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Abstract

Top-down proteomics has improved over the last decade despite the significant challenges
presented by the analysis of large protein ions. Here, the detection of these high mass species by
electrospray-based mass spectrometry (MS) is examined from a theoretical perspective to
understand the mass-dependent increases in the number of charge states, isotopic peaks, and
interfering species present in typical protein mass spectra. Integrating these effects into a
quantitative model captures the reduced ability to detect species over 25 kDa with the speed and
sensitivity characteristic of proteomics based on <3 kDa peptide ions. The model quantifies the
challenge that top-down proteomics faces with respect to current MS instrumentation and projects
that depletion of 13C and 1°N isotopes can improve detection at high mass by only <2-fold at 100
kDa whereas the effect is up to 5-fold at 10 kDa. Further, we find that supercharging
electrosprayed proteins to the point of producing <5 charge states at high mass would improve
detection by more than 20 fold.

Introduction

In recent years, mass spectrometry-based proteomics for the analysis of whole protein
molecules (i.e., no proteolysis) has realized major improvements in the number of
identifications and characterizations resulting from a single LC-MS run®: 2, Front-end
separations! 3-7, back-end computational tools8: © and more advanced instrumentation® have
been largely responsible for these improvements. In our laboratory, mass spectrometric
instrumentation now stands as a major barrier to further advancing top-down methodologies.
Here, we study how the challenge presented by electrosprayed protein ions scales with
molecular weight and extrapolate our findings to prioritize the research directions that would
be most likely to result in improvements of proteome coverage for top-down proteomics of
complex mixtures.

Mass spectrometers are all limited to varying extents by the number of charges that can be
analyzed simultaneously. As protein (peptide) masses increase, the number of channels
amongst which this “pool” of charge is split also increases. The major channels are a result
of an increased number of charge states (from Electrospray lonization, ESI) as well as heavy
isotopes at higher precursor mass. Further, the potential for interfering species as well as
solvent adduction also increases with mass. All of these channels split the fixed number of
charges present in a single scan and hinder detection at high mass.
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High mass species, even if detected, may still suffer when analyzed by common data
reduction algorithms. In nearly all cases, data is analyzed via the use of THRASHZC or
deconvolution!1-13, Analysis of resolved isotopic distributions of intact or fragment ions to
<1 Da accuracy relies on a close match between the experimental and theoretical datal4 1°.
For small molecules, this condition is easily met not only because the charge pool is split by
so few species but also because the charge states are low. Charge is drawn from the charge
“pool” in quantized amounts that correspond to the charge state of the species being
populated. If the charge pool is sufficiently split and the charge states of the species present
in the spectrum are sufficiently high, single ions become visible as quantization in the
intensities of species present in the spectrum. This quantization may result in large
deviations of observed peak intensities from ideal isotopic distributions in a single scan,
rendering algorithms such as THRASH susceptible to discontinuous errors (integers of 1
dalton) or even unable to assign mass values reliably. Thus, averaging of spectra or
summing of transients becomes necessary for mass assignment to <1 Da and robust protein
identification.

Top-down proteomics typically utilizes high-resolution instrumentation to make protein/
peptide identifications from an accurate precursor mass coupled with isotopically resolved
fragment ions. In general, this limits top-down proteomics to time-of-flight (TOF) and
Fourier transform-based (FT) instruments. As Hofstadler et al. demonstrated, isotopes
generate beat patterns in the transients of FT-based instruments'6. The increasing number of
isotopes present at higher mass results in the isotopic beats becoming more narrow and
spaced further apart in the time domain. Thus, these species are fundamentally more difficult
to detect in FT-based instruments. TOF instrumentation relies on micro channel plate (MCP)
or secondary emission multipliers (SEM) coupled to analog to digital converters (ADC) or
time to digital converters (TDC). These detection strategies are limited by how quickly the
detection system can recover from the previous detection event and by loss of linearity in
detection efficiency at high mass!’. Thus, while TOF instrumentation is not limited by space
charge considerations, the number of ions that may be analyzed simultaneously is still
limited, making high mass species more difficult to detect. Although these challenges will
not be examined here, they are worth noting.

To our knowledge, there has been little done in the way of an integrated, quantitative
treatment of the factors affecting signal-to-noise values in mass spectrometry of multiply
charged protein ions. We therefore constructed a model that describes the reduction in
signal-to-noise with increasing mass to both describe the challenges that instrumentation for
top-down proteomics faces and direct future research. The model derived here relies on one
central concept: a fixed number of charges are used during a single scan in a trapping
instrument (i.e., QLT, ICR, Orbitrap). Therefore, the channels amongst which this charge is
distributed must be considered.

Experimental

Isotopic Distributions and S:N Calculation

The algorithm described by Rockwood et al. was used to generate theoretical isotopic
distributions for species ranging from 10 — 100 kDal8. The isotopic distributions were
truncated where the theoretical relative abundance of isotopic peaks fell below 1x10-4%.
The distributions were then scaled to the most abundant isotope and the contribution from
the most abundant isotope to the sum calculated. This percentage was compared to the
number of charges specified for a scan and then converted to S:N by a relationship between
S:N and number of charges. This process was then repeated for each isotopic depletion level
following modification of the algorithm to allow calculation of isotopic distributions under
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depleted conditions. The depleted conditions used were: natural; 99.5% 12C; 99.9% 12C;
99.9% 12C 99.9% 14N; 99.95% 12C; 99.95% 12C 99.95% 14N: 99.99% 12C 99.95% 14N.

Sample Preparation and Mass Spectrometry

Results

5 pmol/ul solutions of Ubiquitin (8.6 kDa), cytochrome C (12.3 kDa), myoglobin (16.9
kDa), carbonic anhydrase (29.0 kDa), and enolase (46.6 kDa) in 40% acetonitrile with 0.1%
acetic acid were directly infused at 4.75 puL/min on a Q Exactive bench top mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany) with 3.2 kV spray voltage,
capillary temperature of 320 °C, 4 units of sheath gas flow and no auxiliary gas flow. The
instrument was operated with an S-lens value of 55 and at a resolution setting of 1,500 (@
m/z 400). All reagents were purchased from Sigma-Aldrich (St. Louis, MO) and used
without further purification.

Effect of Isotopic Peak Distributions

The contribution of heavy isotopes to the top-down measurement challenge can be dealt
with entirely from isotope statistics. Utilizing averaginel®, theoretical isotopic distributions
can be calculated for any precursor mass as well as any isotopic depletion level. If a fixed
number of charges are then distributed amongst the peaks in the distribution, the quantity of
charge present in the most abundant isotope for different masses or different depletion levels
can be used as a measure of the relative signal that would be observed in a mass
spectrometer. As a means of anchoring these relative values, a relationship between S:N and
the number of charges present in a peak must be determined. While this relationship will not
be explored here, Limbach et al. determined this experimentally for a 3 Tesla FT-ICR.
This method assumes only thermal noise is present during detection. Subsequently, Makarov
et al. utilized this method to determine the thermal noise caused by the amplifier of an
orbitrap to be equivalent to 20 charges. However, the relationship determined by Limbach et
al. provides a more conservative estimate of sensitivity for the purposes of this study. Thus,
the S:N ratio may be related to the number of charges by the expression:

Number of Charges=59 x (S:N) (1)

Utilizing this relationship, the number of charges present in the most abundant isotope may
be expressed as S:N. Thus, the relationship between protein mass and S:N for any number of
charges may be derived. This was performed for 1 million charges and the result is shown in
Figure 1 below.

The reduction in S:N due to the presence of heavy isotopes of carbon, hydrogen, oxygen,
nitrogen, and sulfur follows the relationship:

1

S:N x
Vmass 2)

This behavior is expected. At higher mass, the S:N reducing effect of heavy isotopes
becomes less dramatic because the additional isotopes contribute less to the total ion current
than at low mass. This relationship shows a greater than 4-fold reduction in S:N from a 1
kDa to a 20 kDa species simply from the addition of isotopic peaks with increasing mass. It
should be noted that, despite the negative effects on S:N, isotopic distributions at high mass
have been considered for their possible analytical utility previously2C.
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Utilizing a similar process, the improvement in S:N as a function of 13C, 15N double
isotopic depletion?l: 22 can be elucidated. Figure 2 demonstrates that at extreme 13C

and 1°N depletion levels, the S:N at 10 kDa is expected to increase by a factor of three.
However, this gain is reduced to a factor of ~2 at 100 kDa. This surprising result can be
understood by considering how isotopic distributions differ for 10 vs. 100 kDa species. At
lower masses, a normal isotopic distribution contains relatively few components when
compared to a distribution at higher mass. When the depletion level is increased, the
heaviest isotopes in the distribution contribute their intensity to the remaining isotopes in the
distribution. Therefore, at higher masses, the charge “depleted” from the heaviest isotopes
still has many channels to be split amongst when compared to the equivalent depletion at
lower masses, resulting in a larger increase in signal-to-noise for lower masses.

Effect of Charge State Distributions

Charge states resulting from ESI also serve to split ion current in a mass spectrometer. The
number of charge states and their distribution as a function of mass is dependent on many
factors. Solvent polarity, pH, ambient pressure, supercharging additives and other
parameters can alter charge state distributions23: 24, Therefore, the relationships between
precursor mass, number of charge states and the distribution of charge state intensities must
be determined experimentally for prototypical examples?®. In this work, proteins from 8.6
kDa up to 47 kDa were used to model the evolution of charge state parameters as a function
of mass. Figure 3 contains experimental charge state distributions normalized to the most
intense charge state. The charge states were numbered in order of appearance (the highest
observed charge state was labeled 1, the next 2, etc.) to eliminate the 1/z spacing of a
standard charge state distribution. Each distribution was then fit by a simple Gaussian of the
form:

5
—(n—w)*
z:e( 202 )

(3)

where n is the charge state number, p is the average charge state and o is the standard
deviation of the charge state distribution. The number of charge states as well as the mean
and standard deviation of the Gaussian as a function of mass can then be derived, allowing
the calculation of a theoretical charge state distribution for any precursor mass. The
following expression is the result of this model:

)
~(n=4.12"10"*(mass)-297)”

chargestate=e' (159104 omso-153)" oy 0<n<|[8.64"10~* (mass) +1] (4)

Charge state distributions can be treated similarly to isotopic distributions. A fixed number
of charges can be distributed amongst the peaks in the distribution based on relative
intensity, enabling the projection of S:N decrease for proteins of all mass values. The model
used here is linear over the range of proteins used to derive it. However, by analogy with
isotopic effects, one would expect the S:N dependence on charge states as a function of
mass to evolve with a dependency like that observed in (2). This relationship is simply not
seen within the mass range examined because the rate of addition of charge states as a
function of mass is much lower when compared to the analogous isotopic behavior. Figure
4 was generated by distributing a target number of charges amongst the peaks in the
predicted charge state distribution as singly charged ions. Again, this was done to eliminate
any bias caused by charge quantization. By comparing Figures 1 and 4, it is evident that
isotopic effects are more dominant at low mass whereas charge states begin to have a greater
effect on S:N over 30 kDa.
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There are now several examples of “supercharging” in the literature26-30, While the results
of these papers are encouraging, the level of supercharging accomplished is not enough to
drastically impact detection of high mass species and, in some cases, overall signal is
diminished by the supercharging additives. However, extreme supercharging holds the
promise of large impacts on the analysis of high mass protein ions. From Figure 4, even if
the charge state distribution present for a 10 kDa protein could be accomplished at 100 kDa,
the benefit in S:N is ~10 fold assuming no overall loss in signal. If the charge state envelope
could be further reduced to 4-5 charge states, the gains in S:N would be ~20 fold at 100 kDa.
This is based on the combined model considering both isotopes and charge states where the
number of charge states was limited to 5 instead of the predicted number of 86 at 100 kDa.

Combined Effects of Isotopes and Charge States

S:N

Using the expressions for charge states and isotopes, the two effects may be combined to
demonstrate the overall performance of an analysis as a function of precursor mass. The
intensities determined from the charge state distribution can be used to scale the
corresponding isotopic distributions. Then, the charges can be distributed amongst all peaks.
The most abundant isotope in the most abundant charge state then defines the S:N of the
scan. Through relation (1), the S:N may be expressed as a function of precursor mass.

Figure 5 may be generated via the evaluation of the following expression:

1 t arg et
* s .
]) sensitivity

n=8.62" 10" (mass)+1 ~(n=4.12"10"*(mass)—.297)"

2(1.59" 104 (mass)-.153)°

(.0647(mass)%*EXP
(5)

n=1

(5) is an empirical expression relating the number of charges utilized in a scan (target) and
the sensitivity of the instrument's detector (see (1)) to the S:N as a function of mass (in Da).
This expression is valid for normal isotopic abundances and standard micro-ESI spray
conditions from 10 — 100 kDa. The upper bound of the sum is to be rounded to the nearest
integer. Within the sum, the expression for the charge state model is again visible (4). It is
multiplied by the isotopic model then summed. Essentially, this is scaling the combined
intensities of the isotopic distributions by the relative intensity of each charge state then
summing over the charge states in the distribution. Since both the charge state and isotopic
models are normalized to one, the peak defining the S:N of the scan will have a relative
abundance of one. Thus, the inverse of the sum is the percent of the total ion current present
in the base peak. Modifying this value by the target value and the sensitivity of the
instrument then results in the S:N for a particular mass. With more complete models for
isotopic depletion and ESI charge state distributions, much of the empirical nature of this
expression can be eliminated.

The commonality in all of these graphs is the marked reduction in S:N that occurs around
20-30 kDa. Despite this, Figure 5 indicates that even species as high in mass as 100 kDa
should theoretically be detectable at a S:N of ~20 in the absence of chemical noise. Thus,
chemical noise further contributes to a loss in S:N.

The effects of isotopic depletion within the combined model may also be explored. Figure 6
demonstrates the reduction in S:N as a function of mass for various isotopic depletion levels
when considering charge states as well. Here, the statement that isotopic effects play a more
dominant role at low mass whereas charge state effects reduce S:N more greatly at high
mass is again demonstrated. For lower masses, extreme isotopic depletion provides even
more benefit to S:N when considered in the context of ESI generated charge states.

Anal Chem. Author manuscript; available in PMC 2012 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Compton et al.

Page 6

However, when moving to high mass, this benefit is again lost when charge state effects
begin to dominate.

Effect of Chemical Noise

The topic of chemical noise is very complex and must be simplified to allow modeling. As a
first approximation, chemical noise can be divided into two categories. Given a totally pure
protein; multimers, solvent adducts and unintended source fragmentation may all contribute
to chemical noise. To this noise is added the complexity of biological heterogeneity.
Multiply charged adduct ions31: 32, non-covalent multimers33: 34, and interfering species all
compete with the protein of interest for charge. Here we assume this type of noise to be
mass dependent. The identity of the second type of noise is related to solvent and analyte
clustering with cations or anions present in the electrospray solution3®. This noise is ever-
present and fairly constant during an analysis. In considering how to model noise, it is
necessary to note that the chemical noise essentially removes an amount of charge from the
initial charge pool. Therefore, a simple linear reduction in the initial charge pool may be
used to align theory with experiment. The y-int would then be the reduction in the charge
pool from the constant chemical noise and the slope would be the linear reduction due to the
charge contained in adducted and interfering species.

Figure 7 contains the S:N curves resulting from various types of noise. For the constant
chemical noise, 50% of the target value was arbitrarily assigned to noise and the curve
regenerated. Thus, the curve is simply half the magnitude of the noiseless case. The
interfering species curve was generated by assuming a slope of 17 charges/Dalton. This
value was chosen so that, in the combined curve, proteins beyond 30 kDa were below
detectable limits. This aligns with the authors’ experience with top-down proteomics
analyses. Following the subtraction of this charge from the target value of 1e6 charges at
each mass, the S:N was again calculated as described previously. The same slope and
intercept were used for the combined curve.

These results may be related to typical performance characteristics of ICR instrumentation.
If one assumes that, during a typical online LC/MS experiment, one million charges results
ina S:N of ~200-400 in a 7 Tesla FT-ICR for ubiquitin (8.6 kDa), then by examining Figure
7, it becomes apparent that chemical noise is severely limiting to detection at high mass. If
the constant chemical noise is adjusted such that the predicted S:N at 10 kDa is 200, species
as high as 100 kDa would still have S:N > 3. However, upon the addition of interfering
species, this situation deteriorates rapidly for high mass species as evidenced by the
combined curve in Figure 7. While the depth of knowledge about the nature and properties
of chemical noise makes a rigorous analytical treatment difficult, the argument presented
here is sufficient to demonstrate the effects of chemical noise on detection at high mass.

A complete treatment of tandem MS is beyond the scope of this manuscript, but fragment
ions will be governed in a similar manner as the effect resulting from additional isotopes.
Increased precursor mass also results in more fragmentation channels. Again, the charge
“pool” will be split amongst all fragment ions present. Further, if charge reduction or neutral
loss become dominant channels, the amount of charge present in the fragment ions may be
greatly reduced due to the charge that remains in these species. Thus, tandem MS presents
yet another challenge to top down proteomics.

From the treatments above, one can see that current instruments should be able to provide
high quality MS1 spectra on proteins up to 25 kDa. However, above 25 kDa, spectral
averaging becomes necessary due to charge quantization and chemical noise. Also, it is
shown here that isotopic depletion by 13C, 15N-double depletion?! improve signal

Anal Chem. Author manuscript; available in PMC 2012 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Compton et al.

Page 7

acquisition by a factor of 5 below 40 kDa and a factor of <2 in the 50-80 kDa regime when
considered with charge state distributions.

The relevance of these findings to biological mass spectrometry can be found in the
distribution of the number of proteins expressed vs. mass in the human proteome. Figure 8
depicts this distribution by plotting all human proteins <140 kDa in the UniProt
Knowledgebase as a histogram. Surely, modifications such as ubiquitinylation,
glycosylation, sumoylation and neddylation will shift this distribution higher, while
endogenous proteolysis will shift it lower. However, it is apparent that the single scan
detection limit of ~25 kDa for isotopic resolved spectra using 1e6 charges ina 7 Tesla
FTICR is severely limiting in terms of whole proteome coverage during LC-MS analyses.
Luckily, spectral averaging serves to increase this limit but comes at the cost of acquisition
time. Thus, dynamic range is reduced in the context of online LC/MS. In fact, identifications
over 25 kDa in our lab are mainly a result of utilizing spectral averaging or unit resolution
for MS1 detection.

When constructing MS instruments, the quantitative models presented here will help guide
instrument specifications. The experimental requirements those, in some aspects, are
drastically different from bottom-up proteomics, position top down proteomics as a major
frontier in the future of mass spectrometer design. While current levels of supercharging and
isotopic depletion in combination can provide large improvements in S: N at high mass,
instruments that can simultaneously analyze a larger population of ions would provide the
greatest and most easily realized benefit to top down proteomics. In addition, separation
strategies capable of eliminating or reducing interfering species will be a top priority to the
future of top down mass spectrometry.
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Decay in S:N Due to Addition of Isotopic Peaks
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Figure 1.

The reduction in S:N for a single isotopic distribution populated by 1 million charges as a
function of increasing protein mass. lons were assumed to have a +1 charge state to
eliminate contributions from charge state distributions created by ESI.
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Improvement in S:N at Various Isotopic Depletion Levels
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The reduction in S:N as a function of increasing mass at various isotopic depletion levels for

a single isotopic distribution.
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Experimental Charge State Distributions Fit By Gaussians
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Figure 3.
Experimental charge state distributions for proteins ranging from 8.6 — 47 kDa fit by
Gaussian distributions.
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Reduction in S:N Due to Charge States
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Figure 4.

Decay in S:N as a function of increasing mass resulting from the increasing number of
charge states observed for electrosprayed protein ions.
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Decay in S:N Due to Combined Effects
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Figure 5.

The combined effect of isotopes and charge states on S:N as a function of protein mass.
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Improvement in S:N at Various Isotopic Depletion Levels
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The effect of isotopic depletion when considered with charge state distributions.
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Effect of Chemical Noise on S:N
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Figure 7.
The contribution of various types of chemical noise to the reduction in S:N as a function of
precursor mass.
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Histogram of Human Proteins
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Figure 8.
Histogram of protein sizes in the human proteome. Plot was created using 18,852 entries for

Homo sapiens using the Uniprot Knowledgebase released on April 4, 2011 and the bin size
is 1,000 dalton.
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