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Proteins are the primary functional actors of the cell. While proteoform

diversity is known to be highly biologically relevant, current protein
analysis methods are of limited use for distinguishing proteoforms.

Mass spectrometric methods, in particular, often provide only ambiguous
information on post-translational modification sites, and sequences of
co-existing modifications may not be resolved. Here we demonstrate
fluorescence resonance energy transfer (FRET)-based single-molecule
protein fingerprinting to map the location of individual amino acids and
post-translational modifications within single full-length protein molecules.
Our datashow that both intrinsically disordered proteins and folded
globular proteins can be fingerprinted with a subnanometer resolution,
achieved by probing the amino acids one by one using single-molecule FRET
via DNA exchange. This capability was demonstrated through the analysis
of alpha-synuclein, anintrinsically disordered protein, by accurately
quantifying isoforms in mixtures using a machine learning classifier, and

by determining the locations of two O-GIcNAc moieties. Furthermore, we
demonstrate fingerprinting of the globular proteins Bcl-2-like protein 1,
procalcitonin and SI00A9. We anticipate that our ability to perform
proteoformidentification with the ultimate sensitivity may unlock exciting
new venues in proteomics research and biomarker-based diagnosis.

Protein synthesis is a highly regulated process, and much of this
regulation occurs beyond the genome and transcriptome level. Via
mechanisms suchas alternative splicing and post-translational modifi-
cations (PTMs), asingle protein-encoding gene can produce hundreds
of unique protein products, or proteoforms'. Even subtle differences
between proteoforms can markedly alter their biological functioning,
and their aberrant expression is implicated in many diseases, includ-
ing neurodegenerative diseases, metabolic disorders and a variety of
cancers®. Itis increasingly appreciated that protein functionalities

ina given biological context need to be analysed at proteoform level,
rather than at coding gene level.

Proteoforminformation canonly be obtained without fault when
the protein of interestis studied intact, for example using affinity-based
approaches with probes (for example, antibodies)>°. However, these
approaches may suffer from low specificity and are limited by the
number of probes that are available. Recently, high-resolution native
mass spectrometry (MS) has been shown to be a powerful approach
to investigate proteoform profiles”®. However, exact information on
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the sequence of co-occurring modifications cannot be determined by
the widely employed bottom-up approaches. Alternative top-down
fragmentation experiments require large sample quantities, purity
and substantial datainterpretation, and may not be applicable toiso-
baric proteoforms without additional separation efforts’. Analysing
full-length proteins at single-molecule resolution will offer a powerful
solution to issues with the existing approaches.

While single-molecule sequencing of DNA and RNA is omnipres-
ent'®", the nature of proteins creates several challenges that have thus
far precluded their sequencing at the single-molecule level* ™. The
increased number of building blocks in the polymer backbone from
4 nucleobases to 20 different amino acids complicates their discrimi-
nation and hinders specific labelling. The protein sequencing task is
furtherimpeded by the absence of a polymerase-like enzyme that can
replicate proteins. Third, protein folding and interactions are muchless
predictable than nucleic acid base pairing. As aworkaround for these
challenges, multiple groups have proposed protein fingerprinting, in
whichpartial sequence informationis used to generate aunique protein
fingerprint'®~°. By mapping this fingerprint against a reference data-
base, aprotein canbeidentified. Thus far, proof-of-concept studies for
protein fingerprinting have been limited to small model peptides'* >,
as their feasibility for full-length proteins is often hampered by their
resolution, throughput or experimental complexity.

Here we present asingle-molecule protein fingerprinting technol-
ogy, termed fluorescence resonance energy transfer by DNA exchange,
or FRET X, in which the distances from multiple specific amino-acid
residues to a reference point on an intact protein are measured via
FRET"?*%*, These nanoscale distances are inferred from the FRET effi-
ciency and constitute the unique protein fingerprint, allowing for
the identification of the protein analytes. Central to this technology
is the use of fluorescently labelled short DNA oligonucleotides that
transiently bind to the complementary sequence conjugated to spe-
cificamino-acid residues of the protein. The use of short DNA strands
for protein fingerprinting has four main advantages: (1) the transient
binding of the DNA probes allows for the detection of asingle FRET pair
at a time, even when multiple points of interest (for example, amino
acids or PTMs) are present, which is not possible by direct labelling
with fluorophores; (2) the highly specific and programmable nature
of DNA hybridization allows for the specific and controlled target-
ing of each target residue, much like the super-resolution imaging
technique DNA-PAINT?*?; (3) the repeated interrogation of the same
FRET pairs on a proteinincreases the fingerprinting precision; (4) the
pool of fluorescently labelled DNA probes is constantly replenished,
eliminating concerns over photobleaching and enabling indefinite
signal collection.

We demonstrate that full-length single proteins can be analysed
with FRET X, reaching an average classification accuracy of 84% on
alpha-synuclein (aSyn) isoforms. Harnessing the high resolving power,
we demonstrate the ability to quantify protein abundances in a mix-
ture and map threonine O-GlcNAcylation. We further show that, with
site-specificamino-terminal bioconjugation, FRET X can be extended
tonon-recombinantly tagged proteins, a critical step towards analys-
ing native samples.

Results

Single-molecule fingerprinting

Todemonstrate the concept of protein fingerprinting using FRET X, we
designed asingle-molecule FRET assay where a DNA-labelled proteinis
immobilized on asurface passivated with polyethylene glycol (PEG)ina
microfluidic device through biotin-streptavidin conjugation (Fig. 1a).
Besides immobilization, this single-stranded DNA at the protein ter-
minus also functions as a docking site for transient binding of comple-
mentary acceptor (Cy5)-labelled imager strands. The cysteine residues
introduced at different positions were labelled with an orthogonal DNA
sequence to allow transient binding of donor (Cy3)-labelled imager

strands (Fig. 1a and Supplementary Fig. 1a). The donor and acceptor
imager strands were designed to have mean dwell times (A7) of 0.5+ 0.1s
and2.1+0.1s(SupplementaryFig.1b,c), respectively. Binding of both
imager strands was sufficiently weak to ensure dissociation and thereby
repetitive, transient binding, but it was long enough to allow precise
determination of the FRET efficiency for acquisition lasting several
minutes (Supplementary Fig. 1d)**. Furthermore, to increase the prob-
ability of the presence of the acceptorimager strand upon donorimager
strand binding and thus allow for FRET, we injected a fivefold molar
excess of the acceptor imager strand over the donor imager strand.

We constructed six human aSyn model proteins (Fig. 1b,c). Each
variant contains agenetically introduced cysteine at a different location
and has a carboxy-terminal aldehyde encoding sequence forimmobi-
lization®. We constructed a kymograph with the FRET events for each
single proteinmolecule (Fig.1d and Supplementary Figs.2and 3), where
thelinesindicate the FRET efficiency (E) for each datapoint and the dots
are the mean FRET efficiency for each event. The mean FRET efficien-
cieswere fitted with a Gaussian mixture model (GMM) and we used the
Bayesian information criterion to select the appropriate number of
distributionsto fiteach histogram. The Gaussian function was used to
resolve the centre of each peak with high precision and generate the pro-
teinfingerprint (Fig.1d,e, bottom panels, and Supplementary Fig. 1e,f).
The precision of the fingerprint depends on the number of binding
events, and we can experimentally determine the fingerprint with a
precision of AE = 0.03 after ten binding events (Supplementary Fig. 1g),
underscoring the benefit of our DNA hybridization scheme, in which
the impact of stochastic photophysical effects is mitigated through
repeated probing. It should be noted that the standard integration time
of our measurement is 100 ms, which is several orders of magnitude
slower than the typical timescale of protein conformational dynam-
ics”, and thus we expect a single FRET peak for each point of interest.

The different aSyn variants yield distinct distributions and fin-
gerprints, with the FRET efficiency monotonically decreasing as the
distance from the C-terminal reference point increases (Fig. 1e). This
experiment shows that FRET X has arange of ~100 amino acids and that
target amino acids whose locations differ by 5 amino acids (Cys 124
and Cys 129) are still discernible. We next sought to determine the
classification accuracy of different aSyn constructs, alladded in equal
proportions to amixture. To accomplish this, a support vector machine
(SVM) classifier was first trained on FRET values obtained from four
separate experiments, each containing a single aSyn mutant to learn
the characteristic FRET value distribution for each (see Methods for
an extensive description). The trained SVM was then used to classify
individual molecules within the mixture on the basis of their respective
FRET values, enabling us to determine the relative concentrations of
each of the constructs (Supplementary Fig. 4). We demonstrate that
weare abletoretrieve theinitial relative abundance of each construct
with high reproducibility (Fig. 1f).

Single-molecule fingerprinting of disordered proteins

As a single type of amino acid can recur multiple times in a protein
sequence, FRET X fingerprinting requires the detection of multiple
FRET pairs in a single protein. To demonstrate that the transient and
repetitive nature of binding eventsin FRET X facilitates fingerprinting
of species withmultiple FRET pairs, we designed two aSyn constructs,
each containing two cysteines. The distances between the reference
pointandthefirst cysteine (Cys 124) areidentical for the two constructs,
while the distances to the second cysteine differ by 21 amino acids
(Cys 78 for Fig. 2a, and Cys 99 for Fig. 2b). We observed a high FRET
peak reporting on the relative position of Cys 124, which was similar
for the two constructs (Fig. 2a,b and Supplementary Fig. 5a,b), and as
expected the average FRET efficiency of the second cysteine differs
between Cys 78 (0.32, Fig. 2a) and Cys 99 (0.43, Fig. 2b). Furthermore,
the FRET efficiencies for the double-cysteine constructs are similar to
the FRET efficiencies found in our experiments with the single-cysteine
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Fig.1|Repetitive binding of short DNA imager strands allows for high-
resolution protein fingerprinting. a, Schematic representation of the single-
molecule assay. The model protein, aSyn, is conjugated to a biotinylated single-
stranded DNA strand (red) to facilitate immobilization of the target protein to the
PEGylated quartz surface. The donor (Cy3)-labelled imager strand binds to the
DNA docking site on the cysteine, while the acceptor (Cy5)-labelled imager strand
hybridizes to the docking site at the C terminus of the protein. Simultaneous
binding generates short FRET events and these are observed with total internal
reflection microscopy. b, Three-dimensional conformation for micelle-bound
aSyn [PDB 1XQ8] with the location of the six cysteines probed (orange) and the
Cterminus (red) indicated. ¢, Schematic representation of the six aSyn constructs.
Each construct contains a single cysteine (orange circle), whose position relative
tothe N terminusis indicated, and areference point at the C terminus (red circle).
d, Representative kymograph from a single aSyn protein with a cysteine (Cys 124).
The FRET efficiency for each data pointin a binding event (lines) and the mean
FRET efficiency from all data points in a binding event (dots) are indicated over

the course of an experiment. The distribution of the average FRET efficiencies
for each FRET event is fitted with a Gaussian function. The mean values of the
Gaussian fits are plotted in a separate panel (bottom) and are referred to as the
FRET X fingerprint of the protein. The population on the left (E = 0) originates
from events where the acceptor fluorophore was absent. The mean +s.e.m.
values of the Gaussian fit of the ten FRET binding events are indicated in the
plot. e, Ensemble FRET X histograms for each of the aSyn constructs showninc
(single-molecule and ensemble kymographs shown in Supplementary Fig. 2); the
mean = FWHM (full-width at half-maximum) FRET efficiencies were 0.84 + 0.13
for Cys 129,0.71 + 0.18 for Cys 124, 0.40 + 0.17 for Cys 107, 0.27 + 0.17 for Cys 78,
0.19 £ 0.14 for Cys 62 and 0.15 + 0.12 for Cys 42. The dashed line represents the
centre of the Gaussian fit. f, Relative frequencies of detection for equimolar
mixtures of four aSyn constructs, as determined by the trained SVM. The mean
(grey squares) + s.d. (whiskers) for each fraction measured is reported, and is
derived from five individual measurements (open circles).

constructs, demonstrating the reproducibility of FRET X protein fin-
gerprinting (Fig. 1e,f).

Single-molecule fingerprinting of globular proteins

To effectively fingerprint cellular proteins, our FRET X platform should
be able to cope with folded structures. To demonstrate this ability, we
sought to fingerprint the human apoptosis regulator Bcl-2-like protein1
(Bcl) isoform Bcl-X;, which has a single cysteine that is located close
toits C terminus (Fig. 2¢). For identification of a folded protein with
FRET X, an experimentally obtained fingerprint should be mapped
against a database consisting of computationally generated protein
fingerprints using their three-dimensional structures available online.
Hence, we used our previously developed FRET X fingerprint prediction
tool, which takes the effect of the DNA tags on the protein structure
into account”, to predict the fingerprint of Bcl-X,. The fingerprint
prediction consisted of a single high FRET peak, and this was in line
with experimental data (Fig. 2d,e and Supplementary Fig. 5¢). Taken
together, these results show that our FRET X fingerprinting approach
iscapable of obtaining reproducible fingerprints for both intrinsically
disordered and folded human proteins, underscoring that the intro-
duction of additional DNA tags and the labelling procedure itself do
notinterfere with our fingerprinting approach.

PTM mapping

O-GlcNAcylation is an essential process in mammalian cells involving
the addition of asingle N-acetylglucosamine (GIcNAc) to the hydroxyl
side chain of serine and threonine residues by O-GIcNAc transferase
(OGT)*°. Dysregulation of O-GlcNAcylation has been implicated in
many human pathologies, such as cancer, diabetes and neurodegenera-
tive diseases, where the PTM site on the protein substrate is decisive
for its outcome®**'. However, for O-GlcNAcylation, obtaining such
information remains challenging, especially as there is no consensus
motif for predicting the potential sites of the PTM*, As aresult, map-
ping O-GlcNAcssites relies largely on the use of synthetic peptide frag-
ments derived from the protein of interest****, which may not reflect
thebonafide PTMsitesontheintact protein. We hypothesized that the
high resolving power of FRET X could be leveraged to map potential
O-GlcNAcsites of a full-length protein.

We incubated aSyn, which is known to undergo O-GlcNAcylation,
withOGT inthe presence of uridine diphosphate-linked 6-azido-GIcNAc®.
The modified aSyn was subjected to copper click chemistry to attach
the donor docking strands to the PTMed residues (Fig. 3a) and then
immobilized at the C terminus in a similar fashion to before (Figs. 1
and 2). We observed a main FRET peak with an efficiency of 0.12 and
asecond FRET peak with an efficiency of 0.23 (Fig. 3b,c), indicating
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mean + FWHM values of the Gaussian fits for aSyn Cys 78 + Cys 124 are 0.32 + 0.10
and 0.70 + 0.18 (a) and those for aSyn Cys 99 + Cys 124 are 0.43 + 0.14 and
0.77 £ 0.16 (b). ¢, Three-dimensional conformation for Bcl-X, [PDB 1R2D] with the
cysteineindicated in orange. d, Predicted fingerprint (mean + FWHM) for Bcl-X,
(0.95+0.03). The predicted fingerprint histograms were built from simulated
FRET efficiencies from 200 individual molecules each with ten FRET events.
e, Representative single-molecule kymograph with its determined fingerprint
(mean +s.em.) of 0.86 + 0.01 for Bcl-X,.

that labelling was successful. We compared the FRET efficiencies of
the O-GlcNAcylated aSyn proteins with those that we obtained for the
single-cysteine constructs (Fig. 1) and found that the FRET efficiency
for O-GIcNAc modified residues is close to those of aSyn Cys 42 and
Cys 78, suggesting that the O-GIcNAc is attached to residues in that
region (Fig. 3d, blue shading). Consistent with these data, MS revealed
that the O-GlcNAcylation had occurred at Thr 54 and Thr 64 (Fig. 3d,
blue spheres, Supplementary Fig. 6), underscoring the predictability,
accuracy and reproducibility of FRET X and the utility of FRET X for
PTM mapping.

A universal approach for protein fingerprinting
Finally, we focused on bringing FRET X fingerprinting to natural pro-
teins by circumventing recombinantly expressed tags for immobili-
zation. Such universality is a crucial step towards analysing specific
biomarkers from natural sources.

Wedevelopedalabellingapproachthatallows for the site-selective
attachment of abifunctionallinker to the N terminus of any protein sub-
strate, making use of the previously reported pyridinecarboxaldehyde
(PCA) chemistry*® and copper-free click chemistry (Fig. 4a). To demon-
strate site-selective N-terminal modification, we fingerprinted the aSyn
constructs, and asexpected we observed amonotonic decreasein FRET
efficiency as the distance to the N terminus increases (Fig. 4b, black
squares). This shows that reliable fingerprints can be obtained for resi-
dues thatare ~100 amino acids away from the reference point (Fig. 4b).
By combining these fingerprints with those that were obtained with the
reference point at the C terminus, we were able to probe every region
of'the aSyn protein (Fig. 4b and Supplementary Fig. 7).

Next, we reasoned that the ability to probe proteins from more
thanonereference point shouldincrease predictionaccuracy. To vali-
date this, we generated a simulated dataset of constructs containing

both C-and N-terminal reference points, by pairing the experimental
fingerprints from the C- and N-terminal measurements for each con-
struct. This allowed us to classify the seven aSyn constructs with an
accuracy of >80% when combining C- and N-terminal fingerprints for
the same molecule, whichis higher than when asingle reference point
is used (Fig. 4c and Supplementary Fig. 7g,f).

To demonstrate the general applicability of FRET X, we used
the N-terminal modification approach on two inflammatory disease
biomarkers, the SI00A9 protein, informative for severe forms of
COVID-19 (Fig. 4d)¥, and procalcitonin (PCT), used for diagnosis of
bacterial infections (Fig. 4¢€)*®. The fingerprinting simulations pre-
dicted a single high FRET peak for SI00A9 protein (Fig. 4f), which
isin good agreement with our experimental findings (Fig. 4h). For
PCT we anticipated that resolving the locations of the two cysteines
would be challenging, as their distances to the reference point differ
by only-0.2 nm (Supplementary Fig. 7a). However, when we predicted
the structure, with the DNA labels attached, using our lattice model
prediction tool (Supplementary Fig. 8b,c), we observed two clearly
distinguishable FRET peaks for PCT (Fig. 4g). We hypothesize that
the larger difference in FRET efficiency between the cysteines is a
result of the DNA docking strands increasing the resolvability. This
hypothesis is further supported by the experimental data, showing
two clear FRET peaks for the PCT biomarker (Cys 85 and Cys 91) (Fig. 4i
and Supplementary Fig. 8d,e). We speculate that the discrepancy
in peak position for the predicted and experimental fingerprints is
caused by the low prediction power of AlphaFold for the intrinsically
disordered regions within PCT (predicted local distance difference
test (pLDDT) < 50)***°, To demonstrate the ability of FRET X to identify
different proteins with similar fingerprints in a mixture, we trained a
classifier on experimental data and determined its proteinidentifica-
tion accuracy. We observed a mean classification accuracy of 80%
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Fig.3|PTM mapping using FRET X. a, Schematic representation of the PTM
labelling scheme. In afirst step, the UDP-linked 6-azido-GIcNAc is conjugated

to the aSyn substrate viathe OGT enzyme. Next, the docking strands are
conjugated to the O-GlcNAcylated aSyn protein via dibenzocyclooctyne (DBCO)
click chemistry. b, Representative kymographs from individual aSyn molecules
reporting on the distance of the O-GIcNAc from the reference point. The mean
FRET +s.e.m.isreported for each molecule (left panel, n =7 FRET events;

right panel n =14 FRET events). ¢, The FRET X histogram and fingerprint for

FRET (E)

allmolecules inasingle field of view. We observed two FRET peaks, indicating
the attachment of two O-GIcNAc residues on aSyn, with FRET efficiencies of
0.12 £0.12and 0.23 £ 0.19. These values report mean FRET efficiency + FWHM
of the Gaussian fit. d, Three-dimensional conformation for micelle-bound aSyn
[PDB 1XQ8] with the C terminus shownin red. The proposed region for the PTM
sites on the basis of the FRET (F) of the cysteines probed in Fig. If isindicated
with the blue shading, while the exact PTM locations are indicated with the
blue spheres.

(Supplementary Fig. 8f) for a protein mixture of Bcl-X,, SI00A9 and
aSyn A124C on the basis of single-cysteine fingerprints. This indi-
cates that protein identification is more efficient when a database of
experimental fingerprints is constructed and proteins are identified
on the basis of this database.

Discussion

Wehaveintroduced FRET X, asingle-molecule fingerprinting approach
for proteinidentificationand PTM mapping. FRET X enables discrimi-
nation of proteins with only subtle differences, owing to its ability to
localize residues on intact proteins. Because the positional informa-
tion is preserved, structures of the same mass that are generally not
discerniblein MS can be readily differentiated from each other by their
distinct FRET efficiencies.

By using short fluorescently labelled DNA strands and their tran-
sientbinding, FRET X allowed repeated examination of an amino-acid
residue in a single protein, increasing the localization precision
(to 5 amino acids) and thereby the overall accuracy of the protein
fingerprint, reaching an identification accuracy of 84% (refs. 19,24).
FRET X can fingerprint full-length proteins, such as the intrinsically
disordered protein aSyn and folded proteins such as Bcl-X;, SIO0A9
proteinand PCT, and quantify protein abundance in mixtures. Further-
more, our FRET X fingerprinting approach benefits from the program-
mable and predictable kinetics of DNA hybridization, which allows
for further speed optimization and for multiple target residues to be
probed insequentialimaging cycles®. This sequential probing allows
us to probe different residues (for example amino acids or PTMs)
separately by flushingin orthogonal imager strands***. Such astrategy
avoids crowding of the FRET spectrum, thereby allowing us to resolve
the FRET fingerprint for each of the residues with high precision. We
have previously shown that by probing either cysteines and lysines or
cysteines, lysines and arginines the uniqueness of a protein fingerprint
increases substantially, enhancing the proportion of human proteins
that can be identified to 82% or 95%, respectively”.

At the current acquisition speed, high-resolution protein fin-
gerprints of several thousand proteins can be obtained within a few

minutes, which is several orders of magnitude faster than other
single-molecule fluorescence protein fingerprinting methods*. The
ability to fingerprint full-length proteins avoids the need for additional
sample preparation steps such as digestion into peptides or protein
translocation, which are oftenrequired for other single-molecule pro-
teinidentificationapproaches . Since the average protein diameter
is estimated to be 5 nm (ref. 42), the typical protein is well within the
range of the Cy3-Cy5 FRET pair, while for proteins of different sizes
other FRET pairs may be selected. Furthermore, we have shown that
proteins can be immobilized using an N-terminal labelling strategy,
thereby removing the need for genetic or synthetic tags, which opens
up avenues for the analysis of proteins from natural sources (for exam-
ple body fluids or single cells). While the N terminus might not always
be accessible for labelling®, the C terminus may instead be targeted**
for conjugation of the reference and immobilization strands. Addition-
ally, by combining N- and C-terminus reference points, we are able to
expand sequence coverage within a proteinand improve identification
accuracy (Fig. 4¢).

We further demonstrated that FRET X can be readily exploited to
map O-GIcNAcssites of aSyn. The use of intact proteinsis critical in this
use case because it better mimics how an enzyme encounters a sub-
strate in vivo, compared to synthetic protein constructs®’. Moreover,
it also takes into account the crosstalk between O-GIcNAc residues
at adjacent sites, which is generally neglected when using peptides
as substrate. Our results on aSyn O-GlcNAcylation were consistent
with a previous report in which aSyn expressed in mammalian cells
contained up to two O-GIcNAc residues®. Although we have dem-
onstrated PTM detection using in vitro attachment of the modified
0O-GIcNAc, we envision that thisapproach can be further developed for
in vivo analysis of O-GlcNAcylated protein using metabolic labelling
experiments.

Using existing chemoenzymatic labelling approaches, FRET
X-based PTM analysis can be expanded to detect acetylation*, ribo-
sylation* and fucosylation*®, Additionally, by combining endoglycosi-
dases and galactosyltransferases, click handles***° can beincorporated
into N-glycans to allow for DNA labelling and analysis of full-length
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Fig. 4 |Single-molecule protein fingerprinting using N-terminal labelling.
a, Schematic representation of the labelling procedure. The N terminus of any
target protein (1) is labelled with a 2PCA-DBCO derivative (2). The product of
thisreactionis a protein that has its N terminus functionalized with aunique
DBCO group (3) that allows for the attachment of a biotinylated DNA reference
point (4).b, The FRET efficiency as a function of the location of the cysteine
inaSyn. A monotonic decrease in FRET efficiency is observed for the cysteine
relative to the N terminus (grey squares). The values are reported as mean * s.d.
of three independent experiments. ¢, Support vector classifier performance
on fingerprints for seven aSyn mutants probed from both termini. Heatmaps
showing how each mutantis classified (mean + s.d. over ten cross-validation
folds), whereby the diagonal positions indicate correct classifications. Classifiers

T T
0 0.2 0.4 0.6 0.8 1.0
FRET (E)

were trained and tested on experimental data from separate experiments,
conducted on different days to avoid batch effects. d,e, Three-dimensional
structures of two inflammatory disease biomarkers, SI00A9 [AlphaFold:
AF-P06702-F1] (d) and PCT [AlphaFold:AF-P01258-F1] (e) with the cysteines
(orange spheres) and N terminus (green sphere) highlighted. f,g, The predicted
FRET fingerprints (mean + FWHM) for SI00A9 protein (f, 0.94 + 0.02) and
PCT (g, 0.37+0.19 and 0.66 * 0.18). h,i, Experimentally obtained fingerprints
reporting on the location of the cysteines relative to the N-terminal reference
point. h, Ensemble kymograph for SI00A9 protein with a single high FRET
peak (0.93 + 0.15).i, Two high FRET peaks (0.65 + 0.17 and 0.91 + 0.16), both
mean + FWHM, obtained for PCT.

glycoproteins. Furthermore, PTM detection using FRET X may go
beyond metabolic labelling using other chemical biology strategies
to attach orthogonal DNA docking strands in phosphorylation?*
or lipidation®'.

One of the main challenges for single-molecule proteomics lies
in the varying abundances of different protein speciesin the cell. The
dynamic range of the proteome spans several orders of magnitude*?,
due to which low-abundance species can easily be masked by more
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abundantones. Owing toits single-molecule sensitivity and the ability
to fingerprint several thousand proteins in a single field of view, our
method detects even the sparsest proteins, and future optimizations
including automated acquisition and scanning stages might increase
throughput and thereby sensitivity even further. Alternatively, we may
address the challenge posed by the large dynamic range by adopting
protein enrichment strategies for atargeted approach®. Inthe current
study, lessthan afemtomole of labelled protein was needed for finger-
printing, but sensitivity may increase by one or two additional orders
of magnitude using existing microfluidics technology.

To conclude, we envision that our full-length single-molecule
protein fingerprinting approach may allow researchers and analysts
to finally investigate proteoform variety with ultimate sensitivity.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Protein expression and purification

All proteins were codon optimized for Escherichia coli BL21(DE3) and
inserted into a pET-52b(+) vector for aSyn or pET-15b for BCL2L1-X,
(see Supplementary Table 1 for full list of protein sequences). All pro-
teins were engineered to contain a C-terminal aldehyde encoding
sequence. The cysteine in this motif is converted in vivo into formylg-
lycine by co-expression of the formylglycine-generating enzyme?®. The
plasmids and protein encoding genes were synthesized and prepared
using GenScript.

The proteins were expressed in E. coli BL21(DE3) cells. Cultures
were grown at 37 °C in lysogeny broth medium supplemented with
50 pg ml™kanamycin and 50 pg ml™ampicillin untilan optical density at
600 nmof0.5wasreached. Expression of the formylglycine-generating
enzyme was induced through addition of 1% L-arabinose at 37 °C, and
after 30 min the expression of the model proteins was induced by 1 mM
isopropyl-B-D-thiogalactoside (IPTG). The cultures were transferred
to 26 °Cto allow for expression of the proteins for 5 h, after which the
cells were collected at 4,000 g. The cells were lysed by resuspending
the pellet in 10 ml lysis buffer (50 mM HEPES-KOH pH 7.5, 500 mM
NaCl, 0.5% Triton X-100). For the aSyn proteins, the cells were lysed by
boiling the cell suspension for 15 min. The cells containing BCL2L1-X;
proteins were lysed by tumbling the cell suspension for 2 h at room
temperature, followed by sonication on ice during six cycles of 30 s
on and 1 min off at 30% amplitude. Next, the cell lysate of each model
protein was centrifuged at 30,000 g for 30 min at 4 °C. The proteins
were purified fromthe cell-free extract using HisPur Ni-NTA (nitrilotri-
acetic acid) resin according to the manufacturer’s manual and buffer
exchanged into storage buffer (50 mM HEPES-KOH pH 7.5, 150 mM
NaCl,10% glycerol, 25 mM tris(2-carboxyethyl)phosphine, TCEP) using
10 kDa Amicon Ultra centrifugal filters. All proteins were aliquoted and
stored at -80 °C.

Cysteinelabelling

Proteins were labelled without chemical, temperature or mechani-
cal denaturation to preserve their structure. First, cysteine residues
were reduced with 40-fold molar excess TCEP for 30 min and then
labelled with 25-fold molar excess monoreactive maleimide-DBCO in
50 mM HEPES pH 7.5,150 mM NaCl, 1% Triton X-100 buffer overnight
at room temperature (23 +1°C). Excess maleimide-DBCO and TCEP
were removed with Zeba spin desalting columns, 7 kDa molecular
weight cut-off (Thermo Fisher), and the reaction buffer was changed
to 0.3 M NaAc pH 5.5 for the aSyn proteins and 50 mM HEPES pH
6.9,150 mM NaCl, 1% Triton X-100, for Bcl-X,. Then monoreactive
azidobenzoate-(5’) functionalized DNA was added in 10-fold molar
excess and incubated overnight at room temperature. The formylgly-
cineresidues were acceptor-labelled with10-fold excess biotinylated
and hydrazide-functionalized DNA for 46 h at room temperature for
aSyn and 96 h at 4 °C for Bcl-X, in a rotary shaker. Free hydrazide-
DNA-biotin was removed with Ni-NTA magnetic agarose beads
(Qiagen) according tothe manufacturer’s protocol. See Supplementary
Table 2 for the full list of substrates.

O-GIcNAcylation labelling

The aSyn constructs were O-GIcNAcylated using a recombinant
human OGT (Novus Biologicals). The reaction was performed
by adding a 20-fold excess of aSyn over OGT in a reaction buffer
(25 mM Tris pH 7.5, 10 mM CacCl,, 10 mM MgCl,) supplemented with
10 mM UDP-azido-O-GIcNAc, and incubated overnight at 37 °C. The
next day, excess UDP-azido-O-GlcNAc was removed with Zeba spin
desalting columns and the reaction buffer was changed to 0.3 M
NaAc pH5.5. The O-GIcNAc residues were labelled with 10-fold excess
DBCO-functionalized DNA and the formylglycine residue was labelled
with 10-fold excess biotinylated and hydrazide-functionalized DNA
for 48 h at room temperature (23 +1°C) in a rotary shaker. Free DNA

was removed with Ni-NTA magnetic agarose beads (Qiagen) according
to the manufacturer’s protocol.

N-terminal modification

To make a 2PCA-DBCO bifunctional linker, we incubated 100 mM of
a2PCA intermediate (6-(piperazin-1-ylmethyl)-2-pyridinecarboxal-
dehyde HCI salt, Sigma Aldrich 808571) with twofold excess
N-hydroxysuccinimide-DBCO and threefold excess of triethylamine
in dimethylsulfoxide for 24 h at room temperature, while shaking.
Next, we quenched the N-hydroxysuccinimide by adding tenfold excess
dimethylamine and incubated for 4 h at room temperature. The reac-
tion mixture was dried using aSpeedVac and dissolved in dimethylsul-
foxide toaconcentration of 100 mM 2PCA-DBCO.

The target proteins (aSyn, human recombinant PCT (Bio-Techne)
and human recombinant SI00A9 protein (Novus Biologicals)) were
dissolved in PBS at a concentration of 5 pM. To this solution, we added
400-fold excess of the 2PCA-DBCO linker and incubated for 24 hat 37 °C
while shaking. The next day, free 2PCA-DBCO was removed with Zeba
spindesalting columns, 7 kDamolecular weight cut-off. Next the proteins
were labelled with twofold excess biotinylated and azide-functionalized
DNA for48 hatroomtemperature (23 +1°C)inarotary shaker. Free DNA
was removed with Ni-NTA magnetic agarose beads (Qiagen) according to
the manufacturer’s protocol. Finally, the eluted proteins were reduced
with 40-fold molar excess TCEP for 30 min and then labelled with 20-fold
molar excess monoreactive maleimide-DNA for 24 h.

Single-molecule set-up

Allexperiments were performed ona custom-built microscope set-up.
Aninverted microscope (IX73, Olympus) with prism-based total inter-
nal reflection was used, in combination with a 532 nm diode-pumped
solid-state laser (Compass 215M/50 mW, Coherent). A x60 water immer-
sion objective (UPLSAPO60XW, Olympus) was used for the collection
of photons from the Cy3 and Cy5 dyes on the surface, after which a
532 nmlong-passfilter (LDP0O1-532RU-25, Semrock) blocks the excita-
tionlight. A dichroic mirror (635 dcxr, Chroma) separates the fluores-
cence signal, which is then projected onto an electron-multiplying
CCD (charge-coupled device) camera (iXon Ultra, DU-897U-CSO-# BV,
Andor Technology). Our pixel size is107 nm x 107 nmand the complete
field of viewis 512 pixels x 256 pixels (54.8 pm x 27.4 pm) and contains
roughly 200 molecules. A series of electron-multiplying CCD images
was recorded using a custom-made programin Visual C++ (Microsoft).

Single-molecule dataacquisition

Single-molecule flow cells were prepared as previously described*. In
brief, to avoid non-specific binding, quartzslides (Finkenbeiner) were
acidic piranha etched and PEGylated twice. The first round of PEGyla-
tion was performed with methoxy PEG-succinimidyl valerate (Laysan
Bio) and PEG-biotin (Laysan Bio), followed by asecond round of PEGyla-
tion with MS(PEG)4 (Thermo Fisher). After assembly of a microfluidic
chamber, the slides were incubated with 20 pl of 0.1 mg ml™ streptavi-
din (Thermo Fisher) for 2 min. Excess streptavidin was removed with
100 pl T50 (50 mM Tris-HCI, pH 8.0, 50 mM NacCl). Next, 50 pl of 75 pM
DNA-labelled protein was added to the microfluidic chamber. After
2 min of incubation, unbound protein was washed away with 200 pl
T50. Then, 50 pl of 10 nM donor-labelled imager strands and 50 nM
acceptor-labelledimager strands inimaging buffer (50 mM Tris-HCI, pH
8.0,500 mM NacCl, 0.8% glucose, 0.5 mg ml™ glucose oxidase (Sigma),
85 ug ml™ catalase (Merck) and 1 mM 6-hydroxy-2,5,7,8-tetramethylc
hroman-2-carboxylic acid (Sigma)) was injected. All single-molecule
FRET experiments were performed atroomtemperature (23 +1°C).See
Supplementary Table 2 for the full list of docking and imager strands.

Data analysis
Fluorescence signals are collected at 0.1s exposure time. During the
acquisition of the video, a green laser is used to excite the Cy3 donor
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fluorophores. The fluorescence images were analysed using a custom
script written in IDL. The script collects the individual intensity hot-
spots in the acceptor channel and pairs them with intensity hotspots
in the donor channel, after which the time traces are extracted. The
details of the automated detection of individualimager strand binding
events fromthe fluorescence time traces are described elsewhere”*,
Briefly, a two-state k-means clustering algorithm was applied to the
sum of the donor and acceptor fluorescence intensities of individ-
ual molecules to find an intensity threshold, with which the traces
were divided into high- or low-intensity segments. The high-intensity
segments that lasted for more than three consecutive frames were
selected for further analysis. If there were abrupt donor and accep-
tor intensity changes within a high-intensity segment, possibly due
to photobleaching or imager dissociation, the data points that came
after the transition moment were removed from the segment. The
gamma and leakage factors were determined fromacceptor bleaching
eventsand donor-only events, respectively*®. Average FRET efficiencies
from each selected segment were used to build the FRET kymograph
and histogram. Populations in the FRET histogram are automatically
classified usinga GMM. GMMs containing one to five distributions are
fitted, after which the best-fitting GMM is selected using the Bayesian
information criterion. Peaks with weights lower than 0.2 are discarded,
asthese were found to capture background noise. The automated anal-
ysis code in Python is freely available at https://github.com/kahutia/
transient_FRET analyzer2.

aSyn mutant classification

aSynmutant molecules were filtered to retain only those for which the
FRET histogram contained one or no donor-only peak (E(FRET) < 0.1)
andone FRET peak (0.1 < E(FRET) < 9.0) toremove junk molecules and
aggregates (moleculesthat contain multiple FRET states). FRET values
for these molecules were used to train and test an SVM classifier, a
commonly used machine learning approach®. Briefly, trainingan SVM
classifier automates the definition of classboundariesin afeature space
(here FRET efficiency), choosing boundaries such that training exam-
ples with known classification are correctly classified most often. Dis-
tance between samples may be determined using anarbitrary function,
thekernel function, which effectively transforms feature space before
linear class boundaries are drawn. In the kernel function, the gamma
parameter (y) determines how flexible the boundaries are allowed to
betoaccommodate the training data. Here we used an SVM with radial
basis function implemented in the scikit-learn package (v.1.2.1)*%:

K(xy,x3) = exp(=y x llx; — x,11%)

where y was set to the inverse of the number of features.
Single-feature SVM classifiers were trained and tested on FRET
values acquired from experiments on samples containing a single
mutant, as the mutant—the class in machine learning terms—for these
samplesis known. This was done separately for mutants measured from
the C terminus and from the N terminus. To simulate experiments in
which molecules were measured from both ends, FRET values from
C-terminally and N-terminally measured molecules were randomly
paired, again taking care to keep test and training experiments sepa-
rated. A two-feature SVM was then trained and tested on these data.
Finally, equimolar mixtures of four aSyn mutants (S42C, A78C,
A107C and A124C) from five separate experiments were classified
using an SVM classifier trained on all classified (that is, derived
from single-mutant samples) data. Raw data, intermediate data and
analysis code are freely available and documented at https://github.
com/cvdelannoy/FRET_X_fingerprinting_simulation/tree/main/
FRET_X_proteoform_fingerprinting.

Protein fingerprint simulation
DNA-labelled protein fingerprinting simulations were performed using
lattice models, previously described". The procedure starts with a

fully atomistic native structure predicted by AlphaFold2 (refs. 39,40),
whichis converted to alattice structure with tagged residues marked.
On the basis of residue interactions and secondary structure forma-
tions, this structure is assigned a modelling energy, which is then
minimized using a Markov chain Monte Carlo process, by repeatedly
applying random perturbations to the structure and accepting or
rejecting them on the basis of the incurred energy change. Further
Markov chain Monte Carlo iterations are used to generate hundreds
of slightly different structures, from which distances between donor
and acceptor dye positions are deduced. These values are then trans-
lated to FRET efficiencies Eqeras follows:

1

Epper = ———.
1+ (R/Ry)

Here R is the modelled inter-dye distance and R, is the Forster
radius, which characterizes the used FRET dye pair (R, assumed con-
stantat 54 A for the Cy3-Cy5 FRET pair). Simulation and analysis code
forthe protein fingerprints are freely available at https://github.com/
cvdelannoy/FRET_X_fingerprinting_simulation, while simulation
data are available at https://git.wur.nl/lanno001/fret_x_proteoform_
sim_data.

In-gel proteolytic digestion using Glu-C

For proteomic analysis of the O-GlcNAc-modified aSyn proteins, we
performed a conventional SDS-PAGE followed by in-gel proteolytic
digestion and mass spectrometric analysis as previously described®.
The aSyn proteins were analysed using a 4-12% NuPAGE Bis-Tris
(Invitrogen) gel and stained with Instant Blue protein stain (Sigma)
accordingto the manufacturer’sinstructions. The stained gel bands
were cut from the gel and destained using Coomassie destaining
solution (100 mM ammonium bicarbonate buffer in 40% acetonitrile)
for 15 min at 300 r.p.m. at 37 °C. The supernatant was removed and
the gel pieces were dehydrated using acetonitrile for 10 minatroom
temperature. The supernatant was removed and the dehydrated
protein-containing gel pieces were reduced using 200 pl reducing
reagent solution (10 mM dithiothreitol) for 30 min at 56 °C. Next,
the supernatant was removed and the samples were cooled to room
temperature and alkylated for 30 min at room temperature using
200 pl alkylation reagent (55 mM iodoacetamide in ammonium
bicarbonate buffer). After this, the alkylation solution was removed
and the samples were washed with 200 pl of Coomassie destaining
solution for 5 min at room temperature on a shaker. The superna-
tant was removed, and the samples were dehydrated using 200 pl
acetonitrile for 10 min. Finally, 2 pl Glu-C protease stock solution
(100 ng pl™ in H,0, Pierce, MS grade) was mixed with 98 pl 100 mM
ammonium bicarbonate buffer, added to the dehydrated gel pieces
andincubated overnight at 37 °C under gentle shaking (300 r.p.m.).
The next day, the supernatant of each digest was collected and 150 pl
of extraction solution was added to each sample and incubated for
15 min at 37 °C. The supernatant was combined with the first frac-
tion, and 100 pl of acetonitrile was added and incubated for 15 min
at 37 °C, and this extract was again combined with the earlier frac-
tions. Finally, 100 pl of 10:90 acetonitrile:H,0 was added to each
sample, incubated for 15 min at 37 °C and combined with the earlier
factionsinthe new Eppendorftube. The pooled extracts from every
sample were then dried using a SpeedVac concentrator at elevated
temperature (50-60 °C).

B-elimination

To approximately 10 pl of glycopeptide/peptide extract, 300 pl of
26% dimethylamine solution was added. The reaction was carried
out at 55 °C for 6 h under careful mixing, and subsequently stopped
by removing the reagent under vacuum. The residue was dissolved in
150 pl Milli-Q water and stored at —20 °C before analysis.
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Proteomic analysis

The SpeedVac-dried peptide fractions (digested or additionally beta-
eliminated) were resuspended in H,0 containing 3% acetoni-
trile and 0.01% trifluoroacetic acid under careful vortexing. An
aliquot corresponding to approximately 100 ng digest was ana-
lysed using a one-dimensional shotgun/parallel reaction monitor-
ing proteomics approach. Briefly, samples were analysed using a
nano-liquid-chromatography separation system consisting of an EASY
nano LC1200, equipped with an Acclaim PepMap RSLC RP C18 separa-
tion column (50 pm x 150 mm, 2 um and 100 A), and a QE Plus Orbitrap
mass spectrometer (Thermo, Germany). The flow rate was maintained
at 350 nl min™ with solvent A H,O containing 0.1% formic acid, and
solvent B 80% acetonitrile in H,0 and 0.1% formic acid. Either a short
gradient, consisting of alinear increase of solvent Bfrom 5to 30% within
38 min and finally to 60% over 15 min, or alonger gradient, consisting of
alinearincrease of solvent B from 5 to 25% over 88 min and to 55% over
an additional 60 min, was used. In either case, the Orbitrap was oper-
atedin data-dependent acquisition mode acquiring spectraat 70,000
resolution from385t01,250 m/z(mass to charge ratio), where the top
ten signals were isolated with a window of 2.0 m/z for fragmentation
using anormalized collisionenergy of 28. Fragmentation spectrawere
acquired at 17,000 resolution, with an automated gain control target
of 2 x10%, at a maximum injection time of 75 ms. Unassigned, singly
charged, x6 and higher charge states were excluded from fragmenta-
tion. Alternatively, additional (confirmatory) parallel reaction moni-
toring scans were included targeting the potentially HexNAc-modified
peptides (inclusion list m/z = 621.3,519.8, 705.15 and 654.35).

Processing of mass spectrometric raw data

Mass spectrometric raw data were analysed using PEAKS Studio X
(Bioinformatics Solutions) allowing 20 ppm parent ion and 0.02 Da
fragment ion mass error tolerance, considering three missed cleav-
ages, carbamidomethylation as fixed and methionine oxidation and
asparagine/glutamine deamidation as variable modifications. The mass
spectrometric raw data were furthermore analysed using a protein
sequence database covering the aSyn protein sequence (synthetic,
AGJ51950.1) and the Global Proteome Machine common Repository of
Adventitious Proteins contaminant protein sequences (https://www.
thegpm.org/crap/). Additionally, decoy fusion was used to estimate
false discovery rates. Peptide spectrum matches were filtered against
1% false discovery rate and a minimum of two unique peptides per
protein. Relative protein abundances were correlated to protein
molecular weight normalized spectral counts. O-HexNac modified
peptides were identified by including HexNAc (+203.08 Da) modi-
fications in the variable modification search. Serine and threonine
modification sites were determined by f3-elimination, where the
B-elimination products were determined by including dehydration
(-18.01 Da) as variable modification search. Correct annotation of
HexNAc-modified peptides and f3-elimination sites was ensured by
additional manualinvestigation of identified spectra—for example, by
confirming the presence of the HexNAc oxoniumion (20.4.0872 m/z)
and confirming the presence of the respective y/b peptide fragment
ions from data-dependent acquisition and additional parallel reaction
monitoring experiments.

Synthesis of UDP-linked 6-azido-GIcNAc

6-Azido-6-deoxy-N-acetyl-glucosamine-1-phosphate disodium salt
was prepared as previously reported (508 mg, 1.24 mmol, 13.4% yield
over eight steps)®°. The monophosphate was dissolved in MeOH
(28 ml) and acidified to pH 5-6 by addition of Dowex-H" resin. Resin
was removed by filtration, and triethylamine (4 ml) and H,O (12 ml)
were added. The mixture was stirred at room temperature for 18 hand
then the solvents were evaporated to obtain the triethylammonium
salt of 6-azido-6-deoxy-N-acetyl-glucosamine-1-phosphate. To this
compound was added trioctylamine (2.48 mmol, 1.08 ml), and the

mixture was co-evaporated with pyridine (3 x3 ml). UMP-morpholidate
(1.38 g, 1.98 mmol) was added and the mixture was co-evaporated
again with pyridine (3 x 3 ml). The mixture was diluted with pyridine
to atotal volume of 12 ml, tetrazole (347.2 mg, 4.96 mmol) was added
and the resulting reaction mixture was stirred at room temperature
for 3 d. Thereaction mixture was concentrated in vacuo after no more
starting material was observed by thin-layer chromatography anal-
ysis (ethyl acetate:MeOH:H,0; 4:2:1 v/v/v, staining with 10% H,SO,,
in MeOH followed by charring). The crude product was purified
by flash silica column chromatography (ethyl acetate:MeOH:H,0,
4:2:1v/v/v) and fractions containing carbohydrate were identified,
pooled and concentrated in vacuo. The resulting solid was dissolved
in a minimal amount of H,0, loaded on a Bio-Gel P2 size exclusion
column and eluded with H,0. Fractions containing carbohydrate
were identified, pooled and lyophilized, resulting in a white crystal-
line solid (217 mg, 0.34 mmol, 27% overall yield). '"H NMR (600 MHz,
D,0) 67.97 (d,/=8.0 Hz, 1H), 6.00-5.95 (m, 2H), 5.53-5.49 (m,1H),
4.36 (dd,/=5.3,4.5Hz, 2H), 4.29 (m, 1H), 4.28-4.22 (m, 2H), 4.09-
4.00 (m, 2H), 3.80 (app.t,/=9.8 Hz, 1H), 3.75 (dd, /= 4.0, 2.0 Hz, 1H),
3.58 (app.d,/=9.1Hz, 2H), 2.07 (s, 3H). *'P NMR (400 MHz, D,0):
d -11.55(d,/=21.4 Hz), -13.39 (d, /= 21.4 Hz). Electrospray ioniza-
tion time of flight MS m/z calculated for C;;H,;N,O,,P, (M-H)™ exact
631.0802, found 631.0306.

Statistics and reproducibility

No data were manually excluded from the analyses; however, data for
some individual molecules have been rejected on quality, number of
events (fewer than ten) and FRET efficiency during data processing
and filtering, as described in ‘Data analysis’ and ‘aSyn mutant clas-
sification’. These filtering steps can be reproduced using the code
provided for those sections. The processed datasets were sufficiently
large (~200-600 molecules) to ensure that distribution parameters
could be determined with statistical significance. In classification
tasks, the classifier was tested on sample data acquired from experi-
ments different from those that produced training data, conducted on
different days to avoid batch effects. Bootstrapping and tenfold cross
validation were used to determine confidenceintervals and prediction
intervalsrespectively.

Data availability

The data supporting the main finding of this study are available at
the publicly accessible online repository Zenodo with identifier
https://doi.org/10.5281/zenodo.10179066. Any additional data are
available from the corresponding author upon request.

Code availability

The algorithms for the codes supporting the main findings of this
study are available at https://doi.org/10.5281/zenodo.10156504. Any
additional information concerning the codeis available from the cor-
responding author upon request.
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