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Abstract

Single-molecule protein sequencing remains an open problem and an intense area of study.
We review measurement modalities by which protein sequencing could be implemented and
propose an approach to single molecule protein sequencing using light microscopic readout of
synthetic fluorophore labels conjugated to amino acid side chains (“barcodes”). We describe
how this could be used in shotgun contexts via conventional microscopy or in in situ contexts
via super resolution microscopy. An idealized code space of possible two-color barcodes is
characterized for the human proteome.
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1 Introduction and state of the art

The central dogma of molecular biology, despite its many simplifications, has guided research for
more than fifty years [1]. A substantial technological toolbox has been developed to measure the
sequence information encoded by theory’s biopolymers at all three levels: DNA, RNA, and pro-
tein. Moreover, impressive progress has been made in recent years utilizing optical microscopy and
the polymerase chain reaction for measurement of amplified colonies of individual nucleic acids.
This so-called second generation of sequencing technologies has extend DNA sequencing into the
single-molecule realm, permitting high throughput whole-genome measurements of individual cells
and tissues, promising concomitant scientific and biomedical payoff[2]. In contrast, the measure-
ment of individual protein molecules has lagged behind, and investigators must rely on ensemble
measurements of protein sequence information from many cells, masking cell-to-cell variations, or
else measure only the most abundant proteins in single cell measurements, masking the impact of
low-copy number proteins|3].

Modern mass spectrometry (MS) equipment enables routine proteome quantification through
direct measurement of expressed proteins[4]. This approach exhibits attomole detection sensitivities
for whole proteins and subattomole sensitivities after fractionation and stochastic sampling, imply-
ing a detection dynamic range spanning four orders of magnitude[5]. However, expression levels
for a typical mammalian proteome span seven orders of magnitude, and low (1-1000) copy-number
proteins making up approximately 10% of expressed protein species tend to remain undetected
by this method[6]. These proteins are important despite their low frequency: at least one in four
display a genetic interaction in double knockout experiments[7]. mRNA transcriptomic analysis
correlates well with expressed protein levels at high copy-numbers, but is not as useful a proxy
in the low copy number / single-molecule regime where stochastic effects dominate[8]. A viable
single-molecule protein sequencing technology is therefore an attractive research direction.

2 Review of Measurement Modalities

We will introduce a scheme in which there exist reporters of amino acid identities, labeling
methods which deliver reporters to proteins, and sample manipulation and instrumentation
which read out reporters. A single-molecule protein sequencing technology will leverage one or
more of these ideas to discern a protein’s sequence.



2.1 Reporters

This section enumerates the most likely reporters of amino acid identities, although it does not
claim to be complete.

2.1.1 Endogenous properties

The simplest possible reporter of an amino acid residue is the acid itself. Amino acid side chains
have various properties which permit them to perform the myriad functions required by biological
systems, and these properties can be measured. These properties include but are not limited
to mass, rigidity, positive or negative charge, acidity or basicity, polarity, hydrophobicity, and
endogenous fluorescence. These endogenous properties can, for example, provide contrast in a
nanopore electrical measurement, provide a mass/charge fingerprint in a mass spectrometer, or
provide an excitation signal in a fluorescence measurement. However, these signals are generally
quite weak, and constraints on instrument sensitivity typically (although not always) means that
they are only useful in bulk measurements.

2.1.2 Exogenous labels

Here, a label is defined as any agent that modifies the protein of interest in a residue- or sequence-
specific manner in order to simplify downstream detection or analysis. The label could, for example,
be a synthetic fluorophore to enhance brightness in a optical micrograph, a heavy metal to enhance
contrast in an electron micrograph, a conductive or resistive element to enhance contrast in an
electrical measurement, and so on. It is not practical to enumerate the particulars of the many
possible labels in this report; rather, we will consider a label any agent that improves the sensitivity
of the measurement modalities reviewed in Section 2.4.

2.2 Labeling Methods
2.2.1 Chemical reporters on side chains

Here, chemical diversity in amino acid side chains is exploited in order to covalently bond, in
a residue-specific manner, a reporter that is more amenable to downstream analysis than the
properties of endogenous amino acid. An ideal system of chemical label reporters would involve
one reporter per amino acid; however, many amino acids are non-reactive, and so only the reactive
amino acids should be considered as targets for chemical conjugation. Moreover, many (most)
chemical reactions on amino acid side chains are not orthogonal: one reaction may label multiple
species. It is therefore a challenge in chemical biology to find orthogonal, residue specific
reactions on amino acid side chains.
The best characterized chemical label conjugation reactions are[9]:

1. The NHS-ester-activated amide formation reaction, which specifically targets the free primary
amine side chain on lysine residues in mildly basic conditions.

2. The maleimide-activated thioether formation reaction, which specifically targets the free
sulfhydryl side chain on cysteine residues in mildly acidic conditions.

3. The carbodiimide-activated amide formation reaction, which specifically targets the free car-
boxylic acid side chain on glutamic acid residues in mildly acidic conditions.



These three reactions can be carried out sequentially and will feature prominently in subsequent
discussion. However, other candidate reactions for chemical label conjugation, including reactions
on reactive residues such as tyrosine, arginine, histidine, and aspartic acid, have received a great deal
of attention and can also be considered should additional diversity prove a desirable objective[10].

2.2.2 Enzymatic reporters

Here, enzymatic specificity is exploited to covalently bond, in a residue-specific manner, a reporter
group. This occurs frequently in biological systems in the form of post-translational modifications,
where a vast range of chemical groups are appended to amino acid side chains; phosphorylation,
acylation, and glycosylation are among the most frequent examples[11]. However, the use of post-
translational modifications to report amino acid sequence is not commonplace, and most efforts
to develop methods for single-molecule detection of post-translational modifications have focused
on measurement of endogenous modifications rather than using them as a component in a protein
sequencer, such as in the case of a nanopore-based detector for phosphorylation[12].

2.2.3 Affinity reagents

Here, non-covalent binding interactions are exploited in order to attach a reporter to a sequence
of one or more amino acids. This is traditionally embodied in the form of an antibody[13], but
aptamers[14], nanobodies[15], and other emerging classes of affinity reagent[16] can also be con-
sidered; moreover, single-molecule counting methods are also under development[17]. However,
specificity and reproducibility are often major difficulties with this type of measurement, and the
typical size of an epitope - many sequential residues - naively requires one reporter per type of
protein [18, 13]. One promising method to circumvent this requirement is to use a affinity reagent
specific to the N-terminus of a particular amino acid, and combine multiple N-terminal measure-
ments with sample degradation[19]. However, research in this area is still in its infancy.

2.3 Sample Manipulation

In addition to reporter-based labeling of proteins to enable measurements (“additive methods”),
subtractive methods of sequential or targeted protein degradation can unintuitively impart addi-
tional information. Here, the investigator is able to take measurements before and after degradation,
and by knowing something about how the degradation occurs (e.g. which amino acids could have
fragmented), can infer information that may not be encoded by the reporters themselves.

2.3.1 Chemical Degradation

The best-characterized method of chemical protein degradation is the so-called Edman degradation,
in which an isothiocyanate is selectively reacted with the N-terminus of the target protein to form
a reactive phenylthiocarbamyl (PTC) intermediate. In the presence of anhydrous acid the amide
bond closest to the intermediate is cleaved, releasing the intermediate and revealing the N-terminus
of the next amino acid in the sequence. Historically, the reaction was carried out en-masse at the e.g.
picomole scale and the cleaved PTC derivatives were collected and analyzed in bulk [20]. This yields
the sequences of proteins in bulk, but is unsuitable for the kind of single molecule measurements
we are interested in here. One approach that ¢s consistent with our requirements, proposed in
[21], involves taking a single molecule measurement (e.g. via TIRF microscopy, see section 2.4.1)
of a sequence of length N (i.e. integrating information from all reporters), followed by Edman
degradation and a second single molecule measurement of a sequence of length N-1 and inferring



the nature of the cleaved reporter via ratiometric comparision to the original measurement. The
effect of cyanogen bromide on proteins may also be of interest, being a means of selective cleavage
at methionine residues[22].

2.3.2 Enzymatic Degradation

Many enzymes - such as proteases or aminopeptidases - have evolved to cleave proteins in exquisitely
selective fashion, and the additional information imparted via fragmentation can again be harnessed
to ease protein sequence analysis. An exhaustive inventory falls outside the scope of this report.
However, we note that trypsin, which cleaves c-terminal to lysine and arginine residues [23], and
GluC, which cleaves c-terminal to glutamic acid residues [24], are both well characterized tools.
Aminopeptidases may also be of interest of a chemical Edman degradation cannot be carried out
[25].

2.4 Instrumentation

The preceding sections enumerating the possible additive and subtractive transformations that can
occur on amino acid polymers are the set-up for the main event: the sensitive single-molecule
measurement. There is tremendous diversity in single-molecule methods, and several promising
candidates will be described here.

2.4.1 Light microscopy

If the reporter can be excited in order to emit photons (i.e. it fluoresces), it can be detected with a
light microscope if it is sufficiently bright. The commonplace epifluorescence microscope, however,
excites the whole sample volume, and the resulting background often makes single-molecule mea-
surements impossible. We thus turn to two specialized types of light microscopes: the confocal mi-
croscope and the TIRF microscope. In confocal microscopy, contrast is enhanced by blocking out of
focus light with a pinhole [26], and this is widely used for single-molecule protein measurements[27],
although sequencing remains aspirational. In total internal reflection (TIRF) microscopy, the exci-
tation light is fully reflected at glass-sample interface to produce an exponentially decaying evanes-
cent wave that only excites fluorophores within approximately 100 nm of the surface [28]. This is
also effective at enhancing contrast, again yielding single-molecule protein measurements as well as
a proposal for single-molecule sequencing[21].

2.4.2 Electrical (nanopore)

Here, a molecular machine is used to unfold and ratchet a protein through a pore; current across
the pore is continuously measured and current modulations due to amino acid reporters can yield
the acid’s identity. This is one of the more experimentally substantiated approaches to protein
sequencing, with a recent demonstration of protein translocation and epitope determination[29]. It
should be noted that the reporter need not only modulate electrical measurements; a nanopore can
be simultaneously monitored optically to detect e.g. cooperative interactions between fluorescent
reporter dyes on the protein and on the nanopore [30].

2.4.3 Electron microscopy

Electron microscopes can measure electron density, and sensitive electron microscopes can discern
differences in electron density between amino acids; these differences can also be accentuated by



stains or other reporters. Impressive progress has been made recently determining 3D protein
structure using cryo-electron microscopy, however, due to sample processing requirements it has
yet to be proposed as serious or scalable method of protein sequencing [31].

2.4.4 Mass spectrometry

Mass spectrometry is the workhorse of current bulk protein sequencing efforts, and efforts are being
made to extend its capabilities into the single molecule regime. Here, either a whole or fragmented
protein is ionized and introduced into a mass analyzer (e.g. quadrupole, time-of-flight). The
resulting mass/charge ratio can fingerprint the fragment and bioinformatics approaches can verify
its sequence [32]. Typically femtomole quantities of the protein or fragment is needed to generate
a detectable signal; however, a recent landmark study permitted a single-molecule mass spectrum
measurement of antibodies by tracking vibrational modes of a nanoelectromechanical resonator|[33].

2.4.5 Force spectroscopy

Force-induced unfolding of proteins by optical tweezers or atomic force microscopy are well charac-
terized single molecule methods which can generate force spectra which readily identify particular
folding states and domains [34]. However, extending the analysis to reveal sequence information is
challenging, and the highly technical nature of these experiments will make widespread adoption
difficult.

2.4.6 NMR spectroscopy

Nuclear magnetic resonance spectroscopy can identify chemical information in molecules based on
absorption and emission of RF pulses by nuclei in a magnetic field. This has been an important tool
for structural studies of e.g. protein conformations, as well as a routine analytic tool in chemical
synthesis, medicine, etc [35]. However, extending NMR into the single molecule regime is daunting,
although efforts involving nitrogen vacancy centers in nanodiamonds shows promise [36]. That said,
there is no clear path from the state of the art to a practical means of extracting protein sequence
information.

2.5 Scope of the project

While the review above illustrates the design space for single molecule protein measurements to
be large indeed, we will limit the scope of this report to involve single molecule measurements of
(1) exogenous labels (Section 2.1.2) in the form of (2) fluorescent reporters conjugated
to amino acid side chains (Section 2.2.1) that are detected by (3) light microscopy (Section
2.4.1). The sequence and identities of the reporters will be read out one label at at time from the
N-terminus using chemical degradation (Section 2.3.1) in the fashion described in [21].

3 Review of Light Microscopy Modalities

A light-microscopy-based protein sequencing technology could be used either ex situ or in situ,
depending on the instrumentation. (We neglect the in vivo case, since any widespread modifica-
tion of protein side chains would inevitably introduced unacceptable toxicity). In the ex situ case,
there is a great deal of control over the placement and density of individual molecules, permitting
standard diffraction limited optics to be used. If the protein is to be sequenced in situ, the crowded



environment of cells or tissue necessitate the use of super-resolution methods to resolve the indi-
vidual molecules. An attractive optical protein sequencing technology would ideally be compatible
with one or more of these methods.

3.1 Diffraction limited optics

A collection of densely spaced fluorophores, such as what one may find for a sample of labelled
proteins fixed to a surface (or, in general, a biological specimen of interest), can be well-modeled
in one dimension by a diffraction grating with a spacing d equal to the fluorophore-to-fluorophore
distance. This arrangement will produce a series of diffraction orders (Young’s fringes) which,
after refraction by a lens, will produce an image that is their diffraction pattern (Figure 1). The
microscope aperture must therefore be wide enough to admit at least the zeroth and first orders of
the grating (or else periodicity will be absent and the existence of multiple point sources cannot be
inferred). This corresponds to a requirement of (from the diagram) sin(6;) = A\/d < sin(a) or, for
a given aperture, a minimum grating resolution of

A

sin(a)

(1)

This is the Rayleigh limit. In practice this can be improved by a factor of two (since only
half the first order fringe need be collected to construct the diffraction patter), and that gives the
well-known Abbe diffraction limit of:

dmin =

A A
= (2)
2nsin(a) 2NA
where NA = nxsin(a) is the numerical aperture of the lens. This is a fundamental physical
limit on the resolution that can be achieved by conventional microscopy, and microscopies

that circumvent this limit are referred to as “super-resolution” methods. For a standard 1.41 NA
lens and a 600 nm emitter, a resolution of approximately 200 nm can be achieved[37].

dmin =
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Figure 1: Interference pattern of a diffraction grating. Figure reproduced from [37].

3.2 Stochastic photoswitching approaches to super-resolution

This class of technique includes but is not limited to stochastic optical reconstruction microscopy
(STORM)[38], points accumulation by nanoscale topography (PAINT)[39], and photoactivated
localization microscopy (PALM)[40]. Here, a collection of fluorophores in a diffraction limited
area stochastically switch between bright and dark states such that only a single fluorophore is
typically emitting at a given point in time. The single-fluorophore diffraction patterns (point spread
functions) have a well defined mean position which can be fit by e,g. a gaussian, and by repeatedly
sampling single point spread functions and approximating their means, the emitter’s location can
be localized at an arbitrary position (Figure 2). In practice, since fluorophores photobleach after
repeated measurements, a resolution of 20-30 nm laterally can be achieved.

3.3 Deterministic photoswitching approaches

This class of technique involves photoswitching of fluorophores in a selective rather than stochastic
manner and includes techniques such as stimulated emission depletion (STED) microscopy and
ground state depletion (GSD) microscopy. Here, the emitter is simultaneously excited by a standard
laser and de-excited by a donut-shaped beam. Co-localization of the two beams guarantees that
only a fluorophore inside the well-defined inner region of the donut will emit; if a signal is detected,
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Figure 2: Sub-diffraction-limited localization via stochastic photoswitching. Figure reproduced
from [41].
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Figure 3: Figure reproduced from [43].

the fluorophore is within the donut hole. By scanning the two beams across the sample a super-
resolution image can be reconstructed. In this approach, lateral resolutions on the order of 30 nm
can be achieved[42].

3.4 Structured illumination approaches

This class of technique involves overlaying line patterns (structure) on the sample. The emitted
light will thus be the product of the sample emitter distribution and the structured light, and this
product will contain moire fringes which contain additional high-frequency information (Figure
4). The information can be processed to yield additional information about the sample, in practice
extending the microscope resolution by about a factor of two (approx. 150 nm lateral resolution)[44].
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Figure 4: Additional information contained in Moire fringes. Figure reproduced from [44].
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3.5 Physical Expansion
In contrast to the techniques presented so far, one approach to super resolution involves engineering
the sample rather than the microscope. Here, the sample is embedded in a swellable hydrogel

polymer matrix. After fluorophore transfer to the matrix, the sample is homogenized and the
hydrogel is swollen via dialysis activation of the polyelectrolyte effect (Figure 5. Samples swollen
by a factor of 4.5 in linear dimension have been reported, resulting in an effective resolution of 300

Figure 5: Swellable polymers in Expansion Microscopy. Figure adapted from [45].

nm / 4.5 = 65 nm[45].
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4 Analysis

As we have stated in Section 2.5, we seek to make single molecule measurements of (1) exogenous
labels in the form of (2) fluorescent reporters conjugated to amino acid side chains that are
detected by (3) light microscopy. We will refer to a particular sequence of fluorescent reporters
as an m-color barcode of length n, where we use color interchangeably with a particular labelled
amino acid and we count labels from the N-terminus. For example, if we label the amino acids E
and Y in the sequence MYTARGETPRQTEIN, we would get “YEE,” a 2-color barcode of length
3.

We will now explore the “code space” for this arrangement. Specifically, we would like to
ask, given a particular instantiation of (1), (2), and (3), which proteins can be uniquely identified
from a given pool. We will assume our pool is the UniProtKB/Swiss-Prot canonical human
proteome [46], which is a hand-annotated set of all proteins known to be expressed by the canonical
human genome (i.e. one representative protein for each gene). We will neglect protein isoforms and
post-translational modifications in our analysis, but this additional diversity should be considered
in a future work. We thus have a pool of approximately 20,000 protein sequences to analyze.

4.1 Information in the human proteome

If we are to construct a coding scheme for the human proteome, which we will call X our first
question should be: what is the entropy H(X) of the human proteome? We can easily find an
upper bound for this value if we assume that we have no a priori knowledge about the likelihood
of observing a particular sequence xz. Then, we will maximize the entropy function

H(X) =~ p(z)log2p(x) 3)
zeX
There are N =20139 proteins in the 03-15-16 release of the UniProtKB/Swiss-Prot human
proteome, so p(z) = 1/N and we find that

H(X) = 14.29 = 15 bits/protein (4)

So, we will need at least 15 bits of information in our fluorescent barcodes in order to uniquely
identify a protein; in fact, this is just a restatement that 24< N < 215, We reiterate that this is
the worst case estimate when H(X) is maximized; a less naive but more strenuous approach can
take into account protein frequency (structural proteins will, for example occur more often than
functional ones). This could be realized on a whole-organism level by shotgun methods or in a
more nuanced manner by in-situ methods.

4.2 Information in 2-color barcodes

Given an m = 2 color barcoding scheme, how much information can we expect to extract from
individual proteins, and will it exceed the average of 15 bits required for unique identification? We
will in this section examine several figures of merit ultimately summarized in Table 1.

4.2.1 Average information from amino acid frequencies and protein lengths

One way we can approximate this is from examination of the proteome’s length distribution and
amino acid frequencies. The length distribution is shown in Figure 6. The canonical human
proteome is composed of approximately 107 amino acids, and their frequency distribution is also
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Figure 6: Left: Distribution of protein lengths (number of amino acids) in the human proteome.
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characterized in Figure 6. The first distribution yields an average protein length of (I) =561 amino
acid residues. Combining this information with the information in the second distribution we can
make rough predictions regarding the expected information in a two-bit barcode. Taking the two
most frequently occurring amino acids, L and S, occurring with frequencies fr and fg, the average
number that occur per protein will be (LS) = (fz + fs)(l) or 102 L and S residues. Similarly, for
the least frequent residues, M and W, we have (MW )= 18. Therefore, to a first approximation,
we have between 18 and 102 bits to form our barcode with, and this is sufficient, on average, to
meet the minimum barcoding requirement of 15 bits/protein regardless of the two colors chosen.
However, it is evident from Figure 6 that there is a long tail of protein lengths which suggests that
reliance on average information is of dubious value.

4.2.2 Accessible 2-color barcodes

We can construct all 2-color barcodes for the human proteome for several representative colors
(without yet making any statements about uniqueness of barcodes) and examine their length dis-
tributions. If we call IV; the number of proteins of length [, and we call N;" the number of uniquely
possible m-color barcodes of length [, it will be impossible to uniquely identify all proteins when
the condition

Ny

N

This condition is indeed met for small [ and is plotted alongside their distributions (Figures 7,

8, 9). Here we find that virtually all LS barcodes are of sufficient length to uniquely identify their

proteins, whereas 89.9% and 59.4% of CK and MW barcodes are of sufficient length to uniquely
identify their generating proteins, respectively, to uniquely identify their generating proteins.

>1 (5)
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4.3 Uniquely identifiable proteins for 2-color barcodes

Of the barcodes which can in principle uniquely identify their generating proteins, how often does
this in fact occur instead of a barcode collision? The number of barcodes with a unique parent
protein, Ny, is compared to the total number of proteins in the proteome, N. We define uniqueness
in this idealized model as

Ny

U:ﬁ (6)

Here, we examine all 202 possible pairs of colors (Figure ??). Discarding the diagonal, we
find that indeed a 'LS’ fingerprint maximizes the number of uniquely identifiable human proteins
(97.9%) while a "MW’ fingerprint minimizes the number of uniquely identifiable human proteins
(57.9%). If we consider only fingerprints with tractable synthetic strategies 'CK’ fingerprint, we
find that 86.4% of human proteins are in principle uniquely identifiable. These values differ only
slightly from the estimates presented in Section 4.2.2, implying that the majority of unidentifiable
proteins are indeed of smalll and that there are few collisions once the space of possible barcodes
becomes large.

4.4 Summary

The conclusions of this section are summarized in Table 1.

Barcode fraction estimate LS barcode MW barcode CK barcode
Sec. 4.2.1: average AA frequency ((fr + fs)(l)) 100% 100% 100%
Sec. 4.2.2: accessible fraction (K,V—l,% >1) 99.9% 59.4% 89.9%
Sec. 4.3: uniquely identifiable fraction (U = %) 97.9% 57.9% 86.4%

Table 1: Summary of proteome barcode estimates for three representative pairs of colors.
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5 Conclusions and Future Work

We have shown that, in principle, a large fraction of the human proteome is amenable to single-
molecule optical readout using two-color barcodes. In this analysis, between 57.9% and 97.9% of
the human proteome can be uniquely barcoded depending on colors chosen. If colors with tractable
labeling strategies are chosen, > 86.4% of the proteome is still uniquely barcodable. Future work
may want to examine additional colors to determine what additional gains may be realized.

However, this analysis does not take into account the significant technical difficulties involved
in practically realizing such a scheme. The inevitable insertions, deletions and transpositions which
would result from imperfect labelling and degradation efficiencies or photobleaching, for example,
will expand the space of observable barcodes and cause collisions. Future work may seek to, for
example, simulate the space of possible barcodes in a fashion similar to [21]. We have nonetheless
established an upper bound on the problem.
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