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Abstract

A recombinant VH single-domain antibody recognizing staphylococcal protein A was functional-
ized on reactive lysine residues with N-hydroxysuccimidyl-activated 4-cyanobenzoate. Surface plas-
mon resonance analysis of antibody-antigen binding revealed that modified and unmodified
antibodies bound protein A with similar affinities. Raman imaging of the modified antibodies indi-
cated that the benzonitrile group provides vibrational contrast enhancement in a region of the elec-
tromagnetic spectrum that is transparent to cellular materials. Thus, the modified single-domain
antibody may be amenable to detecting protein A from samples of the human pathogen Staphylo-

coccus aureus using vibronic detection schemes such as Raman and coherent anti-Stokes Raman
scattering. The generality of this labeling strategy should make it applicable to modifying an array
of proteins with varied structure and function.
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1. Introduction

High resolution imaging has the potential to facilitate the detection of the molecular
determinants of a disease before a diseased phenotype is present in a given tissue. Vibronic
imaging modalities such as infrared and Raman microscopies provide several advantages
over conventional fluorescence-based techniques [1–3]. Most notable is the fact that they
can produce chemically selective image contrast while being non-invasive [4–8]. This is
accomplished by utilizing the natural spectroscopic (vibrational Raman) signatures of cel-
lular components, which obviates the requirement for external tagging with fluorophores.
However, the slow image acquisition times of Raman and low spatial resolution of infra-
red microscopy limit the utility of conventional vibronic imaging. Surface enhanced
Raman scattering (SERS) microscopy is one technique that has been successfully applied
to biological imaging to overcome these issues [9–12]. Additionally, coherent anti-Stokes
Raman scattering (CARS) microscopy has been used for the rapid acquisition of 2-D and
3-D images at subcellular resolutions in live cells [13–19].

Currently, Raman and CARS microscopy are limited to imaging classes of macromol-
ecules as opposed to specific molecular targets. Increasing the utility of Raman and CARS
microscopies would facilitate their use in modern applications of high resolution molecular
imaging such as pathogen/disease detection and phenotypic screening. To take advantage
of these techniques for high resolution imaging with molecular specificity, contrast agents
that recognize specific cellular targets are required. Here we describe a strategy to add
molecular specificity to Raman and CARS microscopies by utilizing HVHP428, a recom-
binant VH single-domain antibody (sdAb) recognizing protein A. This methodology has
potential clinical applications as protein A is a cell surface protein of Staphylococcus aure-

us, a pathogenic human bacterium.
The N-hydroxysuccinimide (NHS) bioconjugation reaction was employed to incorpo-

rate nitrile (CN) modes onto extant proteins for the purpose of in vivo tracking using
Raman and CARS microscopies. Nitrile groups were chosen because they possess orthog-
onal vibrational modes when compared to endogenous cellular materials. Optimization of
the protocol was demonstrated using bovine serum albumin (BSA). Furthermore, analysis
of a 4-CN-benzoyl-NHS (4-CN-NHS)-modified HVHP428 (HVHP428-CN) was carried
out to determine the functional effect of introducing 4-CN-benzyl groups. The methods
developed herein should be applicable to other sdAbs and proteins in general.
2. Materials and methods

All chemicals were purchased from Aldrich (Oakville, ON, Canada) and used as
received. Eighteen milliohm H2O was obtained from a NANOpure� Diamonds� Life Sci-
ence Series 1370 water filtration system (Barnstead International, Dubuque, IO, USA).
2.1. Synthesis of 4-CN-NHS

4-Cyano-benzoyl chloride (63 mg, 0.38 mmol) was suspended in 2 mL dichlorometh-
ane. NHS (48 mg, 0.42 mmol) and 50 lL triethylamine in 2 mL dichloromethane were
added under argon. The mixture was stirred for 1 h at room temperature and then extract-
ed with 0.1 M NaOH (5 mL · 3). The organic layer was concentrated and purified by silica
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column chromatography (eluted with 1:1 of ethylacetate: hexane) to give 4-CN-NHS
(76 mg, 89%). 1H NMR (400 MHz, CDCl3) 8.28 (d, 2H), 7.86 (d, 2H), 2.97 (s, 4H).

2.2. Expression and purification of sdAbs

For a complete review pertaining to the generation of sdAbs see [20,21]. Expression and
purification of the recombinant sdAb was carried out as outlined in [22], except periplas-
mic extraction was performed instead of cell lysis. Briefly, harvested Escherichia coli con-
taining the expressed sdAbs were washed once with 10 mM Tris, pH 8.0, after which a
10 min incubation at room temperature in sucrose solution (25% sucrose, 1 mM EDTA,
10 mM Tris, pH 8.0) was performed. Following centrifugation, the resulting pellet was
resuspended in ice cold shock solution (10 mM Tris, pH 8.0, 0.5 mM MgCl2) for 5–
10 min on ice. After centrifugation the retentates were further purified as outlined in [22].

2.3. Protein labeling

Labeling of BSA and HVHP428 was accomplished by mixing solutions of ca. 5 mg/mL
of protein (100 mM NaHCO3, pH 8.3) with an equal volume of 25 mM 4-CN-NHS in
DMSO. Successful labelling was achieved with protein concentrations ranging from 0.3
to 5 mg/mL. The labeling reaction was allowed to proceed for 1 h at 37 �C. After a 1:10
dilution with H2O, the labeled protein was purified by passage through a YM10 MWCO
filter and further cleaned via two H2O washes. The retentate was collected and character-
ized using MALDI, as well as Raman spectroscopy and microscopy.

2.4. MALDI analysis

For MALDI analysis, protein samples were desalted on a C4 ZipTip (Millipore) and
eluted with 70% (v/v) aqueous acetonitrile containing 0.1% (v/v) trifluoroacetic acid
(TFA). The desalted sample (1 lL) was spotted on a target plate with an equal volume
of sinapinic acid solution [12 mg/mL in aqueous solution with 0.1% (v/v) TFA and 33%
(v/v) acetonitrile] and dried. The plate was analyzed on a Voyager DE-Pro MALDI-
ToF (Applied Biosystem, Foster City, CA, USA) mass spectrometer operated in the line-
ar/positive-ion mode. Instrument configuration was as follows: Accelerating voltage,
25,000; Grid Voltage, 92%; Guide Wire Voltage, 0.010%; Delay Time, 380 ns; Low Mass
Gate, 2000 Da; LaserPower, 2174; and Shots/spectrum, 200.

2.5. Raman microscopy and spectroscopy

Raman samples were prepared by spotting 0.5 lL of each protein onto a phosphorous-
doped N-type silicon substrate (single-side polished, 250 ± 25 lm thickness; Virginia
Semiconductor Incorporated, Fredericksburg, VA, USA) and drying at ambient temper-
ature. Raman spectroscopy and microscopy were carried out using a confocal Raman
microscope (Horiba Jobin Yvon, Edison, NJ, USA) configured in a back scattering geom-
etry, which was coupled to an Olympus BX51 microscope (Olympus America Incorporat-
ed, Center Valley, PA, USA). Scattered light was collected through a high numerical
aperture (Na = 0.90) 100· objective (Olympus America Incorporated) and was detected
on a 1024 · 256 element thermo-electrical cooled CCD detector (Andor Technology,
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South Windsor, CT, USA). Sample excitation was achieved via a HeNe laser
(k = 632.8 nm) sharply focused to a diffraction-limited spot, with a focal power density
of approximately 105 W/cm2. Typically, spectra were acquired with three accumulations
of 20 s. All spectral processing was performed within the manufacturer’s instrumental con-
trol software, LabSpec 5.14 (Horiba Jobin Yvon). Spectral smoothing was achieved using
the Savitsky–Golay smoothing routine. Baseline removal was accomplished by subtracting
the raw data to a polynomial-fitted baseline function.

2.6. SPR analysis of modified sdAb

Dissociation constants for modified and unmodified sdAb were determined by surface
plasmon resonance (SPR) using the BIACORE 3000 biosensor system (Biacore, Incorpo-
rated, Piscataway, NJ, USA). Four hundred resonance units of protein A (Amersham,
Buckinghamshire, UK) and 780 resonance units of an unrelated Fab as a reference protein
were immobilized on research grade CM5 sensorchip (BIACORE). Immobilizations were
carried out at protein concentrations of 25–50 lg/ml in 10 mM acetate buffer, pH 4.5,
using the amine coupling kit supplied by the manufacturer. All measurements were carried
out at 25 �C in 10 mM Hepes, pH 7.4, containing 150 mM NaCl, 3 mM EDTA and
0.005% P20 at a flow rate of 40 ll/min. No surface regeneration was required. Data
was evaluated using BIAevaluation 4.1 (Biacore, Incorporated) and GraphPad Prism soft-
ware (v 4.01; GraphPad Software, San Diego, CA, USA).

3. Results

3.1. BSA modification

Modification of BSA was performed as described in Section 2 (Fig. 1a). MALDI anal-
ysis of normal and 4-CN-NHS-modified BSA (BSA-CN) revealed a mass difference of
901 Da (Fig. 1b), which corresponds to the addition of seven 4-CN-NHS (130 Da/label).
Raman microscopy analysis of BSA-CN was carried out as described in Section 2. BSA-
CN was spotted onto the silicon substrate and the Raman spectrum of the sample was
acquired. A band at 2230 cm�1 clearly indicated the presence of the cyano group in the
protein sample. To further confirm that the 2230 cm�1 band was from BSA-CN and
not residual 4-CN-NHS reagent, two false colored intensity maps were generated by scan-
ning the protein spot, collecting Raman spectra for each pixel, and integrating for the CN
Raman band at 2230 cm�1 and amide I band at 1650 cm�1, respectively (Fig. 2). The two
maps showed clear spatial co-localization of the CN vibrational mode and amide I band.
These findings provided strong evidence that the labeling reaction was successful.

3.2. Single-domain antibody modification

Modification of HVHP428 was performed as described in Section 2. MALDI analysis
of 4-CN-NHS modified (HVHP428-CN) and unmodified HVHP428 revealed a mass dif-
ference of 248 Da (Fig. 3). Assuming an error of ±10 Da on the experimentally determined
molecular weight, the MALDI data indicated that approximately two 4-CN-NHS groups
were conjugated to the antibody. Further confirmation of the labeling success was
obtained via Raman spectroscopy, which showed a clear CN band at around 2230 cm�1
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Fig. 1. Protein modification using NHS-activated acids. (a) Schematic representation of the approach used to
modify BSA. Lysine residues are highlighted in red. The positions of the CN labels on BSA-CN are not indicative
of the actual residues modified, but rather are shown for illustrative purposes; (b) MALDI revealed a mass
difference of approximately 900 Da, which corresponds to the incorporation of approximately seven 4-CN-NHS
vibrational contrast agents per protein. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)
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when HVHP428-CN was analyzed (Fig. 4). The limited number of CN modes per mole-
cule of HVHP428 yielded a poor signal-to-noise ratio that was not suitable for generating
image contrast using Raman microscopy (data not shown). This may be sufficient for
SERS or CARS microscopy, however.
3.3. Functional validation of HVHP428-CN

To establish the functional effect of modifying HVHP428 with 4-CN-NHS, SPR anal-
ysis of the interaction between HVHP428-CN and protein A was measured using Biacore
analysis as described in Section 2. Comparison of the dissociation constants (Kd) for



1550 1650 1750 1850 1950 2050 2150 2250 2350 2450

Raman Shift (cm-1)

4 µm

Amide I
~1650 cm-1

CN
~2230 cm-1

4 µm

1640 – 1680 cm-1 2220 – 2250 cm-1

Amide I Band CN Band

Fig. 2. Raman microscopic and spectroscopic analyses of BSA-CN. Top right image depicts the intensity
distribution of the CN vibrational band (�2230 cm�1), which was generated by integrating the area under the CN
band. The bright areas indicate regions with strong CN band intensity, while the dark purple areas correspond to
regions of minimal/no CN band intensity. Integration of the amide I band (top left; approximately 1650 cm�1)
yielded an intensity image that was spatially co-localized with the CN intensity map. This strong spatial
correlation between the CN and amide I modes suggested that modification was successful and specific to the
protein rather than to residual 4-CN-NHS. The blue spectrum taken from an intense region (blue circle) of the
imaged area showed both amide I and CN vibrational modes. The red spectrum taken from a region of the map
corresponding to bare silicon substrate (red circle) was devoid of any analyte-specific vibrational bands. The blue
rectangle in the optical image (top center) shows the region that was imaged. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this paper.)
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unmodified (1.5 ± 0.1 lM) and modified (1.7 ± 0.2 lM) HVHP428 revealed that 4-CN-
NHS modification had no appreciable effect on the ability of the HVHP428 to recognize
its antigenic target (Fig. 5).
4. Discussion

Vibronic contrast agents are becoming important tools for molecular imaging. In order
to develop such agents containing CN modes we first labeled BSA, which is an approxi-
mately 66 kDa soluble protein that has been used extensively as a model system in the
development of protein labeling strategies. In particular, due to the presence of 60 lysine



Fig. 3. MALDI analysis of HVHP428-CN. The mass difference of 248 Da between unmodified (blue) and
modified (pink) HVHP428 correlated to approximately two 4-CN-modified lysine residues per protein. Protein
structures and sites of modification are shown for illustrative purposes and do not represent HVHP428. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this
paper.)
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residues (�10% of the primary sequence), BSA has been successfully applied to the devel-
opment of amine-directed labeling using NHS- and isothiocyanate-functionalized small
molecules [23–30]. MALDI analysis of BSA-CN showed an increased mass for the labeled
protein that corresponded to the modification of seven residues with 4-CN-NHS (Fig. 1b).
Assuming that labeling occurred only on lysine residues, this correlates to a labeling effi-
ciency of approximately 10%. While seemingly low, this value was likely skewed because
only the exposed lysines will react efficiently with our probe molecule. The Raman analysis
of BSA-CN displayed a clear CN mode in the observed spectrum that was spatially local-
ized with the protein amide I band at approximately 1650 cm�1 (Fig. 2). This showed that
BSA could be functionalized with CN modes and that vibrational contrast specific to
BSA-CN could be generated. Furthermore, these results gave a strong indication that tis-
sue or cellular Raman imaging of CN-modified proteins may be possible.

The prevalence of chemically modified antibodies that are utilized for indirect immuno-
fluorescence demonstrates that modified proteins can maintain their efficacy following
functionalization. Conversely, chemical elaboration has also been shown to affect the
physicochemical properties of modified proteins and alter their in vivo function [31,32].
These antithetic findings suggest that a labeling methodology that was effective for BSA
would not necessarily be predictive of successfully modifying other proteins. However,
the application of protocols established on BSA and subsequently used to modify other
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proteins illustrates the validity of this approach [23–30]. Therefore, a model system with a
well-defined and easily assayed function was needed to determine the functional conse-
quences of 4-CN modification using the protocol established for BSA.

Antibody-antigen recognition was an excellent candidate to assay for the effects of 4-
CN-NHS modification because antigen recognition is closely linked to antibody structure.
However, using mono- and polyclonal antibodies is difficult because the analysis of func-
tional labeling is complicated by several factors: (1) the size (approximately 160 kDa)
would limit the quantification of the number of CN modes by MALDI; and (2) the pres-
ence of disulfide linkages and the complex secondary and tertiary interactions that define
antibody function may all be modulated to varying degrees by the presence of CN mod-
ifications. On the other hand, a structurally simplistic and smaller (�14 kDa) family of
proteins known as single-domain antibodies provided a bio-recognition system that was
better suited to the analytical methods employed in the current study to characterize
CN-modification and also serve as stable reagents for vibronic contrast. Furthermore,
the functional consequences of 4-CN-NHS modification of sdAbs could be easily assayed
by quantifying antibody-antigen binding.
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Fig. 5. Functional validation of HVHP428-CN. (a) Analysis of HVHP428 showed that it bound protein A with a
Kd = 1.5 ± 0.2 lM. (b) Similar analysis of HVHP428-CN revealed no appreciable difference in protein A binding,
with Kd = 1.7 ± 0.2 lM. Crystal structures and sites of modification are shown for illustrative purposes and do
not represent HVHP428.

292 M. Noestheden et al. / Bioorganic Chemistry 35 (2007) 284–293
MALDI analysis of HVHP428 following reaction with 4-CN-NHS revealed that
two CN modes were incorporated per protein (Fig. 3) and Raman spectral analysis
of HVHP428-CN revealed the clear presence of the CN mode (Fig. 4). The combination
of MALDI and Raman spectral data gave definitive evidence that the generation of
HVHP428-CN was successful. Subsequent attempts to confirm this result using Raman
microscopy were hindered due to the low number of CN modes per HVHP428 (data not
shown). As such, it would be advantageous to establish methods of increasing the labeling
efficiency of the 4-CN-NHS reaction. Augmenting the concentration of 4-CN-NHS and the
incubation time of the labeling reaction is currently being pursued to address this problem.

SPR analysis was performed to determine the functional effects of HVHP428 modifica-
tion with 4-CN-NHS. Analysis revealed that the Kd of HVHP428 for protein A was
1.5 ± 0.1 lM and that of HVHP428-CN was 1.7 ± 0.2 lM (Fig. 5). This indicates that
the functional consequences of incorporating 4-CN-NHS were negligible. This also shows
that the modified residues did not play an integral role in the structure and/or function of
HVHP428.

Herein we show that larger proteins capable of accommodating more modifications
(BSA) are able to generate Raman image contrast that is specific to the CN mode con-
tained on labeled proteins. In addition, the modification of HVHP428 with 4-CN-NHS
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appeared to have no effect on the wild-type function of the antibody. These CN-labeled
sdAb conjugates have potential applications to live cell imaging using Raman or CARS
microscopy. They also may serve as novel immunochemical recognition elements if used
to coat SERS-active substrates. These exciting avenues are currently under investigation.
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