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Supplementary Fig. 1 | Individual time-points using the dynamic SILAC strategy. a Rate of
amino acid recycling for different pulse lengths. The recycling rate was calculated using peptides
with one missed cleavage site that were quantified in a mixed SILAC labelling state and
simultaneously in the labelling state representing peptides originating from newly synthesized
proteins. Floating bars indicate the 25t to 75t percentile of recycling rate distributions. Medians are
indicated. b Density multi-scatter plots for 4 cell culture replicates of 4 individual dSILAC time-points
including label swap experiments. Log2 transformed ratios of newly synthesized to pre-existing
peptides are plotted, and Pearson correlation coefficients and number of included modified
peptidoforms are shown. ¢ Pearson correlation coefficients between cell culture replicates for
individual pulse lengths. The poorer correlation between label swap experiments in the 1 h and 40 h
pulse experiment indicates erroneous quantification for very short and very long pulses. Source
data are provided as a Source Data file.
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Supplementary Fig. 2 | Processing and quality of dSILAC-TMT data. a Distribution of ratio
compression of all unfiltered evidence entries (area) and cumulative distributions of ratio
compression for different modification states (lines). Ratio compression was defined as residual
fractional intensity in TMT channels that should exhibit zero intensity by experimental design
(TMT1 (O h pulse) for entries showing label incorporation and TMT10 (o h pulse) for entries
representing label loss). b Schematic illustrating the subtraction of co-isolated intensities to
remove residual ratio compression computationally. ¢ Distributions of maximal abundance
changes during the pulse time-course for differentially modified peptidoforms. Floating bars display
the 25t to 75" percentile. Medians (vertical lines) and number of peptides for which abundance
changes could be calculated (numbers on the right) are indicated. d Schematic showing the
principle underlying the correction for abundance changes. e Boxplots visualizing the changes of
Pearson correlation coefficients for subsequent refinement steps of the processing of dSILAC-TMT
data. Boxes represent the 25 to 751" percentile with the median in the middle, and whiskers show
the range of data points. Log10 transformed turnover rates of peptidoforms were correlated. The
number of sequences available for correlation analysis is displayed on top of each box plot.
Following former/new ‘KRAB' filter criteria were used: K: 0-5/0-5; R = 0.8/0.7; A:
0.67-1.5/0.7-1.4; B: 0-0.3/-0.15-0.25. f Density multi-scatter plots for label loss and
incorporation curves of 4 cell culture replicates including label swap experiments. Logl0
transformed turnover rates are plotted, and Pearson correlation coefficients and number of
included peptidoforms are indicated (corresponding to ‘Abundance corrected’ boxplot in panel e). g
Doughnut plot illustrating the fraction of evidence entries passing the ‘KRAB’ curve filter before
(dashed line) and after (solid line) removal of ratio compression and abundance correction for
differentially modified peptides. The number of entries passing and filtered out after the refinement
of data processing are indicated. Evidence entries were not considered for this analysis if they
identified peptides in a mixed labelling state or showed zero intensities in more than eight time-
points or in the ‘O h’ channel for label loss or the ‘0 h’ channel for label incorporation entries.
Source data are provided as a Source Data file.
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Supplementary Fig. 3 | Overlap of peptidoforms across datasets and replicates. For all
comparison, oxidized versions of peptides were not counted separately. a Venn diagram showing
the overlap of peptide sequences for the dSILAC-TMT and the three single dSILAC experiments.
The colour gradient depicts the fraction of all peptidoforms in the respective overlap. b Bar chart
illustrating the overlap and modification type of peptidoforms for the 4 different datasets. ¢ Same as
a, but displaying the overlap of peptide sequences across replicates for the 4 different datasets.
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Supplementary Fig. 4 | Global associations of
PTMs with protein turnover. Distributions of newly
synthesized-to-pre-existing (N/P) ratios and turnover
rates (K) for modified and unmodified peptidoforms
(left column) and distributions of their N/P ratios and
Ks relative to the N/P ratios and Ks of their
corresponding proteins (right column). Ratios to
proteins were calculated based on the median of
log2 values across replicates. For the comparison to
the protein turnover, only proteins with at least 3
peptides were included. Numbers of unmodified
peptidoforms are given in the top right corner. For
other numbers, see main fig. 2. Source data are
provided as a Source Data file.
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Supplementary Fig. 5 | Peptidoforms with significantly differential turnover. a Bar charts
illustrating the fraction of quantified peptidoforms used to test significant turnover differences of
(modified) peptides to their assigned proteins or their unmodified counterpart peptides. Peptides
were excluded from statistical analyses if they featured less than 2 quantifications per statistical
group or less than 3 quantified peptidoforms per assigned protein. The total number of peptides for
each dataset is indicated on top. b Stacked bar charts and pie charts showing the fraction of
peptidoforms with statistically significant turnover differences and their modification types.
Significance of turnover differences between (modified) peptides and their proteins or counterpart
peptides was tested for all datasets separately using log2 transformed data and two-sided
Student’s t-tests at 1 % permutation-based FDR. Respective SO values are shown in italics.
Numbers of pairwise comparisons (vertical numbers in bars) and fractions of significant peptide
hits (percentages) are indicated for each of the 8 statistical analyses. Note that for the modified
peptide-counterpart comparison, modified peptides can be included in the analysis more than once
if several non-modified counterpart peptides were quantified. The total number of significant hits
for each test is indicated in bold font, and the numbers of significant, distinct modified peptides for
the modified peptide-counterpart tests are displayed in brackets. The total numbers of tested and
significant peptidoforms are shown on the left and right side, respectively. ¢ Weighted Venn
diagrams displaying the number of peptidoforms that were identified with significantly faster or
slower turnover compared to their protein (left site) or unmodified counterpart peptides (right side)
in any of the 4 datasets. Peptidoforms that were found in more than one group (faster, slower, not
significant) in t-tests were counted for every group producing the overlaps in the Venn diagram.
Otherwise, numbers represent non-redundant peptidoforms. Peptidoforms that exhibited a
significantly faster turnover and, in a different test, a significantly slower turnover (red boxes) were
discarded from further enrichment analyses.
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Supplementary Fig. 6 |. Measured PTM-resolved turnover for subunits of the 26S
proteasome. a Tukey-boxplots of log2 turnover differences of all quantified PTMs and unmodified
counterpart sites on 20S core subunits (box borders: 1st and 3rd quartile; lines in boxes: medians;
whiskers: ranging to greatest value within 1.5x% interquartile range; dots: outliers; dashed line:
median of the total protein turnover). Each site includes all available data from peptidoforms
mapping to that site in the three datasets. Number of data points is indicated in italics. Ratios of
peptidoforms to corresponding proteins (turnover differences) were calculated using N/P ratios or
turnover rates. b Same as in panel a, but for proteins of the 19S regulatory subunit. ¢ Positioning
of some of the PTMs that significantly associated with protein turnover (PDB 5LE5?). Only the a-
ring of the 20S core particle is displayed viewing from the direction of the 19S regulatory particle
as shown by the small representation of half of a 30S proteasome. Source data are provided as a
Source Data file. -8-
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Supplementary Fig. 7 | PTMs in different complex and monomer fractions of the
proteasome. a Size exclusion chromatography (SEC) profiles of proteasomal subunits in HelLa
cells upon proteasome inhibition. The upper and middle panel show profiles from control and
MG132-treated cells (MG, 1 uM, 16h), respectively. The lower panel displays changes upon
proteasome inhibition as log2 ratios. Fractions containing proteasome complexes are indicated
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20S+19S+PA200). b SEC profiles for proteins, modified and unmodified sites of PSMA5 and
PSMD1 with and without proteasome inhibition. Peptide profiles were acquired via targeted
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whole proteome measurements were combined in silico for every three adjacent fractions. Source
data are provided as a Source Data file.
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Supplementary Fig. 8 | Sequence motif analyses of modification sites with differential
turnover. a Probability logos of ac-K (left), GG-K (middle) and ph-ST sites (right) that showed
slower (top) or faster (bottom) turnover (red horizontal line: Bonferroni corrected p-value of 0.05
indicating significant over- or underrepresentation). Logos were generated using plLogo?
(https://plogo.uconn.edu/). The background was defined by all sites quantified in this study. b

Motifs extracted from modified peptides with measured slower or faster turnover using the motifx
algorithm via the R package rmotifx. ¢ Probability logo of substrates of the lysine acetyltransferase
(KAT) CBP/p300. Substrate sites were defined as sites that showed a two-fold down-regulation
after CBP/p300 inhibition or two-fold up-regulation after CBP/p300 transfection as reported by
Weinert et al. (red horizontal line: p-value of 0.05).
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Supplementary Fig. 9 | Measured TKT turnover. a Tukey-boxplots of log2 N/P ratios of TKT and
all quantified PTMs (box borders: 1st and 3rd quartile; lines in boxes: medians; whiskers: ranging
to greatest value within 1.5% interquartile range; dots: replicates; dashed line: median of protein
N/P). b Clash of the acetyl group on K11 with the backbone carbonyl group of F53 (PDB 3MOS?).
The PyMol plugin PyTMs was used to add the acetyl moiety to the lysine residue. ¢ Western blot
of CHX chases in cells transfected with FLAG-FBXW?7. Results shown are representative of 2
replicates. d Bar charts illustrating the response of ubiquitination for individual lysine sites of TKT
after 2 h (top) and 4 h (bottom) CHX treatment and proteasome inhibition using MG132 (EV:
empty vector; CTR: control siRNA). Di-gly peptide profiles were acquired via targeted parallel-
reaction monitoring assays and relative intensities were calculated using appropriate controls
(EVICTR for EVICTR+MG132, OE for OE+MG132, CTR+MG132 for KD+MG132). Points
represent the EV and CTR sample (n=2). Source data are provided as a Source Data file.
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Supplementary Discussion

Two isotopic labelling workflows were employed for the study of PTM-resolved turnover. Using
the dSILAC-TMT method, we measured label incorporation and loss in a time-dependent
manner and estimated turnover rates of peptidoforms via curve fitting. In contrast, N/P ratios
obtained in single pulse experiments provided the relative pace of turnover within a certain
pulse time-point. Hence, no curve fitting and filtering were necessary, which simplified overall
data processing. However, the observable turnover range within an individual time-point was
more limited since relatively higher or lower turned over peptidoforms more likely escaped
analysis. This was mostly a result of missing quantitative data for one of the two SILAC
channels. For dSILAC-TMT time-course experiments, extreme turnover behaviour only
affected the likelihood of fragmenting (by mass spectrometry) and obtaining a curve for
exclusively the newly synthesized (very high turnover) or the pre-existing peptide species (very

low turnover) but did not impair the general probability of detection.

While those peptidoforms with considerably faster or slower turnover may be the most
interesting ones, missing values cannot be rescued reliably in data of individual pulse time-
points because data imputation may strongly influence and bias quantification®. The constraint
of such missing quantitative data was particularly apparent for the 1 h and 40 h time-points,
which showed overall decreased numbers of peptides quantified in both SILAC labelling
states. Notably, this also entailed the quantification of more distinct selections of peptidoform
across the individual time-points than within replicates of the same pulse length. This is
important to mention since the subset of peptides identified for a protein or protein group will
affect the overall assessment of protein turnover. Similarly, the identification of peptidoforms
with vastly differing turnover can be impeded within the same pulse time-point. The greater
their difference, the less likely they are quantified in both labelling states. This may also explain
the comparably small number of ac-K and GG-K sites available for the investigation of their

interplay within the same pulse length. In earlier time-points, more ubiquitin-remnant peptides
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were quantified, while later time-points showed increasing quantifications of ac-K

peptidoforms.

We excluded the 1 h pulse data from further analysis due to the poor correlations across label
swap experiments. These were caused by distinct subpopulations of peptides that
deteriorated the otherwise excellent concordance of remaining peptides. While this was most
notable for 1 h pulse data, the other pulse time-points showed similar, albeit less profound
biases. Others have already reported quantitative discordance between label-swap
experiments in cross-linking experiments as a result of large peptide mass, low intensity, and
heavily overlapping isotope clusters of light and heavy signals?. Besides, quantification
accuracy may be impaired by isotope impurities of SILAC amino acids, but this is unlikely to
produce such strong effects. Further systematic analyses are required to clarify the chief

cause for erroneous quantification in dSILAC experiments with very short or long pulses.

To improve the quality of dSILAC-TMT data and the fraction of successful curve fits, we
adjusted two major points in our data processing pipeline compared to the initial establishment
of the dynamic/pulsed SILAC-TMT approach®. First, co-isolated intensities from peptides with
opposing label characteristics (loss vs. incorporation) were removed in silico. Several
approaches have been described already for computational elimination of co-isolated
intensities, but they rely on either spike-in standards® or the estimation of the precursor
intensity fraction within the isolation window’. Further, they assume a constant, co-isolated
background across conditions. The later presumption renders such approaches inapplicable
to dSILAC-TMT data since co-isolated peptides in such experiments always exhibit
decreasing or increasing intensities across time-points. Hence, instead of removing a constant
background, we subtracted average label incorporation or loss curves from curves that
showed residual intensities in the infinite h or 0 h channels, respectively. Of note, co-isolation
of peptides with the same labelling behaviour (e.g. both indicating label loss) would not result
in a measurable ratio compression and thus cannot be corrected. In such cases, however,

guantification accuracy would only be influenced to a minor degree. As expected, the removal
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of co-isolated intensities increased the number of successful curve fits especially for low
abundant, ac-K and ph-Y peptidoforms. As a second step, we corrected peptide intensities for
abundance changes during the time-course of the experiment. Thereby, we improved the
accordance with steady-state assumptions that underlie the curve-fitting algorithm (see
methods and Zecha et al.®). Importantly, such corrections must be assessed carefully to
minimize potential processing artefacts. For example, if only one entry for each curve is
available, label incorporation and loss curves would be inevitably forced to yield identical
turnover rates after correction. This would artificially improve correlations when comparing
label loss and incorporation. Therefore, we decided to require at least 4 curves per
peptidoform and calculate correction factors globally and not separately for each replicate.
Thus, we corrected primarily abundance changes that were reproducible across replicates.
Consequently, only a fraction of peptides was subjected to such intensity adjustments, but the

overall correlation across replicates still increased considerably.

In contrast to dSILAC experiments, the time-course characteristic of dSILAC-TMT data
required more sophisticated data processing. Noteworthy, however, curve fitting and filtering
constitute an additional level of quality control. We further decreased false identifications and
poor quantifications using the prior knowledge about which peptide (depending on the SILAC
label) should exhibit label incorporation and which one should resemble label loss.
Peptidoforms that did not show the expected quantitative trend were automatically filtered out
by our KRAB criteria. However, peptides that did not adhere well enough to the assumptions
underlying the curve-fitting algorithm despite representing valid identifications were equally
removed. Hence, we limited the observable turnover behaviour to a priori suppositions that
may not apply to all observable turnover behaviours. The high proportion of evidence entries
that did not pass the KRAB filter criteria especially for acK peptidoforms suggested that this
might have been a prevalent issue. Hence, alternative fitting algorithms may recover even

more of the time-course data and enable an extended analysis in the future.
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