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Cellular protein concentrations are maintained through a balance of synthesis and clearance.
Clearance occurs through both protein degradation and growth-dependent dilution. At slow
growth, clearance is dominated by degradation, which leads to the accumulation of long
lived proteins. At fast growth, however, it is dominated by dilution, preventing this accumu-
lation. Thus, the concentration of long lived proteins will be reduced unless cells compensate
by preferentially increasing synthesis rates. To determine the dominant regulatory mech-
anisms, we quantified the degree of compensation between activated and resting human B
cells and across mouse tissues. The results indicate that growth-dependent dilution is insuf-
ficiently compensated for by changes in protein synthesis, and it accounts for over a third of
the concentration changes between high and low growth conditions. Furthermore, we find
that about 25 % of the differences in protein concentration across all tissues are controlled
by protein clearance. When comparing only slowly growing tissues such as the brain and
pancreas, clearance differences explain as much as 42 %. Within a tissue or cell type, clear-
ance variation is sufficient to account for 50 % of the abundance variation for all measured
proteins at slow growth, contrasted with 7 % at fast growth. Thus, our model unifies pre-
vious observations with our new results and highlights a context-dependent and larger than
previously appreciated contribution of protein degradation in shaping protein variation both
across the proteome and across cell states.
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Introduction

Protein concentrations vary across the proteome within a cell and across cell types and states.
This variation is controlled by protein synthesis and clearance. Protein synthesis rates reflect both
mRNA abundance and translation efficiency and are often considered the dominant factor. The
studies quantifying the relative contributions of protein synthesis and clearance are limited to a

few model systems'~.

Some studies have hypothesized that the relative importance of protein
synthesis and clearance depends on the rate of cell growth?.

At high growth rates, proteins can be diluted faster than they degrade, and dilution can serve
as the main form of clearance. This reduces the potential for long lived proteins to preferentially
accumulate in the cell, obscuring the relationship between clearance and concentration*. Alterna-
tively, protein synthesis rates may change to compensate for this effect, preferentially increasing
for long lived proteins at high growth’. Despite this progress, it remains unclear to what degree
growth effects are counteracted by changes in protein synthesis.

The significance of this compensation, or lack there of, depends on the degree of variability in
degradation rates. Simply put, if all proteins have relatively similar degradation rates, there would
be minimal potential for preferential accumulation of long lived proteins. To measure degradation
as well as synthesis rates across the proteome, liquid chromatography tandem mass spectrometry
(LC-MS/MS) combined with metabolic pulse labeling has become the tool of choice, both in vitro
and in vivo®. Such measurements are greatly facilitated by recent advances, such as plexDIA’*,
Metabolic pulse studies have reported that protein specific degradation rates can span three or-

ders of magnitude'**-'?

. This suggests that changes in cell growth require protein synthesis to
compensate substantially if protein concentrations are to be maintained.

In addition to variation between different proteins, studies have reported significant differences
in degradation rates for the same protein in different cell types'’ and tissues'?. This variation has
been shown to shape the abundances of specific complexes and functional groups'?>. However, the
extent to which degradation or dilution plays a significant role in shaping concentrations proteome

wide remains unclear.

In this study, we establish that clearance rates substantially determine protein levels across the
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proteome and across cell states and tissues. We first explore the influence of protein degradation
within proliferative and several non-proliferative cell types. In non-proliferative cell types, we find
that between 28 and 52% of protein levels are determined by degradation, substantially larger than
previous reports. Non-proliferative estimates significantly exceed estimates of 7% in proliferative
cells. These results confirm that counteracting the effects of growth rate changes on protein abun-
dance would require substantial compensation in synthesis rates. We calculate these compensation
rates in resting versus activated B-cells, finding primarily that synthesis does not adequately com-
pensate. We show that degradation rate specific protein dilution explains 37 % of the variance in
relative protein concentrations between activated and resting B-cells.

We then establish the relevance of this phenomenon in shaping tissue specific proteomes via
in vivo metabolic pulse labeling. We again find that the average rate of cell growth within tissue
strongly predicts the amount of variation in protein levels explained by clearance. Furthermore, we
show that lack of compensation for dilution in rapidly proliferating bone marrow cells explains 34
% of concentration difference between bone marrow and brain tissue. We find that when compar-
ing slowly dividing tissues with little dilution, the brain and pancreas, differences in degradation
rate explain as much as 42 % of the variation in protein concentrations. Lastly, we analyzed dif-
ferences in protein concentration across all tissues and find that on average, clearance explains
approximately 25 % of the variation in concentration across all tissues. Further, we identify many

individual proteins and pathways that are primarily controlled by protein clearance.

Results

Degradation sets protein levels to varying degrees in different cell types

We first sought to quantify the contribution of degradation to setting protein concentration across
the proteome in variety of cell types, including several that were not undergoing significant growth.
To estimate the influence of degradation, we must first define its relationship to protein levels.
In non-growing cells, the steady-state concentration for the ith protein (p;) equals the ratio of

the rates of protein synthesis k,; and protein degradation or secretion k,;, Fig. la. In growing
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cells, an additional term is needed to account for dilution of proteins due to cell growth, kg4’5,
Fig. la. Thus, protein level is inversely proportional to the overall level of protein clearance &, ;,
the combined influence of degradation and dilution, Fig. 1a. As synthesis and degradation rates are
well approximated by the log-normal distribution'®, Supplemental Fig. S1a, we define the relative
contribution of degradation as the sum of squared residuals explained by K, in the following
linear regression: log(P) = log(K) — log(K,). This approach is more robust than the square of
the Pearson correlation, which is agnostic of the regression coefficient and thus can overestimate
when the rates of synthesis and degradation are correlated Supplemental Fig. S1b.

Applying this approach to metabolic pulse labeling LC-MS/MS data, we estimated R? to quan-
tify the relative contributions of degradation in proliferative cells from Schwanhausser et al.' and
non-proliferative cell types from Mathieson et al.'” Remarkably, R? estimates span a wide range,
varying from 7% to 52 %. Degradation contributes most significantly to protein levels in non-
growing natural killer cells, Fig. 1b. In rapidly growing cells, degradation only accounted for 7%
of the protein abundance variation Fig. 1c, aligning with previous estimates made from the same
data and two additional proliferative cell lines'. Conversely, in non-growing cells, degradation
explained over 28 % of the variance in all cases, Fig. Ic. However, growth differences could not
fully account for the R? variation, as it varied further from 28% to 52% in non-growing cells.

To investigate additional factors and evaluate if growth can account for the magnitude of dif-
ference between growing and non-growing cells, we sought to model the variation of synthesis
and clearance rates across conditions. Specifically, we modeled the synthesis and degradation
rates from a bi-variate log-normal distribution. The extent of co-variation between synthesis and
degradation was modest in the samples we analyzed, Supplemental Fig. S1c. We speculate that
the negative correlation present only for proliferative fibroblasts may reflect the compensation in
protein synthesis rates for long lived proteins, as increased synthesis is needed to make up for the
decreased accumulation of proteins with slower degradation rates. However, because co-variation
was modest, we chose to set the co-variation to 0 falling between estimates for growth and non-
growth.

Using this model, protein levels were then computed from the ratio of simulated synthesis and

clearance rates, where clearance rates equal the degradation rate plus the growth rate dilution con-
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Figure 1 | Modeling the impact of degradation on protein abundance in growing and non growing human cells.
a, Protein concentration (p;) is determined by protein specific factors such as synthesis (ks, ¢) and degradation rates
(kq,1) as well as global factors such as the rate of dilution caused by cell growth (k,), which is inversely proportional
to the cell division time (Tc). b, Data from non-proliferative natural killer collected by Mathieson et al.'’ show
strong dependence of protein levels on rates of degradation, R? = (.42, suggesting that protein degradation account
for 42 % of the variation of protein levels. ¢, The % variance explained by degradation varies for growing cells,
fibroblasts collected by Schwanhauser et al.', and additional non-growing cell types collected by Mathieson et al.'’.
d, Model predictions for the variance of protein levels explained by degradation as a function of cell division time and
the ratio of standard deviations for the log normally distributed rates of protein degradation (k) and synthesis (kq).
Predictions align with empirical estimates derived via regression.

stant, Fig. 1a. We simulated data through a physiologically relevant range of growth rates and vari-
ances for the distribution of synthesis and degradation rates, Supplemental Fig. S1d. The resulting
R? estimates closely match empirical estimates across a wide range of parameters (Supplemental

Fig. S1d), thus suggesting explanations to both questions raised from the results in Fig. 1c. First,
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we observed that degradation rates have cell-type specific degrees of variability. As a result, the in-
fluence of degradation differed across non-growing cell types, Fig. 1d and Supplemental Fig. S1d.
Secondly, the results confirmed that the level of growth in the proliferative fibroblasts could indeed
quantitatively explain the differing amounts of variance explained by degradation in growth and
non-growth conditions Fig. 1d.

Degradation rates exert strong influence on protein concentrations at slow growth. This obser-
vation implies that longer-lived proteins may have higher abundance under slow growth conditions.
However, this effect may be counteracted if synthesis rates increase proportionally for long-lived
proteins at high growth. Indeed, the inverse correlation between synthesis and degradation rate
present only in the fast growth condition suggests that this compensation occurs to some degree.
This possibility is exemplified by the increase in histone synthesis during S-phase of the cell divi-
sion cycle, thus allowing cells to maintain histone concentrations. However, it is less clear whether
such compensatory changes in protein synthesis rates fully counteract reduced accumulation across

the proteome.

Incomplete compensation for protein dilution upon B-cell activation

Thus, we sought to determine the extent to which growth rate related changes in protein dilution are
compensated by changes in protein synthesis. To this end, we first focused on growth rate changes
within a cell type, namely primary B-cells in the resting state (non proliferative) and activated state
(highly proliferative). We utilized concentration measurements made by Rieckmann et al.'* and
degradation rate measurements made in resting primary B-cells by Mathieson et al.'’. This system
was ideal for several reasons. First, without stimulation, B cells can persist for months in vivo
without dividing'®. However, upon stimulation, B-cells can divide as rapidly as every 16 hours,
providing a large growth rate differential'®, Fig. 2a. Additionally, degradation rates are likely to
be more similar within as opposed to across cell-type. Thus, measuring changes within a cell type
provides a relatively controlled comparison.

As growth rate increases, the production of all proteins must increase. We define this increase
uniformly for each protein as a constant . Deviations in synthesis from the expected scalar for a

given protein i are defined with an additional term p;. Thus the change in synthesis upon an in-
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crease in growth rate can be defined as Ak, ; = dp,. If 6 explains all increases in protein synthesis,
w; = 1 for all proteins, changes in clearance caused by dilution will alter protein concentrations.
To demonstrate why, in non-growing B cells, protein clearance equals protein degradation rate and
spans a dynamic range from 10~* to 10~!, Fig. 2b. As uniform protein dilution outpaces degra-
dation in activated B cells, clearance rates span only 10-fold dynamic range, Fig. 2b. Thus, with
only a uniform scalar change in synthesis rate, protein concentrations will decrease upon activa-
tion proportionally to the change in clearance, Fig. 2b. This scenario represents an absence of
compensation.

Note that dilution rates dominate degradation rates at high growth (activated B cells), and thus
changes in degradation rates associated with activation will not significantly affect our estimated
clearance rates except for the least stable proteins degraded at rates exceeding 0.06 h-1. Thus, our
analysis does not rely heavily on the assumption that degradation rates remain exactly the same
between the activated and resting state. Its also worth noting that while changes in degradation
rate may contribute to compensatory changes for growth, when moving into a regime dominated
by dilution, synthesis likely accounts for the majority of compensation.

When comparing concentration changes and expected clearance changes, we find that protein
dilution alone explains 37 % of the variation in protein levels between the activated and resting
state, Fig. 2c. This demonstrates that compensation incompletely accounts for a significant pro-
portion of changes in protein clearance. However, proteins such as histones notably defy this trend
and maintain their concentration. In these cases, synthesis rates are regulated to compensate and
prevent significant concentration decrease. We interpret these deviations from the expected growth
induced dilution as regulated changes in synthesis, j;. Regulated changes correlate more weakly
with protein half life explaining only 17 % of the variation in regulated changes. This suggests that
the majority of changes in synthesis do not specifically work to counteract dilution, Fig. 2d.

Because dilution induced concentration changes are largely not compensated for, this raises
the question of whether this dilution contributes to defining the phenotype of the activated state.
Towards this direction, proteins from a number of concerted pathways change their concentration
substantially between the activated and resting state. Many of these pathways can attribute over

half the variance or more to protein dilution, Fig. 2d. For example, proteins participating in the
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Figure 2 | Proteome differences between resting and activated B-cells originate from altered protein dilution.
a, When B cells are exposed to antigen, they transition from a resting state where there is minimal cell growth, to an
activated state where cells divide every 16 hours. b, Thus, clarence rates increase for all proteins with kg, resulting in
larger relative changes for more stable proteins. ¢, The relative changes in clearance rates between the activated and
resting state explains 37 % of the variance in protein concentration changes between these two states. d, Functional
protein groups driven by dilution include the electron transport chain where 90 % of protein fold changes are caused by
increased protein clearance due to growth. e, However, not all proteins change concentration proportional to the shift
in clearance. Many proteins such as histones are actively regulated with increased protein synthesis tied to the rate of
cell division. f, Proteins involved in processes such as gluconeogenesis are actively regulated to increase expression
levels to counteract the increased rate of clearance.

electron transport chain decrease their concentration by two fold and are predominantly driven by
dilution. This may reflect the decrease in metabolism from oxidative phosphorylation to glycolysis
during activation'’. Other proteins weakly affected by dilution such as translation factors and
proteins participating in notch transcription increase in concentration, Fig. 2e. This may reflects

the increased demand for protein synthesis.
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Conversely, examining the extent of active regulation reveals several pathways for which changes
in synthesis rate exceed changes in protein concentration. These pathways include the E2F tran-
scription pathway as well as proteins participating in gluconeogenisis, Fig. 2f. Regulation of
metabolic enzymes participating in glucose metabolism may be required to meet the energy de-

mands of increased proliferation.

Growth and degradation rate differences shapes tissue-specific proteomes

To test whether the lack of compensation for protein dilution plays a role in additional contexts, we
collected in vivo pulse labeling samples from four tissues with varying growth rates, Fig. 3a. These
samples included the brain, one of the tissues with the lowest reported cellular turnover, as well as
the bone marrow, one of the fastest renewing systems in the body'®. Samples were collected from
10 different mice that span both genders and two different age ranges, 4 and 20 months.

In order to draw accurate conclusions from the data, we sought to account for measurement
noise. To this end, we estimated concentration and clearance rates from samples digested by either
LysC only, or LysC plus trypsin. Samples digested by different proteases generate different pep-
tides and thus share less systematic bias from factors such as ionization and digestion efficiency
compared to technical replicates'®. In both digests, we were able to quantify concentrations and
degradation rates for over 5,000 proteins via data independent acquisition (DIA) mass spectrome-
try, Supplemental Fig. S2a. LysC measurements from the pancreas were not considered due to the
large amount of trypsin expressed in the tissue.

The quantitative accuracy of the measurements is reflected in the agreement between digest
conditions. For each tissue, we compared protein concentrations from digest conditions and ob-
served strong agreement in line with expectations from LysC and Trypsin proteases'’, Supplemen-
tal Fig. S2b. For clearance rate measurements, to further mitigate the influence of noise, we filtered
estimates within each digest and tissue for proteins with a coefficient of variation (CV) below 20
%. This set contained roughly 2,000 proteins for each tissue. We then compared the consistency
between digests for the intersected subset of low CV observations Supplemental Fig. S2c. We
observed good consistency for brain and lung measurements, p = 0.82 and p = 0.78 respec-

tively. The consistency was notably lowest for bone marrow. This is primarily due to the small
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dynamic range in clearance rates which are primarily driven by dilution. Lastly, doubling rates for
each tissue were estimated under the assumption that the histone degradation rates were negligi-
ble’**!. Therefore, we defined k, for each sample as the degradation rates of histone H3 and H4.
We observed high consistency between estimates made from each digest condition, Supplemen-
tal Fig. S2d. The average population doubling times ranged from approximately 1 day for bone
marrow to 200 days for some brain samples.

Having observed a broad range of doubling times, we wanted to examine how doubling times
affected the relationship between degradation and protein concentration. Consistent with our ear-
lier results, clearance rates weakly contribute to protein levels in rapidly proliferating cells such
as the bone marrow. Conversely, clearance contributed up to 50 % of concentration variation in
slowly dividing tissues such as the brain. When looking across all tissues, we observed a contin-
uous trend with a strong correlation, p = 0.89, Fig. 3b. To directly attribute this to growth, we
computed the average variability in degradation rates and clearance rates for each tissue, Fig. 3c.
We observed that while degradation rates are similarly variable for brain and bone marrow, the
clearance rates are significantly less variable for the bone marrow. This difference can only be
driven by the significant dilution in the bone marrow, reducing protein to protein differences in
clearance. In brain tissues, the variability in clearance and degradation rates are about the same, as
degradation is the primary mechanism of clearance.

We then set out to determine how these growth rate differences shape clearance and concen-
tration differences across tissues. First, we plotted clearance rates for the brain against the bone
marrow, Fig. 3d. We observed that while clearance rates were correlated, p = 0.40, a shallow slope
of 0.13 reflects the reduced variability in clearance rates for the bone marrow. We then decomposed
the scatter plot of clearance rates to a common component and a specific component. The common
component reflects the similarity in the degradation rates between tissues and explains the majority
of the variance, 84%. The specific component reflects how differences in degradation rates lead
to different clearance rates. When we compare the brain to the lung, we see that the slope is less
shallow, 0.80, reflecting the smaller impact of dilution for the lung Fig. 3e. Again, the common
component explains the majority of the variance in clearance rates.

Despite the common degradation component explaining the majority of variance in both com-

10
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Figure 3 | Tissue-specific protein dilution and degradation rates explain protein abundance variation across
tissues a, Protein clearance and synthesis rates were measured from murine tissue samples using in vivo metabolic
pulse labeling with heavy K. b, The lower the growth rate of a issue, the more of its protein abundance variation
is explained by degradation rate differences across the proteome. ¢, Variability in degradation rates and clearance
rates for each tissue. Growth rates are reflected by size of points and explain differences between degradation and
clearance variability for alveoli and bone marrow. d, When plotting clearance rates for brain against bone marrow,
the shallow slope indicates reduced variance in bone marrow clearance rates due to high dilution in bone marrow.
We then decompose clearance rate trends into a common component reflecting the shared axis of variation in protein
degradation rates and a specific component reflecting differences in degradation. e These trends are also shown in
comparison between lung and bone marrow where the growth differences are less significant and thus the slope is less
shallow. f When growth differences are substantial, the common degradation component drives clearance differences.
This in turn contributes to concentration differences between the tissues. g When growth differences are small, the
specific degradation component drives clearance and concentration differences between tissues.

parisons, the relationship to clearance and concentration differences between the tissues vary. In
tissues with a large growth rate differential such as the brain and bone marrow, the common com-
ponent explains 76 % of the clearance differences Fig. 3f. As these differences reflected the axis
of shared variation in degradation rates, they are directly attributable to dilution differences. Sim-

ilar to observations made in resting and activated B-cells, we found that the common component
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explains a substantial fraction of concentration differences between the brain and bone marrow,
R? = 0.34, Fig. 3f. This again suggests that cells do not fully compensate for the reduction in
protein accumulation in fast growth states. However, when tissues have similar clearance rate
variability, the specific degradation component explains the majority of clearance rate differences,
Fig. 3g. Here, the specific component driven by degradation rate differences explains 20 % of
protein concentration differences between the brain and lung Fig. 3g.

Differences in clearance driven by degradation are most pronounced when comparing rates
for the two tissues with the lowest growth rate, brain and pancreas. Here, we observed a modest
correlation between clearance rates, p = 0.38, demonstrating significant degradation rate differ-
ences,Fig. 4a. Protein fold changes between the pancrease and brain were strongly predicted by
clearance differences, p = 0.65, Fig. 3b. This trend was the strongest for any pairwise comparison,
Fig. 3e.

We next sought to examine the extent to which variations in the concentrations of individual
proteins across samples could be explained by degradation variation. We identified many proteins
whose abundance could be mostly explained by degradation, R?> > 0.70, Fig. 3f, supplemental
table 2. When examining the distribution across all proteins, we found an average correlation of
0.31. When using the spearman correction factor to account for the influence of measurement noise
via the consistency of LysC and trypsin replicates, the average correlation increased to 0.50. To
elucidate this trend, it was important to control for average differences in clearance rates. Clearance
rates for all proteins will be higher in bone marrow compared to brain, but it is the differences
relative to the average clearance that will impart specificity to protein concentrations.

Additionally, we observed that protein variation for several pathways is substantially controlled
by protein degradation. Increased abundance in the brain of proteins from pathways such as Neu-
rotrophilin signaling and WNTS5A signaling can be almost entirely explained by their slower degra-
dation rates, Fig. 3f. Several other pathways such as serotonin and insulin recyptor recycling are
also up regulated in the brain. Other pathways with significant control by degradation such as Toll
like receptor 9 cascade and interleukin 17 signaling were upregulated in the bone marrow. Over-
all we identified 141 pathways whose abundance is controlled by degradation at more than 20%,

supplemental table 2.
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Figure 4 | Tissue specific levels of many proteins are primarily determined by their tissue specific clearance
rates. a, Protein clearance rates for pancreas and brain plotted against each other show modest correlation. b, Dif-
ferences in clearance rates between brain and pancreas explain differential protein concentrations, Pearson correlation
p = 0.65. ¢, Similarly, differences in clearance rates explain differences in concentrations between other tissue types
to varying degrees. d, For some proteins, abundance across tissues is almost entirely explained by variation in their
clearance rates. e On average, the correlation between clearance rates and correlation profiles is 0.35. When correcting
the correlation for measurement for consistency of lysC and trypsin digests via the spearman correction, the average
is 0.50 depicted by the red line. The star depicts the correlation of Uqerfs1 shown in panel d. This protein participates
in the TCA cycle, whose enzymes are primarily regulated by degradation. f, GO terms with significant contribution of
degradation rates are summarized along with what tissue the pathway proteins are more abundant.

Discussion

The slower a protein degrades, the more it accumulates inside non-growing cells. In growing

cells, however, protein accumulation is reduced proportional to the growth rate. In proteins like
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histones, such reduced accumulation is compensated for by proportionally increasing synthesis
rates, Fig. 2. For other proteins we observe only partial compensation, consistent with previous
reports emphasizing the role of compensation’. However, we find that for most proteins this partial
compensation does not offset the majority of this effect. Our measurements and analysis quantify
this effect for the first time for thousands of proteins in physiologically relevant conditions. Thus,
we establish the role of dilution differences in shaping cell type and tissue specific proteomes.

We find that this phenomenon can explains a substantial amount of the variation in protein
levels. It contributes 37% of concentration change between resting and activated B-cells (Fig. 2)
and 34 % of the concentration changes between brain and bone marrow tissues (Fig. 3). This raises
the interesting possibility that long lived proteins are generally less needed or inhibitory for high
growth states and more important for low growth states. While it has been posited that certain
proteins such as those involved in signaling require high turnover to allow cells to adapt quickly
to environmental stimulus®, our observation provides potential explanation in the opposite trend.
Proteins crucial for slow growth may have preferentially evolved to have longer half lives.

We also report large and context-dependent roles of protein degradation both across cellular
states and across different proteins. While the possibility for such extensive regulation has been

suggested by protein variation that is unexplained by mRNA variation®*~>

, our analysis focused on
explaining protein variation by measured protein degradation rates. The results emphasize a larger
than previously described role for protein degradation in determining protein abundance variation.
They also explains the smaller roles reported previously in fast growing cells in number' or in cell
size®. Our results did not include shrinking cells, such as erythroblasts transforming into erythro-
cytes’®, but they predict that protein degradation is likely to play an even more dominant role. Our
data demonstrate that variation in protein degradation rates is an important global mechanism for
shaping protein concentration, Fig. 4. This large contribution helps explain the high abundance
of stable proteins resulting from alternate RNA decoding”’. Together, our results motivate future
work on understanding the biological impacts of protein degradation across diverse contexts.

Our tissue analysis faces limitations, such as averaging across the diverse cells making up the

analyzed tissues. For example, tissues like the brain comprise non-proliferative differentiated cells

and proliferative cells. This complicates interpretations as it is challenging to disentangle the exact
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amount of dilution each quantified protein faces. Single-cell measurements of degradation, growth,
and concentration rates in vivo will add additional context to understanding when synthesis rates

must compensate for protein dilution.

Data availability: All raw data and search engine outputs can be found on MassIVE with ID:
MSV000097050. Additional processed data needed for reproducing the analysis can be found on
Zenodo under DOI 10.5281/zenodo.14827609.

Supplemental data table 1

Supplemental data table 2

Code availability: The code used for data analysis and figures is at: github.com/Slavovlab/Protein-

Clearance
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Methods

Mouse model and handling

All mice experiments were performed in compliance with the Institutional Animal Care and Use
Committee at Massachusetts General Hospital. Both male and female C57BL/6 mice, either 24-
month-old or 4-month-old, were ordered from the NIA. Mice were euthanized with CO2 followed
by cervical dislocation. The mouse used was male. Tissues were harvested post-euthanasia and

perfusion with PBS.

Metabolic pulse labeling and tissue collection

Mouse Express L-LYSINE [13C6, 99%] MOUSE FEED kit was purchased from Cambridge Iso-
topes Laboratories. Mice were first acclimated to the Lys+0 feed for a period of 10 days before
switching to the Lys+6 diet for either 5 or 10 days. Mice were fed 5g per day for either 5 days
or 10 days before euthanisation. Whole tissues including the pancreas, brain, aveolus, and bone
marrow were harvested a total of 10 mice. Descriptions of the age, gender and feeding time for

each mice can be found in the meta data file on Zenodo. After harvesting, tissues were stored at

-80 until prepared for LC-MS/MS analysis.

Sample preparation for MS

Samples were prepared based on an optimized protocol?®. Briefly, whole tissues were thawed from
-80 degree freezer at room temperature in 1 mL of 1x PBS. Samples were then ground using 1 mm
diameter glass beads and a tissue homogenizer (BioSpec Mini-Beadbeater). Samples were then
brought to 1% SDS and 1x benzonase to break apart DNA. Samples were then brought to 5% SDS
and boiled for 10 minutes. 10 micrograms of protein from each sample were then added to SP3
beads for clean up and overnight digestion at 37 degrees C in 20 ng/ul LysC. LysC digest was then

split into one fraction for LysC analysis and another fraction for a second overnight digest with

17


https://zenodo.org/records/14827610/files/Miceotopes_file_annotations.csv?download=1
https://doi.org/10.1101/2025.02.10.637566
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.10.637566; this version posted February 12, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Trypsin at 37 degrees C in 10 ng/ul Promega Trypsin Gold. Samples were then dried down and

resuspended at a concentration of 750 ng/ul in 0.1 % formic acid for injection to the LC-MS/MS.

LC-MS/MS data acquisition

All samples were were separated via online nLC on a Vanquish Neo UHPLC using a 25cm x 75
! TonOpticks Aurora Series UHPLC column (AUR2-25075C18A). Samples were resuspended at
a concentration of 500 ng/ul and 1 ul volumes were injected out of glass inserts (ThermoFisher
60180-509) sealed by rubber caps (ThermoFisher C5000-51B).

All samples were run on a 95 minute total length method (53 minutes active gradients). 0.1 %
formic acid in water was used for Buffer A and a 20% solution of 0.1% formic acid mixed in 80 %
acetonitrile was used for buffer B. A constant flow rate of 200nl/min was used throughout sample
loading and separation. Samples were loaded onto the column for 20 minutes at 1% B buffer, then
ramped to 5 B buffer over two minutes. The active gradient then ramped from 5% B buffer to
25% B buffer over 53 minutes. The gradient was then ramped to 95% B buffer over 2 minutes and
stayed at that level for 3 minutes to remove excess peptide and protein residue from column. The
gradient then dropped to 1% B buffer over 0.1 minutes and stayed at that level for 4.9 minutes for
the re-equilibration.

All samples were analyzed by a Thermo Scientific Exploris 480 mass spectrometer. Electro-
spray voltage was set to 1.8 V, applied at the end of the analytical column. The temperature of
ion transfer tube was 250 °C' and the S-lens RF level was set to 80. MS1 scans had the following
parameters: 140k resolution, 3e6 AGC target, and a scan range from 450 to 1258Th. Two sets of
DIA windows were used: 21 20Th-wide windows (spanning the space from 450Th to 860Th) and
8 50Th-wide windows (spanning the space from 859.5Th to 1256Th). The DIA windows had the
following characteristics: 35k resolution, AGC target of 5e5, maximum injection time determined
automatically, fixed first mass of 200Th, NCE of 27, and a default charge state of 2. DIA windows
spanned the space from 450Th to 1256Th and included a 0.5Th overlap.
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Interpreting raw mass spectra

To reanalyze of data dependent acquisition MS data from Mathieson et al.'?

, proteomics data from
SILAC-labeled human cell lines was downloaded from the publication data repository (B cells:
PXDO008511, hepatocytes: PXD008512, monocytes: PXD008513, NK cells: PXD008515). Sam-
ples were searched by MSFragger via the SILAC3 workflow and MSBooster workflow?’ against
the human protein sequence fasta downloaded from Uniprot in September 2024.

Label free DIA runs of cell cycle fractions were searched with DIA-NN v1.9.0°° using an in
silico fasta generated library enabled by deep learning. Raw files were searched together with
match between runs (MBR). DIA-NN search settings: Library Generation was set to “IDs, RT, &
IM Profiling”, Quantification Strategy was set to “Peak height”, scan window = 1, Mass accuracy
= 10 ppm, and MS1 accuracy = 5 ppm, “Remove likely interferences”, “Use isotopologues™, and
“MBR” were enabled. SILAC was set as a fixed modification on lysine residues using the plexDIA
module, and two channels were defined, one at O da and one at 6.051984 da.

We also performed a variable modification search in DIA-NN with the variable SILAC modifi-
cation specified at 6.051984 da to identify partially labeled peptides that contained multiple lysines

due to a missed cleavage. All other settings were the same other than the use of the fixed SILAC

modification and channel command.

Downstream data analysis

Analysis of in vitro external data sets

Protein half-life data for fibriblasts, B-cells, NK cells, Monocytes, and Hepatocytes was down-
loaded from supplemental files of Schwanhausser et al.! and Mathieson et al.'’. For fibroblasts,
protein copy numbers were also downloaded from the supplement of Schwanhausser et al. For the
other cell types, we computed protein intensity from the fragpipe searched data by first summing
the intensities of light and heavy SILAC precursors. We then estimated protein abundance as the

median of the top 3 most abundant precursors for a protein.
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Estimating clearance and cell division rates in vivo

To estimate the change in the fraction of light lysine in the unbound lysine pool over time, (t),
we first calculated the fraction of heavy lysine in the free pool at our two time points. To do this,
we utilized the average ratio of partially labeled to fully labeled peptides as done by Jovanovic et
al.>. We then fit an equation of the form y(t) = 1 — 0.5e~* — 0.5¢~" to estimate the change in
available light lysine over time as previously developed and used in ref.!".

Having solved for the change in the free lysine pool over time, we then formulated the change

in any given light peptide over time % via the equation:
dL;
© = kyy(t) — kniL(t
L = b (8) = ki L (1)

We then integrate this equation to solve for L;(¢) for the initial condition L(0) = Ly where L
is defined as the sum of heavy and light intensities under the steady state assumption that overall
protein concentration is not changing over time. Integrating and further substituting k,; via the

steady state equality Ly =

zr :ZThis gives the following equation:

0.5 0.5 0.5 0.5
L(t) =k, ;Lo | ———e ™™ —bt Lo — k,;L —ky it
(® ’ O(k‘r,z‘—ae +km‘—b€ )+(0 ’ O<km—a+kri—b)>e

i )

The arithmetic was performed in Mathematica to obviate manual integration errors. Lastly, this

equation was then solved for via a non-linear solver to find %, ; for each peptide from each sample.

Math for model of clearance upon growth

For the following derivations, are more comprehensively derived in Baum et al.”. Briefly, in cells
that are not growing, under the steady state assumption protein concentrations can be formulated

as a balance of rate of synthesis and degradation.

T

EX)

Di =
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In cells that are growing, the steady state model can be maintained under the assumption that
protein concentrations remain constant as cells double the amount of all proteins at an equal rate.
However, under this regime, we need to introduce an additional term to reflect protein clearance

due not only to degradation, but to dilution as well.

ks
P Rty

The dilution rate k, is constant for all proteins and is inversely proportional to the rate of
cell division, Tec, k; = log(2)/Toc. For both models, we define the overall amount of protein
clearance from degradation and dilution is k,, = k4, + k4, with k£, = 0 in the absence of growth.

When comparing a rapid change from slow to high growth, we have to define the change in both

clearance and synthesis rates that contribute to protein concentrations. The difference in clearance

rates for all proteins A K, is defined as:

kai+ kqy
ka

Ak =
This assumes no significant changes in degradation rates as a cell increases its growth rate.

While this assumption may not hold, because the influence of degradation is diminished in the fast

growth regimes, the ability of degradation rate changes to compensate for dilution is limited.

The change in synthesis rate has two components. First, there is the overall increase in synthesis
that is applied to all proteins, ¢ uniformly to account for the increase in average clearance rate
from dilution. Secondly, there is the protein specific change in synthesis, p;, that accounts for
deviations from the scalar increase, and may compensate for the decreased accumulation of long
lived proteins. The final equation describing the difference in clearance

5:ulksz
Ak, = 2B
, ksi

)

Relative contributions of synthesis and degradation to protein levels

To determine the relative contributions of synthesis rates (/g) and degradation rates (/;) to pro-

tein levels (P), we log-transformed the equation P = % to obtain log(P) = log(K) — log(Ky).
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The variables log(K), log(K,), and log(P) were then mean-centered to remove any intercepts
and isolate the variability. We then calculated the relative contribution of either term as the sum of
squared residuals from a leave-one-out regression. Further, we corrected R? values for the relia-
bility of the data using the Spearman correction as previously described?’. Briefly, the fraction of
variance explained was divided by the reliabilities of each measurement, concentration and degra-
dation rate. The reliabilities were estimated as the correlations between different measurements,
such as estimates derived from biological replicates. In the case of the mouse tissues, digestions

by lysC and trypsin were also used for reliability estimation.

Simulation Description

We simulate the steady-state protein concentrations [ ] using the following equation:

where:
* ks; is the protein-specific synthesis rate,
* kq; 1s the protein-specific degradation rate,

* k, is the dilution rate due to cell growth, defined as k, = In(2) /7., with T being the cell

doubling time.

To simulate £; and kg4;, we assume that their logarithms follow a bivariate normal distribution.

Let K, and K, be the random variable defined as:

K, =log(ks;), Kq=1log(ks;), i€{1,2,...,n}.

where £ ; represents the individual translation rates for each protein ¢ in the population. Values

for K, and K, were then simulated from a bi-variate normal distribution:
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K, [ o? cov(K,, Ky)

~ N ‘ Y ’ Y
K, pa| |cov(Ky, Ky) o3

where:
* 15 and pg4 are the means of K, and K, respectively,
* 0, andoy are the standard deviations of log(ks;) and log(kq;),

* pis the correlation between K, and K.

Pathway enrichment analysis

Pathway enrichment analysis was performed on both protein fold changes, regulated protein syn-
thesis changes, and correlations between concentrations and clearance rates. In all cases, a t-test
was performed between values from a particular KEGG gene ontology pathway and the null dis-
tribution of comparisons for all other proteins. Comparisons were only made if 5 or more proteins
were present in a pathway. The distribution of p-values generated from the comparisons was then
corrected for multiple hypothesis testing via the Benjamini-Hochberg false discovery rate (FDR)

correction. Pathways below 1 % FDR were considered significant.
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Supplemental Fig. S1 | Evaluating characteristics of degradation and synthesis distributions (a), The K-S
distances of an approximated log normal fit to the half life and synthesis rate distributions show close concordance
differing at most by 3%. (b) The R? computed as the sum of squared residuals from regressing —log(K,) = log(P)
does not overestimate the percent variance with increased correlation between growth and synthesis. This can be
observed as the slope computed between —log(K,.) and log(P) remains modest and does not approach 1. (¢) Corre-
lation between synthesis and degradation rates plotted for each cell type. (d) Standard deviations of the log(K,) and
log(K ) distributions for each cell type.
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Supplemental Fig. S2 | Quantitative accuracy and reproducibility of protein degradation and clearence rates
for mouse tissues (a) Number of proteins with degradation rates and abundances quantified for LysC and Trypsin
digests. (b) Reproducibility for protein abundance measurements for trypsin and LysC digests. (¢) Reproducibility
for clearance rate measurements for trypsin and LysC digests. Because the pancreas did not have a LysC condition
due to the large amount of trypsin expressed in the tissue, technical replicates are plotted. (d) Reproducibility for
measurements of cell doubling time as defined by average clearance rate of histone H3 and H4.
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