transformed
with these plasmids was cultivated in 1 L of Luria—Bertani (LB)
medium containing ampicillin (100 pg/mL) at 37 °C until the optical
density at 600 nm was 0.8. Isopropyl-1-4-p-thio-1-galactoside (IPTG)
(1 mM) was added for induction, and cells were grown overnight at 30
°C. The proteins were first purified on Ni-NTA columns (QIAGEN)
and then phosphorylated in vitro with recombinant @-casein kinase
(CKI1I). The Nanofitins (100 M) were incubated for 6 h at 30 °C in

50 mM Tris-HCI, 50 mM MgCl,, 1 ug of a-CK2, 1 mM ATP, 2.5 mM
DTT, 0.01% Triton X100, 10% glycerol, and 125 mM imidazole at pH
7.5, and the purification was completed by gel filtration on Superdex
75 (GE Healthcare).

Microarray Spotting and Incubation Conditions. The
modified slides were washed once with ultrapure water and dried by
centrifugation (1500 rpm, 1 min). The slides were then spotted with a
noncontact spotter (sciFlexArrayer S3 piezo electric dispenser,
Scienion). Spotting was performed inside a chamber at 25 °C and
60% humidity. The spotted slides were placed in an incubation
chamber at 37 °C for 1 h. To passivate the unspotted areas, slides were
treated after spotting with a solution of 0.3 wt % a-casein in a TBS
(Tris-buffered saline) solution of TrisHCI (20 mM) and NaCl (150
mM) at pH 7.4. In the case of spotted biotinylated phosphopeptides,
incubation was performed by applying an Alexa 647-labeled
streptavidin solution (0.1 pg/mL in TBS-0.3% a-casein) to the
substrate for 1 h at room temperature in the dark. In the case of the
mono- or tetraphosphorylated tag fused to proteins, incubation was
performed by applying an Alexa 647-labeled lyzozyme solution (0.1
pg/mL in TBS-0.3% a-casein) to the substrate for 1 h at room
temperature in the dark. Microarrays were washed three times with
TBS for 5 min and then once with ultrapure water. Finally, the slides
were spun dry by centrifugation at 1500 rpm for 1 min. All washes and
incubations were performed in small staining jars at room temperature
on an oscillating shaker.

Microarray Analysis. All microarrays were scanned on a Scanarray
Gx apparatus (PerkinElmer) with a laser power and gain value of 60.
Suitable excitation wavelength and emission filters were used to detect
Alexa 647:650 nm (excitation), 665 nm (emission). The location of
each analyte spot on the array and the measurement of the
fluorescence intensities was performed using the Genepix mapping
software (Axon laboratories, Palo Alto, CA).

FT-IR. Vibrational spectroscopy data were obtained using a Bruker-
Tensor 27 FT-IR spectrometer with the OPUS Data Collection
Program for the analysis.

X-ray Photoelectron Spectrometry (XPS). The X-ray photo-
electron spectroscopy (XPS) measurements were performed with a
Thermo Scientific Escalab 250 using monochromatic Al Ka (1486.6
€V) radiation with a spot size of about 600 ym. The high-resolution
spectra were collected with 20 eV pass energy at a takeoff angle of 6 =
90°, and the C Is peak position of 284.6 eV was used to calibrate the
spectra. After Shirley background subtraction, XPS spectra were
deconvoluted into Gaussian—Lorentzian components.

Time-of-Flight Secondary lon Mass Spectrometry (ToF-
SIMS). ToF-SIMS experiments were performed with a TOF.SIMS 5
instrument from ION-TOF GmbH using a 25 keV bismuth liquid
metal ion gun (LMIG). The primary ion beam of 25 keV Bi*" was
operated in static mode with a primary pulsed beam current of 2.5 pA.
Appropriate charge neutralization (20 eV electronic flood gun) was
used to avoid charging of the samples during data collection. The
detection was performed within a mass range of 1 to 800 amu. With a
data acquisition of 100 s, the total fluence was less than 1012 ions/ cm?,
ensuring static conditions. Depth chemical profile (perpendicular to
the surface) and chemical imaging measurements were also performed.

Liquid-State NMR Spectroscopy. Liquid-state 'H, *C, and *'P
spectra were recorded in deuterated solvents on a Bruker Avance
apparatus operating at 300 or 400 MHz.

Solid-State NMR Spectroscopy. Solid-state magic-angle spinning
(MAS) NMR experiments were performed on a Bruker Advance HD
spectrometer operating at 17.6 T ('H and *'P Larmor frequencies of
750 and 303.6 MHz, respectively) using a 4 mm double-resonance
MAS probe and a spinning frequency of 14 kHz. Quantitative *'P
single-pulse MAS spectra were acquired using a 20° flip angle (pulse
duration of 1 ys) and a recycle delay of 40 s. The *'P cross-polarization
(CP) MAS spectra® were recorded using different contact times
ranging from 0.25 to 12.5 ms and a recycle delay of 1 s. For all 'P 1D
MAS experiments, "H decoupling was achieved using the SPINAL64
sequence’ with a radio frequency field strength of 50 kHz. 2D *'P
homonuclear CP-MAS correlation experiments were performed at a
spinning frequency of 14 kHz with a contact time of 2.5 ms and a
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Scheme 1. Chemical Modifications of SuperAmine 2 Slides for the Preparation of Zirconium Phosphonate-Modified Surfaces
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recycle delay of 1s. The RFDR> homonuclear dipolar recoupling
pulse sequence was applied during the mixing time of the 2D
experiment to promote magnetization transfer between neighboring
3P atoms. 'H SPINAL decoupling (50 kHz RF-field strength) was
applied in both direct and indirect dimensions. >'P chemical shifts
were referenced relative to 85 wt % H;PO,.

Sarfus Measurements. Nanometer-scale optical images were
obtained from a Sarfus 3D apparatus (Nanolane, Le Mans, France).
For optical studies, this equipment included an upright optical
microscope (DM4000, Leica Microsystems, Wetzlar, Germany) and
specific contrast-enhanced substrates termed Surfs. For optical
thickness measurements which are based on color/thickness
correspondence, a calibration standard made of nanometric steps
and image treatment software (Sarfusoft 2.0) were used.** The
standard Surfs (top-layer SiO,) were modified with amines by the
company, and then the two procedures to form the zirconium
phosphonate monolayer were applied.

B RESULTS AND DISCUSSION

Preparation of Zirconium Phosphonate Surfaces.
Along with the Langmuir—Blodgett method we described
previously," "> two other chemical modification methods for
preparing Zr*'-modified surfaces were investigated and
compared (Scheme 1). The two chemical modification routes
begin with primary amine-functionalized glass slides, which are
easily available from commercial sources because they are

classically used for the preparation of oligonucleotide micro-
arrays.”>® In the present study, we used SuperAmine 2 slides
(SA). Massari et al’’ and Katz et al.'>*® reported the
phosphorylation of aminopropylsilane coatings on ITO or
glass slides using POCI; treatment. A detailed characterization
of the resulting zirconium phosphonate surface was not
provided, although these surfaces were subsequently success-
fully used as self-assembled monolayer supports. This approach
was studied on the SA slides and is described as route A in
Scheme 1. An alternative route involving the reaction of the
terminal NH, groups with a phosphonic acid bearing an N-
hydroxysuccinimide derivative, compound 4, was also consid-
ered (route B, Scheme 1). In both cases, the phosphonate-
modified surface was then soaked in a ZrOCl,-8H,0 solution
overnight, which is generally found to be long enough to allow
Zr* binding to the surface —PO;*~ groups.”

Compound 4 was obtained in four steps with a 78% overall
yield, adapting a procedure described by Reetz et al. (Scheme
2).*° First, 11-bromoundecanol was protected with a
tetrahydropyranyl group to yield compound 1. An Arbuzov
reaction was then carried out using sodium hypophosphite to
produce compound 2. Removal of the THP protecting group
and reaction with N,N’-disuccinimidyl carbonate led to
compound 3, which, after deprotection of the phosphonate
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esters with bromotrimethylsilane, yielded final compound 4
(more details in the SI).

Characterization of Zirconium Phosphonate Surfaces
by XPS and ToF-SIMS Analysis. The phosphorus and
zirconium contents of the coatings obtained by routes A and B
were analyzed using XPS (Table 1 and Figure 1). For route A,

Table 1. XPS Analysis of Aminosilane-Coated Glass Slides
Treated with POCL,/Zr*" (Route A) or with Compound 4/
Zr** (Route B)

relative peak
intensities (%)

route treatment P 2p Zr 3d  P/Zr ratio
A POCL (16 h) 1
A POCI, (16 h), then Zr* trace 0.32
B compound 4 (16 h) 430
B compound 4 (16 h), then Zr* 2.9 2.39 12
Zr(3dspp.31)
52
P(2P3.110)
f\
I
i
g A
a
200 190 180 170 140 130 120

Binding Energy (eV)

Figure 1. XPS Zr 3d and P 2p peaks of the zirconium phosphonate
monolayer surfaces from route B (top) and from route A (bottom)
after zirconium oxychloride treatment. The dashed lines correspond to
fits to one Zr 3d and one P 2p spin doublet. Relative peak intensities
are listed in Table 1.

the XPS spectrum of the slide after the POCI; treatment
evidenced a P 2p peak at a binding energy (133.1 eV) expected
for phosphorus in CPO; environnements,”"** indicating that
the phosphorylation was successful. However, an analysis of the

surface after subsequent treatment with Zr* (Table 1) showed
only a small zirconium contribution, but no significant
phosphorus peak could be detected. On the contrary, when
compound 4 was used to modify the amine-functionalized
slides (route B), the peak assigned to CPO; was detected even
after the zirconation step (Table 1). In this case, the P/Zr ratio
measured by XPS was 1.2, close to the expected value of 1 for
complete zirconation of the phosphonate layer. For both
routes, the Zr XPS signal appeared as a resolved spin doublet at
Zr(3ds/,) binding energies of 182.6 (route A) and 182.5 eV
(route B), close to the values reported for zirconium oxide**~*
and hydroxide™ environments. The XPS analysis showed that
the phosphorylation step worked well in both cases, but only
route B led to the formation of the expected zirconium
phosphonate monolayer after zirconium oxychloride treatment.
For route A, the zirconium content and the P/Zr ratio
measured by XPS were much weaker than expected, suggesting
that a different reaction occurred, thus leading mainly to a Zr
oxide/hydroxide deposit on the amine-functionalized slide, as
shown below.

Time-of-flight secondary ion mass spectroscopy (ToF-SIMS)
is an effective tool for detecting P—=O—M bonds, as shown by
Menzel and co-workers*® in the case of modified titanium, and
was used here to characterize the surface reactions taking place
for the two preparation methods. In the case of route B,
PO;Zr~, PO,Zr~, NHCOO™, C;H,,PO~, C;HNCO™, CH;P7,
C,PO;7, C,H,PO;~, and C;N~ fragments were detected in
negative ion mode with a bismuth cluster source (Biy) (Figure
2), thus confirming the expected surface modification. In
contrast, the analysis revealed a smaller content of ZrO,~
fragments and only very weak phosphorus-containing frag-
ments following the zirconation step of route A, in agreement
with the XPS results. A significant signal due to hydroxyl
fragments was also detected. Together, XPS and ToF-SIMS
indicated that route A does not result in the formation of a
zirconium phosphonate layer. Furthermore, ToF-SIMS chem-
ical mapping of SiO, negative fragments also revealed
uncovered pristine zones of the glass slide surface, indicating
that route A leads to a nonuniform deposit onto the surface.

The homogeneity of the coating obtained from route B was
mapped, and the ionic profile of the surface deposit was
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Figure 2. ToF-SIMS spectra of the zirconium phosphonate surface obtained according to route A (pink) and route B (blue) after zirconium
oxychloride treatment. Regions of NHCO,™, PO,™, PO;™, ZrO,”, PO,Zr", and PO,ZrO™ fragments are expanded. The chemical mapping of SiO,
negative fragments on slides prepared following route A is shown in the inset.
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Figure 3. (A) ToF-SIMS negative ion profile of the layer obtained from route B. Regions 1 to 3 are described in the text. (B) Overlap of the maps of

the SiO,” and CN™ ionic chemical fragments.

recorded (Figure 3). The top of the layer (region 1 in Figure 3)
showed fragments of zirconium oxide/hydroxide and phospho-
rus-containing PO;~ or PO,” groups coming from the
zirconium phosphonate layer. Deeper into the layer (region
2), CN™ fragments increase and reach a maximum whereas the
fragments of zirconium oxide/hydroxide and phosphorus
decrease. Finally, all of the elements forming the zirconium
phosphonate monolayer as well as the primary amine layer
decrease, and SiO,” from the glass substrate increases (region
3). Chemical mapping of the area studied by ionic etching was
also performed. The intensity of the CN™ negative fragments,
which were found to exhibit an efficient ionization cross-
section, was used as a chemical tracer of the surface coverage.
As shown in Figure 3B, this analysis reveals a nonuniform
coverage of the slide surface with the formation of aggregates
on the scale of tens of micrometers.

Evaluating the Surface Reaction in the Homogeneous
Phase. Our observations related to route A contradict
assumptions from the literature,'”*”* although a detailed
surface chemical analysis of the zirconium phosphonate surface
expected at the end of the process has never been
demonstrated. To rationalize our results, a similar reaction
was conducted in solution, using butylamine as a model for the
primary amine-functionalized slide. After reaction for 16 h with

Zr(3dsp-310)

ZrO suboxide PO,

/I

200 190 180 170 140 130 120
Binding Energy (eV)

Figure 4. XPS Zr 3d and P 2p peaks obtained for the white solid
formed by the reaction of CH;(CH,);NHP(O)Cl, with a zirconium
oxychloride solution. The dashed lines show the fits with two Zr and
two P spin doublets, and the arrows indicate the two contributions.

phosphoryl chloride and 2,4,6-collidine in acetonitrile at room
temperature under nitrogen, the mixture was evaporated and
'H and *'P spectra were recorded (Figures S2—S4). The 'H
NMR spectra confirmed the quantitative formation of
CH,(CH,),CH,NHP(O)Cl, because the resonance assigned
to the CH, bound to nitrogen showed an upfield shift of 0.5
ppm and a multiplicity characteristic of coupling with the
phosphorus atom (doublet of triplets with *Jyy and *Jiyp
coupling constants of 14 and 7 Hz, respectively). This
assignment is confirmed by recording the 'H spectrum with
3P decoupling for which this resonance appeared as a triplet.
Similarly, the 'H-decoupled *P NMR spectrum showed a
major peak at around 15 ppm that gave rise to a quadruplet
(Jup = 14 Hz) when turning off 'H decoupling, thus
confirming N—P bond formation. In the next step, the addition
of a ZrOCl,-8H,0 water solution (25 mM, 100 mL)) to
CH,(CH,);NHP(O)Cl, (10 mmol) resulted in the formation
of a white precipitate after a few minutes, which was recovered
by filtration following 16 h of stirring,

According to 'H NMR, the evaporated filtrate showed the
presence of butylamine as the only product. The white solid
precipitate was first characterized by XPS (Figure 4), showing
the presence of phosphorus and zirconium with a P/Zr atomic
ratio of 2.5, and nitrogen was present only in trace amounts.
Line-shape analysis of the Zr 3d peak indicates the presence of
two spin-doublet contributions, with relative intensities of ca.
1:3 and binding energies (183.4 and 184.9 eV) close to those
reported for zirconium suboxide and ZrO,.*>*” The P 2p peak
was also fitted with two contributions at 133.1 and 135.4 eV
with relative intensities in a 1:4 ratio. These values are in the
binding energy ranges reported for CPO;, PO,, HPO,, and
H,PO, units.””*’ As there is essentially no nitrogen in the XPS
spectrum, it can be concluded that no zirconium phosphonate
is present, and these two peaks likely correspond to PO, and
H,PO,/HPO, environments. This assignment is consistent
with the broad absorption in the FT-IR spectrum at 960—1250
cm™!, characteristic of phosphate groups (Figure SS). Although
the resolution of the spectrum was poor because of the
amorphous character of this solid, it showed some similarities
with the FT-IR spectrum of @-zirconium phosphate.*’

To improve the structural description of this solid, solid-state
MAS NMR experiments were performed. The *'P MAS and
CP-MAS spectra recorded at high magnetic field are shown in
Figure SA. These spectra exhibit an intense resonance at about
—21 ppm with an asymmetric line shape indicating the
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Figure 5. (a) *'P CP (top, middle) and quantitative (bottom) MAS spectra of the white solid formed by the reaction of CH;(CH,);NHP(O)Cl,
with a zirconium oxychloride solution (B, = 17.6 T, spinning frequency of 14 kHz MAS, CP contact times of 2.5 (top) and 12.5 (middle) ms). (b)
Variation of the intensities of the different *'P resonances as a function of the CP time. Experimental values (symbols) were fitted to the classical
model*® (lines), assuming that the 3'P longitudinal relaxation time in the rotating frame (T op) is much longer than the 3P—1H cross-relaxation time

-1
Tpy. The expression I(t) = Io(l - TPfH) (e_t/ Tipu t/TPH) was used, where T’ is the '"H longitudinal relaxation time in the rotating frame.
1pH

56,57

(c) 2D *'P homonuclear magnetization exchange CP-MAS spectrum obtained at 17.6 T using the REDR dipolar recoupling sequence (mixing time
of 40 ms, spinning frequency of 14 kHz). Cross-correlation peaks are indicated by the black lines, and the diagonal of the spectrum is indicated by

the dashed line.

presence of two overlapping contributions (at —21.9 and —20.4
ppm) and additional resolved resonances of weaker intensities.
Most of the observed *'P isotropic chemical shifts (Table S1)
are similar to those reported for layered a- and y-zirconium
phosphates,” ™ and the overlapping contributions (—21.9 and
—204 ppm) and the peaks at —13.1 and —27.2 ppm were
assigned to HPO,, H,PO,, and PO, units of a zirconium
phosphate framework, respectively. An almost constant shift of
~7 ppm between these peaks was observed, and following this
chemical shift trend, the remaining resonance at —6.2 ppm was
assigned to HyPO, units. *'P CP-MAS spectra recorded at low
spinning frequency also indicated a weak chemical shift
anisotropy (<20 ppm) ruling out the presence of a
phosphonate environment.”* It should be noted that, in
addition to these main lines, a peak of very weak intensity
(<0.5%) at a chemical shift (—33.6 ppm) characteristic of
pyrophosphate units®> was also observed. The assignment is
also consistent with the CP time constants (Tpy) determined
from the intensity variations of each individual resonance as a
function of the CP time (Figure SB). Similar Tpy values of 0.95
and 0.92 ms were found for the peaks at —21.9 and —20.4 ppm
(HPO, groups). In contrast, the resonances of H,PO, and
H;PO, units with stronger P—H dipolar interactions exhibited
shorter Tpy values of 0.82 and 0.84 ms, while a longer Tpy of

1.2 ms was found for the PO, resonance (with weaker P—H
dipolar couplings). The observation of these relatively broad
resonances therefore revealed the presence of disordered
layered zirconium phosphate frameworks. To investigate the
possible presence of different zirconium phosphate phases in
the sample, 2D *'P magnetization exchange MAS NMR spectra
were recorded using the RFDR recoupling sequence. In this
experiment, the polarization transfer in the mixing time is
driven by the homonuclear dipolar interaction, allowing long-
range interatomic proximities to be probed at long mixing
times. As shown in Figure 5C, the 2D exchange MAS spectrum
obtained with a mixing time of 40 ms showed cross-correlation
peaks among all of the individual resonances displayed in the
1D MAS spectrum, reflecting their short- and long-range spatial
proximities, indicating that the sample contained a single phase.
Therefore, NMR clearly reveals that the precipitate formed
upon reacting the RNHP(O)Cl, with zirconium oxychloride is
a disordered, hydrated layered zirconium phosphate phase
made of HPO,, H,PO,, and PO, units with adsorbed and/or
intercalated H;PO, molecules.

It is known in the literature that at low pH,**
phosphoramidic acids are quickly hydrolyzed to release the
corresponding amine and phosphoric acid, and the conclusion
from the homogeneous phase reaction is that this phenomenon
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is expected to occur in the presence of a Zr*" solution, which is
very acidic (pH ~2). Our results thus suggest that even though
N—P bond formation proceeds well in the surface reaction via
phosphorylation of the amino end-groups of the slides using
phosphoryl chloride, cleavage of this bond occurs during
subsequent treatment with zirconium oxychloride. In the
homogeneous phase reaction with CH;(CH,);NHP(O)CL,, a
disordered layered zirconium phosphate phase precipitates. In
the case of the aminosilane-coated slide treated with POCl;, a
similar reaction is expected to occur, with the excess zirconium
being adsorbed onto the slide surface as zirconium oxide/
hydroxide species. The resulting coating then consists mainly of
an amorphous zirconium oxide/hydroxide layer with some
adsorbed zirconium phosphate/hydrogenophosphate groups.
This finding is consistent with related observations of Zr*
hydrolysis. Mallouk®® observed while working on the synthesis
and exfoliation of zirconium phosphates that hydrolysis on the
edges of the colloidal sheets of a-Zr—P can lead to the
formation of a zirconium-rich three-dimensional material and
that the ultimate product of the hydrolysis is small hydrated
zirconium oxide particles. Tulock et al.”* demonstrated that the
hydrolysis of zirconium tetramers in aqueous solution will lead
to the formation of zirconium oligomers and a decrease in pH
even though hydrolysis will proceed slowly at room temper-
ature. Interestingly, even though hydrolysis occurs at the
surface, it is still very active as a support for adsorbing
phosphorylated molecules,” peptides, and proteins, as will be
shown below.

Peptide Spotting Experiments. The aminosilane-coated
glass slides modified according to routes A and B were first
compared to the previously studied zirconium phosphonate LB
slides'*"¥**™*” for their ability to bind phosphorylated peptide
anchors in a specific manner.”” Five commercially available
phosphorylated peptides and one nonphosphorylated peptide

were used (Table 2), the same series studied in a previous

Table 2. Peptide Sequences Used for the Binding Study with
Zirconium Phosphonate-Modified Substrates

name peptides
opP Biotin-REEDSDSDSEDE
1P Biotin-REEDEDDD-pS-EDE
2P Biotin-REED-pS-DDD-pS-EDE
2P’ Biotin-REEDEDD-pS-pS-EDE
3P Biotin-REED-pS-DD-pS-pS-EDE
4P Biotin-REED-pS-D-pS-pS-pS-EDE

report,” with each biotinylated on the C-terminal end to allow
quantification of the immobilized probes upon incubation with
streptavidin labeled with a fluorophore (Alexa Fluor 647).

Solutions of the six peptides were spotted on the different
slides using a concentration of 10 #M in buffer at two different
pH values (3 and 7.4). After spotting, a blocking step with a-
casein was applied, which provides efficient saturation of the
nonspotted areas because of its high phosphate content, thus
preventing nonspecific protein binding.*®

As shown previously,” the nonphosphorylated peptide binds
very poorly at neutral and acidic pH, whatever the nature of the
modified surfaces. On the other hand, the binding of
phosphopeptides 1P to 4P was sensitive to the pH value. At
pH 7.4 (Figure S7), weak fluorescence intensities could be
measured after incubation with labeled streptavidin, indicating
relatively poor immobilization on the three types of surfaces. At

pH 3, strong binding was observed for the phosphorylated
peptides. As observed earlier, the binding of 2P’ is especially
effective, for which a 6-fold increase in fluorescence intensity
was observed compared to that of the other phosphorylated
peptides (Figure 6).*
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Figure 6. Fluorescence analysis of zirconium phosphonate substrates
spotted with biotinylated peptide sequences containing zero (OP), one
(1P), two (2P and 2P’), three (3P), or four (4P) phosphorylated
serine groups at pH 3 (spotting concentration: 10 uM). Three
substrates were spotted: zirconium phosphonate LB films (noted as
LB) and aminosilane-coated glass slides modified according to route A
(noted as SA, POCI, and Zr) or route B (noted as SA, compound 4,
Zr). After spotting, saturation, and rinsing, the substrates were
incubated with Alexa Fluor 647-labeled streptavidin.

To investigate whether immobilization of the phosphorylated
peptide proceeds via the expected formation of Zr*-OPO;-
peptide linkages, the same experiments were performed on (i)
the unmodified aminosilane-coated glass slides, (ii) the
aminosilane slides treated only with POCl;, or (iii) the
aminosilane slides treated only with zirconium oxychloride. In
the first two cases, no binding was observed, whereas for the
aminosilane-coated slides treated with zirconium oxychloride,
some binding of the peptides could be observed, although with
a very low intensity compared to that of LB-derivatized
zirconium phosphonate films or slides prepared according to
routes A and B.

Optical Imaging of Peptide Spotting. The Sarfus
technique was used to record optical images of the peptides
bound to the surface after incubation with Alexa Fluor 647-
labeled streptavidin. This technology is based on an optical
microscope working in reflected differential interference
contrast mode together with nonreflecting substrates termed
“surfs” that increase the sensitivity of a traditional microscope
by up to 2 orders of magnitude,’ allowing the direct
visualization of nanoscale structures with a vertical resolution
of less than 1 nm. Phosphorylated peptides were deposited at
pH 3 on primary amine-terminated surfs modified according to
route A, and the optical thickness of the spots was measured
after incubation with Alexa Fluor 647-labeled streptavidin
(Figure 7).

The 2D and 3D visualizations of the spots obtained in the
case of peptide 4P are shown in Figure 7A,B, respectively. The
mean height is about 7 nm relative to the nonspotted areas,
with a well-defined spot (Figure 7C). The same experiment was
performed with peptide 4P at pH 3 on primary amine-
terminated surfs modified according to route B. In this case
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Figure 7. Sarfus image of a spot of phosphopeptide 4P at pH 3 (10 #M) on amine-terminated surfs modified according to route A. Spotting was
performed using the noncontact spotter used for the microarray experiments, following saturation and rinsing, the substrates were incubated with
Alexa Fluor 647-labeled streptavidin. (A) Microsocope image at SX magnification. (B) 3D Sarfus representation of the spot. (C) Extracted profile
giving the optical thickness of the spot along the red line shown in A. The mean height is about 7 nm.

(Figure S7), the spot was poorly defined with a nonregular
optical thickness, which was difficult to measure. This
observation is consistent with results from Figure 6, confirming
again the better performance of primary amine-terminated
slides modified according to route A, even though this surface
does not consist of a zirconium phosphonate monolayer. The
increase in peptide binding is most likely a consequence of the
imperfect zirconium oxide/hydroxide coating giving rise to a
greater surface area compared to that of the relatively smooth
LB or self-assembled molecular monolayers.

Protein Immobilization. Finally, the last step was to
compare how proteins bearing a phosphorylated peptide tag
bind to the different supports. For these studies, we used as a
model protein H4 Nanofitin, which specifically binds lysozyme
and was engineered with different phosphate tags.”**” The
immobilization was performed at pH 3 (Figure 8) and 7.4
(Figure S8), and the casein blocking and rinsing steps were
performed at pH 7.4. As shown in Figure 7, no matter the
nature of the support, immobilization of the protein was very
effective at pH 3 when the fused tag had four phosphate
binding sites, yielding significant target capture. The immobi-
lization was also very effective at pH 7.4 (Figure S9) for the
protein bearing four phosphate groups. When a single
phosphate group is present on the peptide tag, contrary to
the case of short peptides, the affinity of the phosphate group
for the substrate is not strong enough to be preponderant over
nonspecific and reversible binding of the protein, such as via
carboxylic acid residues. It can be concluded that each of the
three types of substrates investigated in this study can provide
specific binding of phosphorylated peptide or protein probes.

B CONCLUDING REMARKS

Zirconium phosphonate or zirconium phosphate coordinate-
covalent binding is strong and chemically specific and has been
shown to be a promising strategy for immobilizing appropri-
ately functionalized peptides or proteins. Two chemical
modification strategies for preparing Zr*"-modified supports
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Figure 8. Fluorescence analysis of zirconium phosphonate substrates
spotted with nonphosphorylated nanoffitins, S and S4, directed against
lysozyme, and their phosphorylated analogues bearing one phosphate
group, S, and four phosphate groups, S4,, at pH 3 (spotting
concentration 10 pM). Three substrates were spotted: zirconium
phosphonate LB films (noted as LB) and aminosilane-coated glass
slides modified according to route A (noted as SA, POCl,, and Zr) or
route B (noted as SA, compound 4, Zr). After spotting, saturation, and
rinsing, the substrates were incubated with Alexa Fluor 647-labeled

lysozyme.

starting from primary amine-functionalized slides were
compared to slides modified with an idealized monolayer,
formed using the Langmuir—Blodgett method and previously
shown to be effective. All three surfaces specifically bound short
phosphorylated peptides or proteins bearing a phosphorylated
peptide tag, especially at pH 3. Surprisingly, the widely used
approach of preparing zirconated slides by treating primary-
amine-functionalized glass slides with POCI; followed by
zirconyl chloride did not generate a zirconium phosphonate
monolayer as had been previously assumed but rather resulted
in a nonuniform zirconium oxide/hydroxide-rich coating, likely
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in addition to some adsorbed zirconium phosphate species.
Nevertheless, compared to the better-defined zirconium
phosphonate monolayer-modified slides, this surface performed
best when subsequently adsorbing phosphate-tagged peptides
or proteins. The amorphous zirconium oxide/hydroxide
coating remains very active toward phosphate, and increased
surface area from the nonideal coating leads to larger extents of
peptide or protein adsorption. This result opens new
perspectives for developing surfaces functionalized with bio-
logical probes because the preparation of these substrates is
simple and has a reasonable cost, making it potentially attractive
for large-scale production.
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