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A universally applicable labelling and purification process was established to prepare biologi-

cally active proteins with a stoichiometric 1:1 ratio of attached dye-label. The dye-label is linked

to a specific DNA sequence, which acts as a barcode-like tag for affinity purification. The DNA-

dye tag is covalently bound to the target protein, which is present in excess to assure the

binding of not more than one dye per molecule. Affinity purification occurs at magnetic beads

that are functionalized with oligonucleotides that are complementary to the DNA-tag of the

labelled proteins but for one or two mismatches. Washing removes all unbound, unlabelled

molecules. The labelled protein is subsequently released by the addition of a fully comple-

mentary oligonucleotide. This process allows a gentle purification of a protein fraction that has

exactly one label attached to each molecule under conditions that preserve protein structure.
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Technical advances in single-molecule fluorescence techni-

ques and the ambition of quantification in biological

research demand stoichiometrically labelled biomolecules,

especially proteins [1]. Besides direct chemical modification

[2], a broad variety of protein-labelling procedures have

emerged over the past decades, e.g. fusion proteins [3],

enzymatic protein ligation [1, 4], snap tags [5], or labelling by

antibodies [6, 7]. All of them have particular advantages but

also disadvantages. None of them is generally applicable

without affecting the biological activity of the labelled

molecule. Fusion proteins, for example, show poor spec-

troscopic properties and high molecular weight. Thus, they

are often inappropriate for single-molecule applications.

Ligation techniques are limited to proteins with a compa-

tible amino acid sequence at the enzymatic ligation site.

From the spectroscopic point of view, organic fluorophores

provide the best characteristics concerning absorption coef-

ficient, fluorescent quantum yield, blinking, and photo-

stability [8]. They have a low molecular weight, which

minimizes negative effects on biological activity and well-

established labelling protocols are available. Consequently,

they are used in most single-molecule fluorescence experi-

ments. However, standard labelling protocols are inap-

propriate for generating stoichiometric labelling, a fact that

complicates quantification significantly [9, 10]. Therefore,

additional calculations of the brightness of fluorescent

signals or cumbersome techniques like stepwise photo-

bleaching measurements have to be applied for quantitative

statements [11, 12].

To overcome these limitations, we report here a universal

method for preparing stoichiometrically 1:1 dye-labelled

proteins. As a model system, BSA was labelled with the

fluorescent dye Atto520. The method is based on a dye that

is attached to a specific DNA sequence. The hydrophilic

DNA-strand is hydrated and therefore increases the dye-

protein distance. Consequently, the dye molecule interferes

less with hydrophobic protein portions, with the result that

protein structure and activity are less affected. By contrast,

standard labelling with organic dyes often interacts with

hydrophobic protein regions and often causes a loss of

native structure [2]. The DNA-dye label is covalently linked

to the e-amino group of the amino acid lysine, which is the
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numerically most available one on protein surfaces. The

attachment occurs randomly at different protein surface

locations. To avoid the binding of multiple dyes per protein,

the amount of label and protein was adjusted appropriately.

The linkage itself is done by the chemoselective crosslinker

pair succinimidyl 4-hydrazinonicotinate acetone hydrazone

(SANH) and succinimidyl 4-formylbenzoate (SFB), which is

forming a stable hydrazone bond between DNA-tag and

protein [2, 13]. Such conditions result in a considerable

fraction of unlabelled proteins. The challenge is the

separation of the labelled from the unlabelled proteins.

Owing to the small mass difference between both fractions,

size exclusion techniques are not feasible. Although a

separation via hydrophobic interaction chromatography or

related methods is possible, distinct conditions are required

for every protein, which often also reduce biological activity.

In contrast, the method presented here is universally

applicable (Fig. 1). A detailed protocol can be found in the

Supporting Information. The fluorescent label is attached to

a specific DNA sequence (tag strand: DNA-T), which binds

to the protein together with the fluorophore. By hybridiza-

tion to a solid-phase material, such as magnetic beads,

which is functionalized with an oligonucleotide of almost

complementary sequence (solid-phase strand, DNA-SP), the

labelled proteins can be purified. By removal of the super-

natant, unlabelled proteins are separated from the labelled

fraction. The labelled proteins are subsequently released

from the solid phase by adding another oligonucleotide

(displacement strand, DNA-D), which forms a more stable

DNA duplex with the surface-bound DNA and thus replaces

the DNA that is attached to the protein (see Supporting

Information for DNA sequences and duplex stabilities). The

purification fractions of such a process are also shown in

Fig. 1, demonstrating the efficiency of the separation

process. Analysis of the amounts of fluorophore, which were

found in the washing and elution fractions or remained on

the beads, revealed that the whole process provides recovery

rates of more than 90% of the labelled protein. The oligo-

nucleotides were designed in terms of GC-content and

sequence complexity to achieve such a good yield. The

binding and release process are intimately linked. While the

loss of material during the washing could be reduced by

using DNA-sequences that bind stronger, concomitantly the

yield of recovery would be reduced, since the competition

reaction would be affected negatively. To circumvent this,

recovery from the solid support could be done by DNA

denaturation, for example by use of low salt concentration or

heat. However, this often results also in denaturation

Figure 1. Illustration of the labelling and purification procedure. (Top) After the covalent labelling reaction between the dye-DNA-tag

(DNA-T) and an excess of protein, the labelled protein sub-fraction is immobilized on magnetic beads. The beads are functionalized with a

DNA of almost complementary sequences (DNA-SP). This enables a gentle removal of the unlabelled protein fraction by washing.

Subsequently, DNA sequences (DNA-D) are added, which are the exact complement to the bead sequences, thus displacing the DNA-

labelled proteins from the solid phase. (Bottom) Protein fractions obtained during a purification process. The protein obtained at different

steps was separated in an SDS-gel electrophoresis and stained with Coomassie-blue. Molecular weight size markers ran in lanes (A) and

(G). Unmodified BSA is shown in (B) and (F). In (C), the crude labelling mixture is shown. The protein isolated from the

washing supernatant (D) and the purified product recovered from the beads (E) exhibit the expected mobility difference, caused by the

T-DNA-fluorophore tag attached to the product.
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of the proteins. In any case, even better recovery may have

been possible by extending the sequence of the DNA-D

into the oligo(dA) sequence of the DNA-SP, thereby

providing a nucleation point for enhanced hybrid invasion.

With an overall yield of 90%, however, such an adaptation

was felt to be unnecessary. The yield of the whole

labelling and purification process is 3–5% of the overall

protein used. This is mainly the result of the fact that an

excess of protein is used during the initial labelling step in

order to avoid the attachment of more than one dye mole-

cule per protein.

The high specificity of the purification procedure is

demonstrated in Fig 2. The labelling reaction mixture was

spiked with protein that had been labelled with the red-

fluorescent dye Atto633 without a DNA-tag. Compared with

the DNA-labelled protein, a five-fold excess of the spike

material was present. Whereas the majority of the

DNA-tag labelled protein was part of the final product

fraction, almost no signal of the spiked BSA can be detected

in the purified product. All this protein was found in the

supernatant. From these data, it can be calculated that in the

normal process o0.1% of the final product is unlabelled

protein, demonstrating the efficiency of the purification

protocol.

The low impact of both the fluorophore-DNA-label and

the purification procedure on biological activity was

demonstrated by comparing the cleavage rates of labelled

and unlabelled enzyme. We used two enzymes: Escherichia
coli b-galactosidase and carboxypeptidase A. After enzymatic

cleavage with E. coli b-galactosidase, the substrate

o-nitrophenyl-b-D-galactopyranoside exhibits an increased

absorbance at 410 nm. Carboxypeptidase A hydrolyses

hippuryl-L-phenylalanin to hippuric acid and phenylalanin, a

reaction that can be followed by a change in adsorption at

254 nm. The cleavage rate of both enzymes carrying a

fluorophore-DNA-label was about 80% that of an unlabelled

enzyme due to the spin column purification (Supporting

Information Fig. S1). In contrast, both enzymes exhibited

significantly lower activity when labelled fluorescently

by standard N-hydroxysuccinimide-chemistry; increasing

labelling ratios resulted in decreasing cleavage rates. Owing

to the Gaussian distribution of random labelling, usually

label to protein ratios of five and higher are used in order to

avoid a large percentage of unlabelled protein. With a ratio

above five, the cleavage rates of both enzymes decreased

below 30% (e.g. Fig. 3).

In conclusion, we present a broadly applicable labelling

method for the preparation of stoichiometrically 1:1 labelled

proteins. Besides achieving stoichiometry, a label ratio of

one is bound to preserve the structure and biological activity

of the labelled molecules better than the attachment of more

dye molecules. If required, however, more than one label

could be introduced subsequently in a controlled manner by

means of different DNA sequences. Moreover, the system

could be used for label molecules other than fluorophores,

for instance for the incorporation of biotin. The method

could have considerable impact on the quality of quantitative

experiments in many fields, ranging from intracellular

single-molecule applications to protein microarray analyses.

Also, as discussed in the introduction, studies by means of

fluorescence spectroscopy on the interaction of different

proteins or protein isoforms could be quantified and related

limitations in the analysis of posttranslational protein

modifications could be circumvented, for example.

The work was funded by the European Union as part of the
projects ProteomeBinders, AffinityProteome, and Affinomics.

Figure 2. Analysing purification quality. Absorption spectra of

the molecules in the supernatant (solid line) and the purified

product after elution from the beads (dashed line) are shown.

The reaction had been spiked with protein that was labelled

directly with the fluorescent dye Atto633 rather than via a DNA-

tag. In the inset, the fluorescence spectra of the two molecules

types at an excitation at 633 nm are shown.

Figure 3. Relative enzyme activity of carboxypeptidase A. The

activity was measured on unlabelled (black bar) and stoichio-

metrically labelled (grey bar) molecules. Also, the activity was

determined with enzyme that had been randomly labelled to

different degrees (light-grey bars). The amount of enzyme was

adjusted to the same level in all assays.
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