
IDBEST™ FOR PROTEIN ISOFORM
DISCOVERY AND CHARACTERIZATION

Mass spectrometric (MS) proteomic methods provide the ability to identify proteins from the primary 
sequence that is not accessible by other proteomic methods (e.g., gels and immunoassays). Global MS pro-
teomic profi ling methods—such as multidimensional protein identifi cation (MudPIT) and solid phase or
retentate chromatography (Ciphergen ProteinChip®)—involve separating, quantifying, and identifying as many 
differentially-expressed proteins as possible from a tissue sample.  These open methods have proved useful 
for some biomarker discovery applications, where the research objective is to fi nd hitherto unknown proteins 
involved in a disease state[1]  or toxicological reaction.[2]

Growing Importance of Protein Isoforms as Biomarkers

Current immunoassay (IA) diagnostic methods are often limited to quantifi cation of the up- or down-reg-
ulation of the total protein (sum of all isoforms).  Current breast cancer biomarkers, such as kallikrein 3 (PSA)[3]  
and basic fi broblast growth factor (bFGF)[4]  alone and in combination,[3] are not 100% diagnostic or prognostic, 
still leading to both false positive and false negative diagnoses.  Any one biomarker may not be completely
reliable for the diagnosis or prognosis of breast cancer because immunoassays (IA) may miss important 
molecular-level information (e.g., mutations, splice variants, and post-translational modifi cations [PTMs]) that 
does not affect the epitopes targeted by mAb.  For example, Peracaula and coworkers[5] recently showed that 
the relative abundance of a specifi c isoform of PSA may be more diagnostic of prostate cancer than the current 
FDA-approved total and free PSA ratio assay.    In another example, it has been shown that the surface marker 
CD44 plays a role in cell-matrix interactions in breast cancer.[6]   Of the breast carcinomas studied, 44% were 
positive for CD44 by reaction with an mAb; however, only one isoform of this marker, CD44v3, was signifi cantly 
correlated with the presence of metastases to lymph nodes.[6]  Therefore, unless an mAb is raised against 
every mutation, splice variation, or PTM, many of which are currently unknown, it would be impossible to detect 
all molecular-level protein variations by IA alone.  MS detection uniquely allows post-translational modifi ca-
tions and mutations (often unnoticed in immunoassays) to be detected, increasing the clinical relevance of the 
biomarker.
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Enrichment of Low Abundance Biomarkers

However, a major issue in global proteomic methods is the limited dynamic range of the detection meth-
ods (Figure 1).  Proteins exhibit a very wide dynamic range in concentrations, from 105 in bacterial cells,[7]  to 
between 107 and 108 in human cells,[8]  to at least 1012 in plasma.[9]   Since there is no technique to amplify low 
abundance proteins, comparable to polymerase chain reaction (PCR) for nucleic acids, both gel and MS global 
profi ling methods often fail to detect clinically-relevant low abundance proteins.[10]   The dynamic range in MS 
is only about 102-103 between the highest abundance peak and the limit of detection.  When coupled with other 
pre-fractionation methods (e.g., LC or high abunance protein depletion methods) global profi ling methods have 
barely reached the upper range for known clinically-validated biomarkers (Figure 1).  For example, MudPIT 
global proteomic characterization of nipple aspirate fl uid (NAF) has been reported for the healthy breast,[11]  no-
tably failing to reveal kallikrein 3 (PSA) in healthy NAF.  Yet, immunoassay (IA) studies of NAF show that PSA 
is in signifi cant concentration in the healthy breast and down-regulation of PSA levels are highly correlative to 
breast cancer.[12]

This dynamic range issue can only be addressed through the application of targeted proteomic (closed) 
methods, such as immunoassays (IAs).  Because peptides resulting from the antibody cannot be distinquished 
from peptides arising from the target protein in the mass spectrum, it has hitherto been extremely diffi cult to 
couple to mass spectrometric detection methods to IA (or other baiting strategies) for enrichment of lower 
abundance biomarkers. Affi nity enrichment-MS approaches have been successfully applied at the intact pro-
tein level (top-down proteomics).[13-17]   but have not been quantitative unless coupled to an additional assay
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assay technique (e.g., surface plasmon resonance, SPR).[18-19]    However, by using mass defect tags (Box A) 
TDI has fi nally enabled affi nity enrichment-MS assays.  The mass defect element shifts the position of tagged 
peptide peaks at least –0.1 amu in the mass spectrum from the position of any untagged peptides, allowing 
peptides arising from the target protein to be readily discriminated.
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Figure 1.  Sensitivity and resolution limits of 
current global proteomic profiling methods.  
The solid bars denote the limits without 
sample pre-fractionation or high abundance 
protein depletion.  The dashed bar denotes 
extensions of the dynamic range possible 
with sample pre-fractionation or high abun-
dance protein depletion techniques.  aThe 
concentration range for current FDA-ap-
proved plasma diagnostic assays is adapted 
from data provided by Anderson and Ander-
son.8  bThe limits of clinical relevance are 
calculated based on one protein copy in the 
volume of a mammalian cell (≈ 10-12 L)
or one copy per mL of plasma.  cOne di-
mensional proteomic analysis assumes MS 
of tryptic peptides with no pre-separation.  
dMulti-dimensions of proteomic analysis

assumes a one to three stages of chromatographic separation (e.g., His- or Cys-tag enrichment, followed by reverse phase and 
strong ion exchange chromatography).  eThe term isoform includes splice variants, mutations and post-translational modifications.  
The colored bars denote the current detection or resolution limits adapted from Kenyon et al.10

High Precision Quantifi cation with Stable Isotope Ratio MS 

Proteomic methods that do not utilize internal standards, however, often lack the desired precision 
because of protein recovery differences during sample preparation, this is magnifi ed in MS methods because 
of differences in ionization effi ciency between samples.  Difference gel electrophoresis (DIGE),  marketed by 
Amersham Biosciences (a division of GE Healthcare), addresses the recovery variability problem by using two 
different fl uorescent tags, one for the control (or internal standard) and one for the diseased tissue sample, 
which are mixed and co-separated in a 2-D gel.  Stable isotope tagging methods (Box B) are the mass spectro-
metric equivalent of DIGE.
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Box A:  The Mass Defect

While an element is defined by the number of nucleons (protons and neutrons) contained in its nucleus, when these 
nucleons come together to form an atom some energy is liberated due to the efficiency of packing these nucleons together.  The 
amount of energy liberated depends on the number of nucleons packed together into the nucleus and differs for every element 
and isotope of an element in the periodic table.  From Einstein’s theory of relativity, this nuclear binding energy has a mass 
equivalent.  Therefore, each element of the periodic table has an actual mass that differs slightly from its mass expected based 
on the number of nucleons that comprise its nucleus (Figure 2).  By convention, this mass defect is defined as zero for 12C and 
the mass defect of all other elements are scaled to this standard. 

almost –0.1 amu from that of 12C, which is easily resolvable in today’s high resolution time-of-flight (TOF) and Fourier Trans-
form (FT) mass spectrometers.  When a mass defect element (e.g., Br) is used to tag a protein, the resulting protein or tagged 
peptides resulting from the protein are effectively shifted by –0.1 amu from any untagged proteins or peptides in the mass 
spectrum.[1]  With sufficient mass spectrometric resolution, mass defect tagged peptides can be quantitatively deconvolved from 
non-tagged peptides.  This principle forms the basis of IMLS,[2-5] a top-down sequencing method.  When stable isotopes are used 
in conjunction with a mass defect element in the tag this forms the basis of isotope-differentiated binding energy shift tags (ID-
BEST).[1, 5]  Most of the transition and lanthanide series metals also impart a mass defect to tags that contain them as chelates, 
such as:  element-coded affinity tags (ECAT),[6] and metal-coded affinity tags (MeCAT).[7]  The effectiveness of mass defect tags 
has been independently corrobarated by several groups.[6-9]
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Figure 4.  The periodic table of the ele-
ments presented in mass defect relief.  The 
mass defect of the most abundant stable 
isotope of each element is shown based on 
the [12C] = 0 mass defect standard.

Elements commonly found in 
biomolecules (e.g., C, H, N, and O) have 
negligible mass defects.  However, the mass 
defect of elements with atomic numbers 
between 35 (Br) and 63 (Eu) differs by
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Box B:  Stable Isotopes

Normally, an element has a equal number of protons and 
neutrons.  However, when extra neutrons are found in the nucleus 
of an element, this is referred to as an isotope of the element, and 
the mass of the isotope is increased by the number of neutrons 
added.  For example the normal version of carbon [12C], atomic 
mass = 12.000000 g/mol, has 6 protons and 6 neutrons.  In 
nature, however, 1.1% of all carbon atoms contain an extra
neutron (i.e., have 6 protons and 7 neutrons), atomic mass 
= 13.003355 g/mol, and are designated [13C].  Therefore, the 
formula weight, comprising the weighted sum of all the natural 
isotopes of carbon, is 12.011037 g/mol.

When too many extra neutrons are added, such as 
carbon with 6 protons and 8 neutrons ([14C]), the nucleus be-
comes unstable and the element becomes susceptible to radio-
active decay with the release of either alpha, beta, or gamma 
radiation.  For example, [14C] decays (with a half-life of 5568 yr) 
when one of its neutrons converts to a proton, liberating a high-
energy electron (beta particle) to become [14N], atomic mass = 
14.006763 g/mol (7 protons and 7 neutrons).  The energy of the 
beta particle is related to the mass defect difference between [14C] 
to [14N].  Isotopes that do not undergo decay are  stable isotopes.

Commonly used stable isotopes include:  [13C], [15N], 
[18O], and [2H] (deuterium).  Listings of the most common stable 
isotopes of all the elements and their natural abundances can be 
found in various sources.[1-4]
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Isotope-Differentiated Binding Energy
Shift Tags (IDBEST™)

Stable isotope methods like tryptic diges-
tion with [18O]-water,[21]  global internal standard 
technology (GIST™),[22] and isotope-coded affi nity 
tags (ICAT™),[23] are not easily adapted to affi nity-
MS because the tagged peptides are isobaric with 
untagged species arising from tryptic digest of the 
enrichment probe (e.g., antibody or bait protein) or 
any blocking agents.  However, by incorporating 
a mass defect element into stable isotope paired 
tags (i.e., IDBEST™),   tagged proteins (or the 
resultant tagged peptides) are shifted by –0.1 amu 
in the mass spectrum.[24]  By using stable isotope 
paired tags allows a control to be incorporated into 
every assay, improving the quantitative precision 
of the assay to the sub-10% level. 

IDBEST™ fi nally allows affi nity enrichment 
of low abundance targets in a low cost protein 
microarray, standard microplate, or pipette tip 
chromatography format.  In such protocols the 
IDBEST™ tagged protein and the untagged
capture probe (antibody or bait protein) can be 
digested together and the mass defect tagged 
peptides quantitatively deconvolved from the 
untagged chemical noise peptides in the mass 
spectrum.  The resulting mass defect spectrum 
allows direct comparison of light and heavy tagged 
peptides in the fi rst MS dimension with any 
differentially-displayed IDBEST™-tagged peptides 
trapped and subjected to tandem-MS for identi-
fi cation.  Because only one, or a few, target pro-
teins are recovered from a complex sample by the 
affi nity step, there is no need for additional 
separation of the peptides prior to MS analysis, no 
matter how complex the bait.
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Protein Identifi cation and Top-Down Isoform Characterization

By enabling digestion on the capture surface, and going directly to MS detection, none of the resulting 
tryptic peptides are lost to sample clean-up (e.g., ZipTip™ or liquid chromatographic) techniques.  This pro-
vides a level of protein sequence coverage similar to that of top down proteomic methods (Box C), and allows 
more complete identifi cation of any isoforms that might be present as well as the position of those isoforms 
along the primary protein sequence.  

Previous reports using the mass defect tags in inverted mass ladder sequencing (IMLS™),[29, 25-26] 
show that the mass defect tag survives MS fragmentation processes, allowing tagged peptide fragments to be 
discriminated by the mass defect shift from untagged peptide fragments in tandem MS.  The N- or C-terminal 
protein sequence tag derived from IMLS™ yields almost unambiguous protein identication compared to tan-
dem-MS methods (Figure 2).  This means that the mass defect tag strategy may be readily extended to true 
top-down affi nity-MS proteomics allowing complete isoform identity and characterization of every target protein 
without the need for raising monoclonals against every variation.
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Figure 3.  The ambiguity of protein identification as a function 
of the number of amino acids covered by a protein sequence 
tag.  Bottom-up methods that utilize tandem-MS for sequenc-
ing peptides resulting from any position within the protein 
leave up to 40% ambiguity for human protein assignment.[28]  
Whereas, sequences derived from the N- or C-terminus of 
proteins with top-down methods (e.g., IMLS) less than 7% 
protein assignment ambiguity for human proteins.[26]

Box C:  Top-Down & Bottom-up Proteomics

Mass spectrometric proteomic methods are often divided 
into top-down and bottom-up methods. Most mass spectral 
proteomics analysis involves bottom-up methods because it 
is the most compatible with MALDI tandem-MS applications 
since the single charge state peptides are still small enough to 
be trapped in the second MS dimension for fragmentation.  the 
disadvantage of bottom-up methods are that many peptides 
are not recovered, consequently, they are not seen in the mass 
spectrum, which limits sequence coverage and the ability to 
discern isoforms.

Top-down methods, pioneered by McClafferty, Kelleher, 
and coworkers,[1] involve isolation of a multicharge state of an 
intact protein followed by light fragmention, often by electron 
capture dissociation, to yield a series of overlapping peptide 
fragments.  When the primary sequence of the protein is known 
the fragment ions can be reassembled.  Fragments that do not 
match the expected mass from the primary sequence indicate 
sites of post-translational modifications, mutations, or splice 
variants (isoforms).
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