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Abstract

The Consortium for Top-Down Proteomics (CTDP) proposes a standardized notation, ProForma, 

for writing the sequence of fully characterized proteoforms. ProForma provides a means to 

communicate any proteoform by writing the amino acid sequence using standard one-letter 

notation and specifying modifications or unidentified mass shifts within brackets following certain 

amino acids. The notation is unambiguous, human-readable, and can easily be parsed and written 

by bioinformatic tools. This system uses seven rules and supports a wide range of possible use 
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cases, ensuring compatibility and reproducibility of proteoform annotations. Standardizing 

proteoform sequences will simplify storage, comparison, and reanalysis of proteomic studies, and 

the Consortium welcomes input and contributions from the research community on the continued 

design and maintenance of this standard.

Graphical abstract

Keywords

standard; proteoform; human readable; machine readable

INTRODUCTION

With the advent of top-down proteomics, it is increasingly possible to identify and 

characterize intact proteins in complex biological samples. These fully characterized 

proteins are known as proteoforms1 and are defined forms of a protein with a specific set of 

amino acids and localized post-translational modifications (PTMs). Proteoforms are 

differentiated from one another by two aspects. The first is amino acid variations at known 

positions and includes amino acid insertions, substitutions, deletions, and alternative splicing 

isoforms. Such changes can lead to significant changes in the biological function of the 

protein.2,3 Proteoforms may also be differentiated from one another by variations in the 

positioning and types of PTMs. These chemical changes play key roles in cell signaling4 and 

other cellular functions, making the analysis of PTMs and PTM localizations critical for 

understanding biological systems.

Exchanging protein information is a common issue in all subfields of proteomics. 

Fortunately, exchanging unmodified protein sequences is a remarkably simple task using the 

IUPAC one-letter notations for amino acids.5 For example, the FASTA format allows 

exchanging a protein sequence along with unstructured metadata in the header. More 

detailed information, such as localized PTMs and sequence variations, can be exchanged 

using a variety of file types (e.g., VCF6 for DNA sequence information or the UniProt7 

XML formats). Recently, there has been interest in standardizing the description of 

proteoforms. One such strategy, the Protein Ontology (PRO) approach,8 uses a single protein 

database (e.g., UniProt) protein accession identifiers as the foundation for describing 

sequence variations and PTMs. However, there has been no standardized notation for writing 

fully characterized proteoform sequences (Figure 1A), and we believe that establishing a 

standard that builds upon the simplicity and flexibility of the IUPAC one-letter notation will 

have a positive impact on the field.
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Having a common notation promotes reproducibility and compatibility between 

bioinformatic tools and promotes clear understanding and interpretation. To be successful, 

the notation should meet five requirements: (1) it should provide an unambiguous 

description of the proteoform; (2) it should be human readable, that is, it should be suitable 

for display in written document or presentation; (3) it should be machine parsable; (4) it 

should contain the complete amino acid sequence of the observed proteoform; and (5) it 

should specify the location and type of each modification.

The Consortium for Top-Down Proteomics is a nonprofit organization that promotes the 

field of top-down proteomics. (More information on the CTDP can be found at http://

www.topdownproteomics.org.) The Executive Committee of the CTDP formed a working 

group charged with developing a standard notation for exchanging proteoform information. 

Presented here are the results of this effort.

METHODS

The working group met weekly via conference calls and shared ideas over several months in 

late 2016 and early 2017. A draft of the ProForma notation was completed and socialized via 

GitHub. This proposal was then presented to the attendees of the 2017 ASMS Workshop on 

Top-Down Proteomics and the 2017 EuBIC Winter School.11 In all cases, the public was 

encouraged to contribute comments and suggestions for improving the notation.

We recognize that this notation is neither perfect nor final, and we hope all interested 

researchers will contribute to this project. As with other standards, changes will be needed to 

accommodate changing technology and interests. Therefore, the notation is versioned, with 

subsequent versions replacing or expanding the notation as required. Version 1.0 is 

announced here. Future versions will be released from by the CTDP Executive Committee 

as needed and will be available online at https://topdownproteomics.github.io/

ProteoformNomenclatureStandard/. Proposals for changes or new features can be requested 

via the GitHub framework or by contacting one of the authors.

RESULTS

ProForma Notation

The notation standard consists of a series of rules for writing (using ASCII characters) a 

proteoform sequence including modifications. The base amino acid sequence of the 

proteoform should be the observed sequence or represent a hypothesized sequence; this 

strategy intrinsically represents sequence variations. In the case of experimental proteoform 

observations, amino acids that were not observed are excluded from the proteoform 

sequence. For example, N-terminal methionine (M) cleavage is simply noted by omitting the 

terminal methionine in the sequence.

Protein repository accessions, such as UniProt or Refseq accessions, are explicitly avoided 

in lieu of providing the complete amino acid sequence of the proteoform. This is because the 

complete amino acid sequence is fully portable, with no need of reliance on outside 

organizations or databases to provide the necessary sequence details. We consider linking 
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proteoforms to protein accessions as an option and not a requirement. The notation is based 

on seven rules, which are outlined in the following text.

Rule 1: The base sequence of the proteoform is written using the IUPAC capitalized 

single-character amino acid codes.5 Selenocysteine is assigned to the character U, 

and pyrrolysine is assigned to the character O in updated standards.9,10 Ambiguous 

characters, such as J, B, and Z, may be used. According to the standard: “B is 

assigned to aspartic acid or asparagine when these have not been distinguished. Z is 

assigned to glutamic acid or glutamine.” ProForma is intended for writing fully 

characterized proteoforms, and so X is forbidden because according to the standard, it 

“means that the identity of an amino acid is undetermined, or that the amino acid is 

atypical.”

Rule 2: Tags denoted by square brackets are used to signal information regarding a 

modification. These tags are placed after the character representing the modified 

amino acid. Multiple modifications of the same amino acid are described by 

successive square bracket pairs.

Rule 3: Tags contain descriptors that take the form of key–value pairs, where the key 

and value are separated by colons. The key indicates the type of the descriptor. To 

simplify the notation in several common use cases, descriptors may have implied 

keys that do not need to be written out, as described in Rules 5 and 6.

Rule 4: Multiple descriptors can be placed in a single tag, provided they are 

separated by pipe symbols.

Rule 5: Five types of keys are supported by the notation standard: Modification 

Name, Database Accession, Mass, Chemical Formula, and Additional Information. 

The use of each is detailed below. Some descriptors do not require a key, usually in 

cases where it improves readability. A key must be present in a descriptor if it is 

classified as mandatory, but an optional key may be omitted.

A. Modification Name—Several commonly used sources of protein modification names, 

such as existing controlled vocabularies or ontologies, can be used to specify modifications: 

Unimod,12 UniProt,7 RESID,13 PSI-MOD,14 and BRNO.15 Modification names must come 

from specific fields from these databases: Unimod – Interim Name; UniProt – ID; RESID – 

Name; PSI-MOD – Short label; or BRNO notation. (This small set of symbols is commonly 

used for histone PTMs, e.g., ph, me1, ac.) In contrast with the other descriptors, the key for 

this type of descriptor, “mod”, is optional. If it is not used, then the standard assumes 

Unimod Interim Names are used (http://www.unimod.org/modifications_list.php). When 

specifying a modification using a database other than the Unimod, the database name must 

be provided in parentheses following the modification name (See Figure 1B). Placing the 

database name after the modification name improves human readability.

B. Database Accession—Modification databases contain unique identifiers for each 

modification. These accessions can be used to specify modifications in proteoform 

sequences. This type of tag consists of an accession following the database name as a key: 
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Unimod, UniProt, RESID, PSI-MOD, UniCarbKB, and the PRO Ontology. The current 

CTDP recommendations and Web sites for these databases are in Table 1.

C. Mass—Mass differences are often characteristic of specific modifications. However, 

experiments are increasingly capable of revealing unidentified mass shifts.16–18 These 

unidentified mass shifts can be specified in Daltons following the mandatory key “mass”. 

Any precision may be used for these specifications (see Figure 1B). A positive mass shift 

can be specified either with a plus sign or without a sign. Negative shifts must be specified 

with a negative sign. The mass shift is assumed to be observed, neutral, and monoisotopic 

unless there is an “info” tag (below) explaining otherwise.

D. Chemical Formula—Chemical formulas of modifications may be specified following 

the mandatory key “formula”. Formulas must use Unimod symbols (http://www.unimod.org/

masses.html) and follow the Unimod composition rules (http://www.unimod.org/

fields.html). The formula is displayed as a string of atomic symbols in any order (C, F, H, 

etc. are here symbols for elements within this descriptor, not one-letter codes for amino 

acids), and each symbol is optionally followed by the count of that atom in parentheses. The 

number of atoms may be negative, and if no number is specified, then the number of atoms 

is assumed to be 1. Isotopes are specified by the nucleon number preceding the atomic 

symbol (e.g., 13C).

E. Additional Information—All other information can be specified using unstructured 

text following the mandatory key “info”. The added text may not contain the pipe character. 

We expect this tag will commonly be used for the development of new descriptors. It is 

included to allow the maximum utility of this system.

Rule 6: To simplify sequences that use many tags with the same key, sequences may 

be prefixed with a single key followed by a plus sign (see Figure 1B). This prefixed 

key defines every tag in the sequence. This option can only be used when there is one 

key in the sequence.

Rule 7: Proteoforms may contain N- and C-terminal modifications. These 

modifications are specified with a tag describing the terminal modification, separated 

from the sequence by a dash to the left of the N-terminal amino acid or a dash to the 

right of the C-terminal amino acid.

Definitions

Important terms for this standard are defined in Table 2.

Best Practices

It is possible to write proteoforms following the above rules that are not easily human 

readable. Rather than creating rules that force sequences to be human readable, at the 

expense of machine parsing, best practices were adopted. These practices are not required 

within the ProForma standard but rather are encouraged when possible. Particular emphasis 

should be placed on human readability when using this notation in scientific publications. 
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Figure 1C provides several examples of best practices and one sequence that is problematic 

for human readability.

Several recommendations for writing clear sequences are as follows:

1. In a pipe-separated list, the most descriptive element should be placed first to 

improve human readability. Consequently, if the identity of a modification is 

known, it should be listed first (preferably Unimod interim names without the 

“mod” key). This improves the clarity over listing only masses or accessions. 

Example (i) of Figure 1C demonstrates this principle, with the placement of 

modification names before mass tags.

2. Prefix tags (see rule 6) should be used when there is only one element in the tag. 

The recommended use of these prefix tags is shown in example (ii) of Figure 1C. 

Otherwise, human readability is compromised: In the following example, the 

descriptors “1” and “21” inherit the Unimod key from the prefix tag, but they 

lack the clarity of the other key-value pairs and could cause confusion for a 

reader: [Unimod]+SGRGK-[mod:Acetyl|1|mass:42.010565] 

QGGKARGAVLLPKKT[21]-ESHHKAKGK.

3. Spacing before and after each descriptor is arbitrary and should be appropriately 

added to improve readability. Example (iii) of Figure 1C demonstrates this 

principle.

4. Unknown modifications are best described by their mass shifts and marked as 

unknowns, as displayed in example (iv) of Figure 1C.

DISCUSSION

This work presents a short set of rules named ProForma for researchers to write fully 

characterized proteoform sequences in an unambiguous manner, either by hand or through 

bioinformatic solutions. Proteoforms written in this way can be read by humans and parsed 

by software, thus simplifying the storage, retrieval, and comparisons of proteoforms revealed 

in proteomic studies.

The ProForma project arose from researchers at several laboratories who collectively 

recognize the need for this notation. The working group was careful to create a standard that 

is generalizable because a multitude of solutions could be presented to address this need. 

However, it may not address every need of the top-down proteomics community and the 

proteomics community in general. One such example is the need to specify modifications 

with ambiguous localizations. This need and others will be resolved in what we hope to be 

vibrant discussion on the ProForma Web site (https://topdownproteomics.github.io/

ProteoformNomenclatureStandard/). In addition, researchers who find this standard does not 

meet the needs of specific bioinformatic tools are encouraged to provide such information. 

These comments and suggested changes will be considered for future versions of the 

standard.
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Figure 1. 
Proteoform notation introduction, rules, and examples. (A) Proteoforms are composed of 

specific amino acid sequences with modifications at known positions along the sequence. 

This work presents a standard proteoform notation for writing these sequences in a flexible, 

human-readable way. (B) Brief examples for the seven current rules for specifying 

proteoform sequences. (C) Examples and explanations of best practices for writing human-

readable proteoform sequences.
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Table 1

Currently Supported Modification Databases

database name
CTDP
recommendation URL

Unimod default http://www.unimod.org/modifications_list.php

UniProt recommended https://www.uniprot.org/docs/ptmlist

RESID recommended http://pir.georgetown.edu/resid/resid.shtml

PSI-MOD recommended http://www.ebi.ac.uk/ols/ontologies/mod

UniCarbKB acceptable http://www.unicarbkb.org/

PRO Ontology/NCBI acceptable http://pir.georgetown.edu/pro/
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Table 2

Terms Defined for This Standard

term definition

descriptor Member of the tag. Could be a key-value pair or a keyless entry.

human readable A strong emphasis is placed on human readability for proteoform names. Proteoforms should be named in a manner that 
allows general audience members to know exactly the sequence of amino acids and the positions of any modifications, 
described in as accurate detail as possible.

key An optional element of a descriptor that specifies the descriptor type. It must be followed by a colon and a value.

machine readable Adherence to the conventions described above should facilitate the creation and utilization of generic parsers so that 
proteoforms can be exchanged between users using a computer interface.

modification Includes the addition and subtraction of specific atoms, atom combinations, and/or masses at a specific residue in a 
proteoform.

tag The specified way of writing a localized modification. Everything between “[” and “]” (inclusive). A collection of 
descriptors.

value Contents of a descriptor, such as the mass, chemical composition, or modification name.
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