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Decimal Place Slope, A Fast and Precise
Method for Quantifying '°>C Incorporation
Levels for Detecting the Metabolic Activity of

Microbial Species*s

Nico Jehmlicht§, Ingo Fetzer§], Jana Seifert}, Jens Mattow|, Carsten Vogt**,
Hauke Harmsq], Bernd Thiedett, Hans-Hermann Richnow**, Martin von Bergent,

and Frank Schmidt}§§1]1]

The metabolic incorporation of stable isotopes such as
3G or ®N into proteins has become a powerful tool for
qualitative and quantitative proteome studies. We re-
cently introduced a method that monitors heavy isotope
incorporation into proteins and presented data revealing
the metabolic activity of various species in a microbial
consortium using this technique. To further develop our
method using an liquid chromatography (LC)-mass spec-
trometry (MS)-based approach, we present here a novel
approach for calculating the incorporation level of '3C into
peptides by using the information given in the decimal
places of peptide masses obtained by modern high-re-
solution MS. In the present study, the applicability of this
approach is demonstrated using Pseudomonas putida
ML2 proteins uniformly labeled via the consumption of
['®C¢lbenzene present in the medium at concentrations of
0, 10, 25, 50, and 100 atom %. The incorporation of '3C
was calculated on the basis of several labeled peptides
derived from one band on an SDS-PAGE gel. The accu-
racy of the calculated incorporation level depended upon
the number of peptide masses included in the analysis,
and it was observed that at least 100 peptide masses were
required to reduce the deviation below 4 atom %. This
accuracy was comparable with calculations of incorpo-
ration based on the isotope envelope. Furthermore, this
method can be extended to the calculation of the label-
ing efficiency for a wide range of biomolecules, includ-
ing RNA and DNA. The technique will therefore allow a
highly accurate determination of the carbon flux in mi-
crobial consortia with a direct approach based solely on
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The metabolic incorporation of stable isotopes such as '*C
or "N into proteins has become a powerful component of
qualitative and quantitative proteome studies (1). Incorpora-
tion of heavy isotopes can be used to analyze microbial
processes such as turnover rates and also to help to establish
structure-function relationships within microbial communities.
Stable isotope probing (SIP') techniques based on DNA-SIP
(2) and RNA-SIP (3) have been used for this purpose previ-
ously. With the introduction of protein-SIP (4), the need for an
accurate alternative method for calculating label incorpora-
tion into biomolecules arose. Protein-SIP has several ad-
vantages compared with DNA/RNA-SIP, the most important
being its capacity to detect dynamic levels of incorporation,
whereas only labeled or unlabeled states can be categorized
by means of DNA/RNA-SIP because of the need to separate
3C-DNA/RNA by density gradient centrifugation. Quantitative
analysis of '3C incorporation levels is of the utmost impor-
tance, especially when unraveling carbon fluxes through ei-
ther microbial communities or food webs with different trophic
levels.

In contrast to the incorporation of isotopically labeled amino
acids, which is often used in quantitative proteomics (5),
metabolic labeling by growth substrates and nutrients (e.g.
salts) is often imperfect and makes the processing of mass
spectrometry (MS) data difficult. For example, when the in-
corporation of '3C exceeds ~2 atom %, common database
search algorithms fail to identify peptides and proteins. The
problem can only be managed successfully if a stable, known
degree of '3C incorporation can be achieved during the ex-
periment (6). Using a low labeling efficiency of roughly 5 atom
%, Huttlin et al. (6) chose the altered envelope chain for

" The abbreviations used are: SIP, stable isotope probing; 1-D, one
dimensional; HDPR, half decimal place rule; LC, liquid chromatogra-
phy; LTQ, linear trap quadrupole; MS, mass spectrometry; MS/MS,
tandem mass spectrometry.
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calculating the incorporation and simultaneously used the signal
intensity for a quantitative comparison with the sample that
had a natural abundance of '®C. Database approaches for
peptide identification can cope only with the natural abun-
dance of carbon isotopes; they fail if the incorporation of
13C significantly exceeds the natural isotope abundance or
if incorporation patterns occur in unpredictable ways (7).

The simplest method for determining the incorporation level
is to compare the unlabeled average mass of the monoiso-
topic peptide with the mass of the labeled protein, as esti-
mated by matrix-assisted laser desorption/ionization or elec-
trospray ionization MS (8, 9). A more advanced approach for
determining the isotopic mass distribution of peptides is
based on the isotopic distribution of the peaks of a peptide
envelope (10, 11). Here, for a given isotopomer, the incorpo-
ration efficiency is defined as the percentage of incorporated
3C atoms with relation to the total number of carbon atoms
with the natural isotope abundance (approximately 1.01 atom
% '3C). As a reference, the theoretical isotopic distribution of
a peptide is calculated based upon an algorithm described
elsewhere (12). The isotope distribution of both unlabeled and
labeled peptides can subsequently be used to calculate the
incorporation level. For this method, an Excel spreadsheet
(ProSIPQuant.xls) was developed (4). A similar approach, also
based on the calculation of isotopic distributions, has been
used in other studies (7). In these studies, however, the iden-
tification of the peptides is limited to those that have unla-
beled counterparts; in addition, an exact calculation can be
hampered by overlapping signals coming from additional
peaks with similar masses.

In the present study, we describe a new way of determining
the isotope incorporation level. Our method makes use of
characteristic patterns in the digits after the decimal point of
the peptide masses generated by high-accuracy instruments
such as the linear ion trap LTQ-Orbitrap (Thermo Fisher Sci-
entific, Bremen, Germany). For tryptic peptides, typical regu-
larities in the decimal places of the monoisotopic masses
have been observed (13, 14). These observations have been
explored in detail for theoretical and experimental data of
proteins originating from Helicobacter pylori (15). As a result,
a rule called the “half decimal place rule” (HDPR) was defined;
it states that the decimal place is nearly half of the first digit for
tryptic peptides with masses in the range of 500-1,000 Da. In
other words, the exact mass of a peptide is equal to its
nominal mass times ~1.005. Because the difference be-
tween '2C and '°C is slightly greater than 1 Da, exactly
1.0033548378, the decimal places of a tryptic peptide’s mass
are shifted in a regular manner by the incorporation level and
lead to a significantly increased slope for the digits in the third
and fourth place after the decimal point. This shift can be used
to estimate the incorporation level of heavy isotopes into the
protein. Detecting such shifts requires the highly accurate
measurement possible with modern mass spectrometers
such as the LTQ-Orbitrap, the Fourier transform ion cyclotron

resonance, or the quadrupole time of flight. In this communi-
cation, we demonstrate the applicability of this approach
using Pseudomonas putida ML2 proteins labeled uniformly via
the consumption of ['*Cg]benzene with five different substrate
concentrations (0, 10, 25, 50, and 100 atom % of '3C). The
3C incorporation was calculated based on several labeled
peptides derived from different proteins in one SDS-PAGE
band. By these means, we have established a method that
allows the determination of '*C incorporation into proteins
and can be used to assess the metabolic activity of a given
species within a mixed community.

EXPERIMENTAL PROCEDURES

Materials—The chemicals used were purchased from Merck
(Darmstadt, Germany) and Sigma (Munich, Germany). They were all of
at least analytical grade quality. Fully labeled ['*Cg]benzene (= 99
atom % '3C) was obtained from Campro-Scientific (Veenendaal, The
Netherlands). Benzene has a natural isotope composition of approx-
imately 1.077 to 1.078 atom % '3C. Benzene with natural isotope
abundance is referred to as '>C[benzene].

Cultivation of P. putida ML2—P. putida ML2 (German Collection of
Microorganisms and Cell Cultures, Braunschweig, Germany) was cul-
tivated under aerobic conditions in the DSMK mineral medium num-
ber 457. The medium was modified by adding 1 ml/L of trace element
solution SL-10 (medium number 320). Benzene was added to the
bacterial cultures as the sole carbon and energy source. The cultiva-
tion conditions followed specifications described previously (16). The
carbon atom labeling approach involved replacement of unlabeled
benzene by labeled ['*C4]benzene. To achieve predefined levels of
heavy isotope incorporation, different ratios of labeled substrate were
used. The following substrate ratios ('°Cg4:'?Cg-labeled benzene, v/v)
were selected: (a) '2C natural abundance benzene (referred as 0 atom
%); (b) 1:9 (10 atom %); (c) 1:4 (25 atom %); (d) 1:1 (50 atom %); and
(e) completely labeled ['*Cg]benzene (100 atom % incorporation of
heavy isotopes).

Sample Preparation for 1-D Gel Electrophoresis—P. putida ML2
was harvested at the stationary growth phase by centrifugation for 10
min at 15,500 X g (Laboratory Centrifuge 3K30; Sigma, Osterode,
Germany). For protein conservation, cell pellets were treated with
phenylmethylsulfonyl fluoride. Proteins were extracted, processed
(17), and quantified (18). For 1-D analysis, 50 ug of extracted protein
were precipitated with 20% trichloroacetic acid (v/v). Trichloroacetic
acid was removed by washing the protein pellet twice with 80%
ice-cold acetone. Acetone-treated samples were centrifuged
(13,000 x g for 10 min) and the resulting pellet was air-dried. SDS-
PAGE (19) was performed using the Laemmli buffer system (20) and
a 12% acrylamide separating gel. After separation, protein bands
were stained with the use of colloidal Coomassie Brilliant Blue G-250
(21) (Roth, Kassel, Germany) (data not shown). Trypsin digestion was
performed as described previously (16).

Identification of Proteins by Nano-LC-LTQ Orbitrap-MS/MS—The
tryptic peptide measurements from the digested bands of the 1-D gel
were performed on a Dionex Ultimate 3000 nano-LC system (Sunny-
vale, CA) connected to a linear quadrupole ion trap (LTQ Orbitrap)
mass spectrometer equipped with a nano-electrospray ionization
source. For the liquid chromatography separation, we used an Ac-
claim PepMap 100 (C18, 3 wm, 100 A; Dionex) capillary column of
12-cm bed length. The flow rate used for the nano column was 300
nL/min, and the solvent gradient used was 7% solvent B to 50%
solvent B in 60 min. Solvent A was 0.1% formic acid, whereas solvent
B was aqueous 90% acetonitrile in 0.1% formic acid. The mass
spectrometer was set in the data-dependent mode to switch auto-
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matically between Orbitrap MS and LTQ-MS/MS acquisition. Survey
full-scan MS spectra (from m/z 300 to 2,000) were acquired in the
Orbitrap with resolution R = 60,000 at m/z 400 (after accumulation to
a target of 10° charges in the LTQ). This method allowed sequential
isolation of the most intense ions, up to six, depending on signal
intensity, for fragmentation on the linear ion trap using collision-
induced dissociation at a target value of 10° charges. For accurate
mass measurements, the lock mass option was enabled in the MS
mode and the polydimethyl cyclosiloxane ions generated in the elec-
trospray process from the ambient air were used for internal recali-
bration during the analysis (22). Target ions already selected for
MS/MS were dynamically excluded for 60 s. The general mass spec-
trometry conditions were as follows: 1.5-kV electrospray voltage, no
sheath, and auxiliary gas flow. The ion selection threshold was 500
counts for MS/MS; an activation Q-value of 0.25 and activation time
of 30 ms were also applied for MS/MS. Raw data were processed
using Thermo Proteome Discoverer® software (version 1.0 build 43) to
generate Mascot generic files. Finally, a database search was carried
out by tandem mass spectrometry ion search algorithms from the
Mascot house server (version 2.2.1) by database comparison (23)
against all Proteobacteria entries from the National Center for Bio-
technology Information (NCBInr database 2008-04-24), with 5-ppm
tolerance for the precursor and 0.8 Da for MS/MS fragments. Further,
trypsin with a maximum of two missed cleavages was selected, and
variable modifications, such as methionine oxidation and carbam-
idomethylation of cysteine, were allowed. Peptides were considered
to be identified by Mascot when a probability < 0.05 (probability-
based ion scores threshold >40) was achieved. In addition, proteins
were considered to be identified if at least three peptides were iden-
tified (supplemental Table 1).

Calculation of "3C Incorporation Levels of Experimentally Derived
Peptides—We used a peptide database of Mycobacterium tubercu-
losis (initially containing >9 x 10* tryptic peptide sequences with
lengths of 2-40 amino acids) as a reference (24). In the first step, we
reduced the data set to 90,637 detectable tryptic peptide sequences
fitting the analytical windows of common high-resolution mass spec-
trometers. Next, the molecular weights for the theoretical, fully la-
beled peptides were calculated by replacing every '2C of each amino
acid with the heavier 'C mass. After peptide mass grouping, a
k-means clustering approach was used to plot the peptide masses
against their digital residuals. Because user data often contain fewer
measurement points, standard linear curve fitting was not applicable.
We therefore applied the robust linear fitting procedure using M-
estimators because they gave more reliable results with better iso-
tope incorporation rate estimates. An M-estimator is a generalizing
maximum likelihood estimation used for calculation of the slope (“M”
stands for “maximum likelihood type” (25). A robust linear regression
line accounting for all data points was used to evaluate the incorpo-
ration efficiency. The slope inferred from the experimental data was
set in relation to the minimum and maximum slopes of the '3C
peptides to obtain the incorporation level. For convenience, an R-
script was written in which peak lists from selected signals can be
used.

To apply the calculation method, the atomic peptide composition
of 22 known proteins from P. putida ML2 derived from a single 1-D gel
band (apparent molecular mass of around 45 kDa) was calculated
(Isotope Pattern; Bruker Daltonics, Billerica, MA) with respect to all
substrate ratios and was used to calculate the heavy carbon incor-
poration levels. To avoid inefficiencies in the incorporation calcula-
tion, sulfur-containing peptides were not taken into account. Num-
bers of carbon atoms were used to predict incorporation-dependent
mass distances between '2C-monoisotopic and '®*C-containing pro-
tein molecules. To calculate the 'C peptide incorporation levels, the
highest m/z peak of the isotope clusters were deconvoluted and
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Fic. 1. The experimental design for determining the '*C incor-
poration level in peptides by its decimal place slope. In our
study, P. putida ML2 was grown in the presence of ['3Cg]benzene
(sole energy and carbon source) and, as a control, in the presence
of ["?Cg]benzene. Subsequently, the proteins were extracted and
subjected to 1-D gel electrophoresis and tryptic in-gel digestion,
and the peptides were analyzed by nano-LC LTQ Orbitrap-MS. The
difference in the isotopic pattern between the '>C/'3C peptides
allowed for the calculation of '*C incorporation levels for various
labeled contents, using the highest intensity '*C peak and the
decimal place slope script.

transferred to a simple text file to be analyzed further using the
R-script. A robust linear regression line accounting for all data points
was used to evaluate the incorporation efficiency and was analyzed
with regard to the minimal and maximal incorporation of '°C.
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Fic. 2. Averaged MS-spectra of one peptide from the benzene-
1,2 dioxygenase ferredoxin-NAD(+) reductase subunit protein (P.
putida KT2440) measured by nano-LC LTQ Orbitrap-MS to dem-
onstrate the differential isotopic pattern of '2C peptides and
13C-labeled peptides during the incorporation of different sub-
strate ratios. The measured peptide with the sequence GIFAVGD-
VATWPLHSGGK has a mass charge of +2 and is also listed in
supplemental Table 1. At all substrate ratios, the isotopomers
changed from the natural monoisotopic mass of 906.476 (A) because
of the incorporation of heavy isotopes. The highest 'C peak in the 10
atom % labeling experiment (B) with [MH+H]*2 was 909.48621. The

To verify the estimated values of incorporation, we performed a
second calculation using a widely applied method (26) based on the
isotopic distribution, and a Perl script was developed (10). Here, for a
given isotopomer, the incorporation efficiency is defined as the per-
centage of incorporated '3C atoms in relation to the total number of
carbon atoms in the compound with natural isotope abundance (ap-
proximately 1.01 atom % '3C) (27).

RESULTS AND DISCUSSION

Experimental Application of the HDPR to Determine °C
Peptide Incorporation—To determine the '*C peptide incor-
poration level using the peptide decimal place slope method,
P. putida ML2 was grown in the presence of different ['*Cy:
2C¢]benzene ratios. The protein extracts were subjected to
SDS-PAGE, in-gel digested, and measured by nano-LC LTQ
Orbitrap-MS. For protein identification by MS/MS, the remain-
ing '2C peptides from proteins of the bacterial culture grown
in ['3C4]benzene were analyzed as described in the experi-
mental setup (Fig. 1). During the peptide mass analysis with
LC-MS, the '3C peptides were eluted at the same time as
unlabeled peptides displaying atypical isotopic distributions.
Therefore, in one MS spectrum, the isotopic pattern of the
natural isotope abundance ('2C) and the '*C-labeled species
are clearly distinguishable. For example, one peptide from the
benzene 1,2 dioxygenase system ferredoxin-NAD(+) reduc-
tase subunit protein was taken and evaluated with respect to
the various substrate ratios to illustrate the differential isotopic
pattern between '2C and '3C peptides (Fig. 2). As expected,
the heavy isotopomers shifted to a higher mass range be-
cause of the incorporation of heavy labeled carbon into the
proteins. The assumed experimental incorporation levels of
3C carbon atoms are as follows: 0 atom % (Fig. 2A); 10 atom
% (Fig. 2B); 25 atom % (Fig. 2C); 50 atom % (Fig. 2D); and 100
atom % (Fig. 2E). Particularly at the 10 atom % incorporation
level (Fig. 2B), the newly metabolized heavy isotopes inter-
fered with the natural isotopomers. However, the highest '3C
peak was easily distinguishable, and the incorporation calcu-
lation for the highest isotopic masses of labeled tryptic pep-
tides was considered. At 25 atom % '3C and higher incorpo-
ration levels, the 2C and '°C isotopomers were completely
separated. To calculate the incorporation level, 100 peptide
masses were deconvoluted and their monoisotopic masses
were calculated (supplemental Table 1).

Calculation of Incorporation levels by the HDPR—To calcu-
late the slope for the function of the decimal places with
respect to the peptide mass, an in silico tryptic digest of all
predicted proteins of M. tuberculosis H37Rv was performed,
and the masses obtained were plotted with respect to their

highest '3C peak in the 25 atom % labeling experiment (C) with
[MH+H] "2 was 915.00487. C, The highest '3C peak in the 25 atom %
labeling experiment was [MH-+H]*2 915.00487. D, the highest °C
peak in the 50 atom % labeling experiment was [MH+H]™2
927.04526. E, the highest *C peak in the 100 atom % '3C labeling
experiment was [MH-+H]*2 947.61397.
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decimal places as described elsewhere (24). The uniform
slope has its origin in similar distributions of carbon (C) and
nitrogen (N) in each of the peptides, independent of their
lengths (28). The slight scattering is the result of different
elemental compositions of the amino acid residues. For in-
stance, peptides containing sulfur result in a lower slope than
those that do not contain sulfur, which may also have an
impact on data scattering (supplemental Fig. 1). Using a y-
intercept point of zero, a 100% atom '2C slope of approxi-
mately 0.00051 was achieved. The decimal place slope for
100 atom % '3C incorporation was revealed to be 0.00063.
These regression functions were used for calculation of the
8C peptide incorporation. The use of high-resolution and
high-mass-accuracy mass spectrometers that provide <1
ppm precision allowed us to calculate each peptide mass to
five decimal places.

To calculate the incorporation levels of five different sub-
strates with predefined amounts of '3C, the slopes for our
experimental data sets were considered with respect to the
predicted limits (Fig. 3: A, 0.6 atom %; B, 7.6 atom %; C, 21.5
atom %; D, 49.2 atom %; and E, 98.1 atom %). As aresult, our
experimentally calculated '*C peptide incorporation deviated
between 0.6 atom % (A) and —3.5 atom % (C) in relation to
our assumed '3C substrate content. Compared with other
methods, the decimal place slope calculation is carried out
independent of knowledge about a peptide sequence and can
therefore be obtained by automated calculation based only
upon the information given in the decimal places of tryptic
peptides. Thus, the algorithm can be used to calculate the
amount of mass added by isotopic labeling and used to
correct the peptide mass for determining protein identity; it is
even possible to draw quantitative conclusions by compari-
son with the unlabeled peptide. Furthermore, in studies inves-
tigating substrate use, for example, such an analysis method
would allow researchers to omit the '2C control experiments
because identification and determination can be done using a
single sample. In addition to these advantages in the field of
microbial ecology, the accuracy of this technique is compa-
rable with that of algorithms taking into account the complete
isotopic envelope (7). For example, we tested the calculation
given by Snijders et al. (26) with a peptide of the benzene-1,2
dioxygenase system ferredoxin-NAD(+) reductase subunit
protein (P. putida KT2440). The differential isotopic pattern of
2C peptides and "3C-labeled peptides during the incorpora-
tion of different substrate ratios are shown in Fig. 2. As a
result, the calculations of the measured peptide with the
amino acid sequence GIFAVGDVATWPLHSGGK were as fol-
lows: (a) 1.7, (b) 8.4, (c) 21.2, (d) 49.2, and (e) 97.1 atom %.
Comparing the accuracy of both approaches, the maximum
deviation calculated by our method was 3.5 atom %; that for the
for the method given by Snijders was 3.8 atom %, indicating
that the decimal place incorporation method is quite precise.

A greater level of accuracy can be achieved only by either
isotope ratio MS (28), which is capable of detecting natural

decimal residuals
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E
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FiG. 3. Practical data set of P. putida ML2 peptides measured
by nano-LC LTQ Orbitrap-MS. In each case, exactly 100 peptide
masses (highest intensity peak) from 22 different proteins were plot-
ted according to their exact mass and decimal place. The slope of the
regression line passing through the data points was calculated by
means of an R-script, resulting in the given figures (A-E) for the
different substrate ratios (0, 10, 25, 50, and 100 atom %). For exam-
ple, the experimental incorporation level of 7.6 atom % (B) was
calculated based upon the '2C (0.000512) and '*C slope (0.000632)
for the 10 atom % labeling experiment.
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TABLE |
Summarized data of possible uses of stable isotopes in the analysis of other molecule classes

A detailed analysis of other components of biomolecules, especially '*N/'°N and 34S/%S stable isotope pairs, is given. The relative
differences between the light and heavy slopes are similar to or larger than those for '2C/'3C but are negative and would therefore result in a
negative slope. Nonetheless, it is especially clear that '*N could be used for an analogous study design.

Stable isotopes M, AM, AM, — 1 (except S, 4) Slope direction
2C 12.000000 1.003355 0.003355 Positive
3¢ 13.003355
14N 14.003074 0.997035 —0.002965 Negative
SN 15.000109
328 31.972071 3.995010 —0.004990 Negative
63 35.967081

abundances (0.001 atom %) or by halogen in situ hybridiza-
tion-secondary ion mass spectroscopy technology (29), also
capable of detecting natural abundance, but is mostly used in
a less sensitive mode leading to an accuracy of 0.01 atom %.
However, both techniques are available in very few laborato-
ries worldwide and access to these techniques is limited.
Possible Use of the Carbon-Centered Approach in the Anal-
ysis of Other Molecule Classes—Before the incorporation of
stable isotopes into proteins was introduced into microbial
ecological studies, so-called stable isotope probing was
widely used for investigating the structure and function of
microbial communities on the basis of the incorporation of
3C into DNA and RNA (30). Using these approaches, the
heavy (labeled) and the light (unlabeled) molecules were sep-
arated before analysis by density gradient centrifugation, re-
sulting in limited resolution. The subsequent analysis by iso-
tope ratio mass spectrometry allowed for the identification of
isotopically labeled substrate mineralization and, in combina-
tion with the nucleotide sequence, the identification of the
metabolically active microbial species (31). A procedure anal-
ogous to the HDPR could also be applied to refine RNA/DNA-
based labeling approaches. The stable atom composition of
nucleotides enables one to define a two-fifteenths decimal
place rule corresponding to the HDPR for proteins. It has been
observed for DNA and RNA molecules that the first decimal
place of a mass is nearly two-fifteenths of the first digit for mass
values between 1,000 and 4,000 Da (supplemental Fig. 2). Be-
cause of the different elemental compositions of DNA/RNA and
proteins, the DNA/RNA slope gently increases over the mass
range. However, the large distance between the two slopes of
DNA/RNA ('2C and '3C) facilitates an accurate quantitative de-
tection of 'C incorporation. Following the methodology pre-
sented here, the measurement of 100 polynucleotides could
also be used for determination of the level of *C incorporation.
If it were possible to specifically isolate segments of RNA or
DNA from a microbial community metabolizing an isotopically
labeled substrate (by using a nucleotide probe in a stable iso-
tope probing experiment, for example), then mass spectrometry
analysis could be used to determine the amount of incorpora-
tion for the metabolized '®C. Because the application of the
decimal place rule depends upon the minute differences be-

tween '2C and '®C, we examined other components of biomol-
ecules in detail and found that the amount of the differences for
8N, 345/%°S, and 3'P are similar to or larger than those for '3C
but are negative and would therefore result in a negative slope.
The data are summarized in Table |, and it is especially clear that
N could be used for an analogous experimental design.

CONCLUSION

Here we present a method for calculation of '*C incorpo-
ration levels into peptides by making complete use of the
information acquired by modern high-resolution mass spec-
trometry. Compared with existing methods, calculation by the
decimal place slope method has the advantage of being
independent from the peptide sequence and can therefore be
important for organisms with unknown genomes. The decimal
place slope can be automatically calculated, thereby signifi-
cantly reducing analysis time and increasing reliability and
reproducibility. The slopes can be calculated using high-pre-
cision mass spectrometry data obtained from simple shotgun
approaches or one- or two-dimensional gel electrophoresis
peptide mass fingerprints. The accuracy of the calculated
incorporation level is directly proportional to the number of
peptides used for the analysis and requires the use of more
than 100 peptide masses to achieve a precision greater than
a + 5 atom % deviation for levels of '3C incorporation. The
automatic determination of incorporation levels in dynamic
metabolic labeling experiments facilitates the opportunity to
apply qualitative proteomics to the field of microbial ecology
on a broader scale. Furthermore, the method demonstrated
here may also be extended to the calculation of the labeling
efficiency for a large range of biomolecules used in ecological
studies, including RNA and DNA.
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