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Abstract 

Peptide substrate reporters are fluorescently labeled peptides that can be acted upon by one or 

more enzymes of interest. Peptide substrates are readily synthesized and more easily separated 

than full-length protein substrates; however, they are often more rapidly degraded by peptidases. 

As a result, peptide reporters must be made resistant to proteolysis in order to study enzymes in 

intact cells and lysates. This is typically achieved by optimizing the reporter sequence in a single 

cell type or model organism, but studies of reporter stability in a variety of organisms are needed 

to establish the robustness and broader utility of these molecular tools. We measured peptidase 

activity toward a peptide substrate reporter for protein kinase B (Akt) in E. coli, D. discoideum, 

and S. cerevisiae using capillary electrophoresis with laser-induced fluorescence (CE-LIF). 

Using compartment-based modeling, we determined individual rate constants for all potential 

peptidase reactions and explored how these rate constants differed between species. We found 

the reporter to be stable in D. discoideum (t1/2 = 82-103 min) and S. cerevisiae (t1/2 = 279-314 

min), but less stable in E. coli (t1/2 = 21-44 min). These data suggest that the reporter is 

sufficiently stable to be used for kinase assays in eukaryotic cell types while also demonstrating 

the potential utility of compartment-based models in peptide substrate reporter design. 
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Introduction 

Peptide substrate reporters are short peptides, typically 3-20 amino acids long, that can be acted 

on by one or more enzymes of interest [1, 2]. Peptide substrates are commonly used for activity 

assays in place of full-length endogenous substrates because they are easier to synthesize and 

separate than full-length endogenous protein substrates. For detection, peptide substrates may be 

tagged with fluorogenic moieties [3–5], a fluorescent label [6–10], or a FRET pair [11–13]. 

Reporters have been developed for many enzymes, particularly kinases [2, 4, 6, 8, 10, 12, 14–

16], but also proteases [11, 13, 17–19], phosphatases [9], and others [7]. Reporter development 

typically starts with a peptide library, often based on the consensus sequence for an enzyme’s 

known endogenous substrates, and proceeds through optimization of the amino acid sequence for 

rapid kinetics, high specificity, and stability in cells and lysates [1, 10, 16]. 

 

Stability of exogenous peptides, including substrate reporters, is an active area of research 

because cells express a number of cytosolic peptidases that degrade peptides into amino acids for 

recycling into new proteins [20]. Degradation by peptidases is not a problem for assays 

performed with purified kinase (or other enzyme), but resistance to degradation is a key 

parameter for substrates for measuring the activities of enzymes when proteases are present, such 

as in intact cells or cell lysates. In cells or lysates, the kinetics of reporter degradation must be 

appreciably slower than the kinetics of reporter reaction with the enzyme-of-interest or 

meaningful measurements cannot be made. Practically speaking, this usually means the half-life 

of the reporter in the cytoplasm or cell lysate should be at least 30 minutes or longer. In general, 

peptides are rapidly metabolized in the cytoplasm with half-lives ranging from < 1 min to 20 min 

[20]. However, degradation rates depend on peptide sequence, and a variety of design principles 
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have been used to render exogenous peptides resistant to degradation. Strategies include the 

incorporation of non-native amino acids (e.g., D-amino acids or N-methylated amino acids [16, 

21]) and protection of N-termini by bulky modifications [22, 23]. The choice of modifications 

used to stabilize a given substrate is constrained by the substrate preferences of the enzyme-of-

interest but is also largely empirical. As a result, peptide substrate reporters are optimized by a 

rather time-consuming, iterative design process, in which modifications to improve stability are 

screened for their effect on kinetics and specificity toward the enzyme-of-interest. 

 

To date, reporters have been developed and tested almost exclusively in mammalian cells, and 

many reporters have been validated in only one specific human cell line or a few closely-related 

lines. Only a few reporters are tested in non-mammalian cell types [14], and fewer still in non-

vertebrate or single-celled model organisms [5]. General design principles for peptide substrate 

reporters are lacking, and few reporters have been tested across species. Ideally, a reporter 

optimized in one organism would be widely applicable to other organisms with minimal re-

optimization. This is particularly important as the need for studies in non-traditional model 

organisms becomes more apparent [24]. However, to date, there has been minimal research on 

the transferability of peptide substrate reporters between species. Such testing should examine 

how differences between organisms affect reporter kinetics, specificity, and stability. A 

comparison of stability across species is prerequisite to a comparison of kinetics and specificity 

across species because meaningful kinetic data cannot be collected if reporters are not stable in a 

range of cell types. 

 

Variation in peptidase types and activities between organisms will certainly result in differing 
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stability of reporters between species. While all species universally express a core set of sixteen 

peptidase families, other peptidases and peptidase families are expressed exclusively in a specific 

kingdom. For example, the peptidase family involved in signal peptide processing is a core 

family found in the genomes of all living organisms checked to date.  In contrast, E. coli 

expresses a peptidase family specifically involved in bacterial interactions with surfaces, while 

animal cells produce peptidases required for remodeling of the extracellular matrices around 

tissue [25]. Even within a single species, peptidase activity varies by cell type; for example, 

peptidase activity in cancer cells and cells from rheumatoid arthritis patients differs from that of 

healthy cells [26, 27]. As a result of this variability in peptidase expression and activity, 

systematic comparisons of peptide half-lives and a framework for interpreting peptide 

degradation data are needed to inform future peptide substrate reporter design and applications. 

 

In this work, we compare the degradation of a peptide substrate reporter (VI-B) for protein 

kinase B across four species from four different kingdoms, Escherichia coli (Bacteria), 

Dictyostelium discoideum (Protozoa), Saccharomyces cerevisiae (Fungi), and Homo sapiens 

(Animalia). These organisms are evolutionarily divergent and express widely varying peptidases. 

These differences are reflected in varying peptidase activity toward the reporter and can be 

quantified using compartment-based models which reveal what steps in the degradation process 

are most important in each organism. Modeling of breakdown kinetics reveals which amino acid 

residues and fragments are targeted by peptidases; consequently, modeling results should prove 

useful in future optimization of peptide substrate reporters. Additionally, a more thorough 

understanding of interspecies variation in peptidase activity is relevant to future applications of 

other peptide-based indicators, hormones, and pro-drugs. 
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Materials and Methods 

Cell culture and lysis conditions. Overnight cultures of Escherichia coli K12 were grown in LB 

(10 g/L Bacto-tryptone, 5 g/L yeast extract, 10 g/L NaCl, pH 7.5) at 37 °C with shaking. These 

cultures were diluted 1:100 and grown to mid-log phase (OD 0.5) before lysis. Dictyostelium 

discoideum was obtained from the Dicty Stock Center [28] and cultured at room temperature in 

HL-5 pH 6.4-6.7, (14 g/L proteose peptone 3, 7 g/L yeast extract, 3.5 mM dibasic sodium 

phosphate, and 11 mM monobasic potassium phosphate) with shaking at 180 rpm [29]. Cells 

were used at a density of 2-4×10
6
/mL. For D. discoideum social development experiments, cells 

were washed and resuspended in development buffer (5 mM sodium phosphate dibasic and 5 

mM potassium phosphate monobasic, pH 6.5 with calcium chloride and magnesium chloride 

added to final concentrations of 10 mM and 20 mM respectively before use) at a density of 

10
7
/mL for 2-6 h prior to lysis. Saccharomyces cerevisiae (ATC 4040002) was cultured at 30 °C. 

Shaken, liquid cultures were started in YPD (20 g/L Bacto-peptone, 10 g/L yeast extract, 20 g/L 

dextrose) from single colonies grown on YPD plates. These overnight cultures were diluted to 

OD 0.2 and grown to OD 0.4 to reach mid-log phase before lysis.  

 

Prior to lysis, all cell types were pelleted, washed, and resuspended in phosphate buffered saline 

(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). For E. coli, 200 mL 

of OD 0.5 culture was washed and resuspended in 1 mL of ice-cold PBS and lysed by sonicating 

3× for 10 s at power 3-4 with 1.5-2 min on ice between cycles. For D. discoideum cultures, 1.5 × 

10
7
 cells were lysed by three freeze-thaw cycles using liquid nitrogen. For S. cerevisiae, 50 mL 

of OD 0.4 culture was washed and resuspended in 1.0 mL of ice-cold PBS and mixed with 1 mL 
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of 0.5 mm glass beads. Cells were lysed by bead beating 5× for 10 s/cycle with 1 min on ice 

between cycles. All of the resulting lysates were centrifuged for 5-15 min at 15,000 ×g, and the 

supernatant was removed and stored at -80 °C for up to 10 days before use. Biological replicates 

were prepared as described above from three separate overnight cultures of each cell type. 

 

Degradation assays. The total protein concentration of each lysate was determined using the 

fluorescamine assay with a bovine serum albumin calibration curve [30]. Lysates were diluted 

1:1000 in 30 mM borate buffer (pH 9), mixed in a 3:1 ratio with 3 mg/mL fluorescamine in 

acetone, and incubated in the dark for 2 min at room temperature. Fluorescence was excited at 

390 nm and measured at 475 nm. Based on this assay, the lysate was diluted to a final 

concentration of 3 mg/mL in phosphate buffered saline. The reaction was started by addition of 

the peptide substrate reporter, 6FAM-GRP-NMeArg-AFTF-NMeAla-NH2,[16] to a final 

concentration of 1 µM. Reactions were run at the normal growth temperature of each cell type: 

37 °C for E. coli, room temperature (25 °C) for D. discoideum, and 30 °C for S. cerevisiae. 

Aliquots were removed at 15, 30, 60, 90, 120, 180, 240, 300, and 360 min after the start of the 

reaction and heated to 95 °C for 5 min to stop the reaction. Data for HeLa and LNCap cells were 

published previously and graciously provided by the authors [16].  

 

Capillary electrophoresis. Samples from the lysate assays were analyzed using a PA-800 Plus 

capillary electrophoresis instrument (Beckman Coulter). The run buffer was 100 mM borate, 15 

mM SDS, pH 11.4 [27]. The capillary was 50 µm diameter bare silica, 21 cm effective length 

with an applied potential of 393 V/cm. Using purified standards, we confirmed that the parent 

peptide substrate reporter and all fluorescent N-terminal fragments were separated under these 
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conditions. Peaks were identified by their migration times and confirmed by addition of purified 

standards. Peak integration was performed using the 32 Karat Software (Beckman Coulter). 

 

Data analysis and compartment-based modeling. Peak areas were converted to percent of 

total peak area and then to concentration based on an initial peptide concentration of 1 µM. To fit 

our compartment-based model to the data, we first solved Equations (1)-(5) (see below and the 

Electronic Supplemental Material). We then used least-squares regression to solve for the rate 

constants by fitting the explicit solutions to Equations (1)-(5) to the kinetic data. We fit the 

solutions to Equations (1)-(5) sequentially, starting with the solution to Equation (1), which 

could be linearized. The solutions to Equations (2)-(5) cannot be linearized, so we took a 

nonlinear least-squares approach for these fits using the built-in Matlab function called lsqnonlin. 

This built-in function uses an iterative approach that searches for a minimum in the relevant 

parameter space using the method of steepest descent [31]. Since this is an iterative method, an 

initial guess must be provided with an upper and lower bound for each rate constant. We 

assumed that rate constants were non-negative with an appropriate upper bound (as discussed in 

the Supplemental Material); however, we had no initial insight into the actual rate constant 

values, so we attempted fitting with many different initial values and chose the parameter set that 

yielded the smallest residual error. To determine a 90% confidence interval for the half-lives and 

initial rates, we performed bootstrapping using a Monte Carlo simulation to generate 1000 

synthetic data sets based on the mean and standard deviation of triplicate measurements. The 

method of fitting the data was selected after extensive optimization. Further details of all 

mathematical analyses are in the Electronic Supplemental Material. 
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Results and Discussion 

Identification of the products of reporter degradation. In this work, we studied the 

degradation of a peptide substrate reporter for protein kinase B (PKB or Akt) in cell lysates from 

E. coli, D. discoideum, and S. cerevisiae. This reporter, called VI-B, was previously optimized 

using HeLa and LNCaP cell lysates [16].  PKB is a serine/threonine kinase that plays a key role 

in cell proliferation, stress, response, and apoptosis [32]. Previous studies have used the reporter 

to measure PKB activity in individual human cells, including primary tissue samples from 

patients diagnosed with pancreatic cancer and rheumatoid arthritis [16, 27, 33]. Both S. 

cerevisiae and D. discoideum express homologs of human PKB that are important in stress 

response [34, 35]. This reporter could be useful in probing PKB activity in these organisms, but 

first it is necessary to determine whether the peptide is phosphorylated by the homologous 

enzymes and sufficiently resistant to degradation in these systems. In this work, we assessed the 

degradation resistance of the peptide in lysates from S. cerevisiae and D. discoideum. Although 

E. coli does not express a PKB/Akt homolog, we also tested the stability of the reporter in E. coli 

lysates as a more general exploration of peptidase activity toward reporter molecules in range of 

evolutionarily-divergent organisms. 

 

Capillary electrophoresis with laser-induced fluorescence detection was used to separate and 

detect all fluorescent products of the reporter degradation reactions in cell lysates (Fig. 1 a-c). In 

our discussion, we call the full-length peptide reporter R and refer to the detectable fragments by 

the number of amino acid residues still attached to the N-terminal fluorescent tag; for example, 

F1 refers to the one amino acid fragment 6FAM-G. The optimized run buffer was able to 

separate all ten peaks in under twenty minutes (Fig. 1d), although peaks for F3, F4, and F5 were 
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not baseline resolved from one another. Cell lysate samples for E. coli included F4, F5, F6, and F7 

(Fig. 1a) while lysates from D. discoideum and S. cerevisiae contained F5, F6, F7, and F8.  

Lysates from all three model organisms also included the full-length, unmodified reporter, which 

degraded over time due to peptidase activity (Fig. 1e). Phosphorylation of the reporter was not 

expected to occur under the experimental conditions and was not observed. For quantitation, we 

determined the percent peak area for each peptide species, which was presumed to be 

proportionate to the relative concentration. We assessed degradation kinetics by tracking these 

relative concentrations across ten time points from 0 min to 360 min. 

 

The relative concentrations of reporter and fragments, measured as fraction of total peak area, 

were tracked as a function of reaction time. As expected, the concentration of unmodified 

reporter decreases over time as it is cleaved by peptidases in the lysates to form shorter 

fragments (Fig. 2 a-c), but the rates of reporter degradation differed between the three organisms.  

Degradation was most rapid in E. coli (Fig. 2a), while S. cerevisiae lysates showed the slowest 

degradation (Fig. 2c). As expected for first-order kinetics, the semi-log plot of reporter 

concentration versus time is linear with more rapid degradation corresponding to a steeper slope 

(Fig. 2d). As the parent was degraded, the relative concentrations of the fluorescent fragments 

increased.  In both E. coli and D. discoideum, F7 is the major fragment that forms; in S. 

cerevisiae, F5 is the main fragment.  At longer time points, the relative concentrations of some 

fragments also begin to decrease, suggesting that these fragments were further degraded by 

peptidases.  To elucidate the relative kinetics of these degradation reactions, a compartment-

based model was employed. 
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Compartment-based modeling. A compartment-based model or multi-compartment model is a 

mathematical model used to describe the transmission of materials or concentrations among 

different components of a physical system [36]. This method is commonly used in 

pharmacokinetic studies and was recently applied to studies of protein turnover [37]. The value 

of a compartment-based model lies in its simplicity as well as the fact that it represents an 

underlying physical process (in this case the chemistry of peptide metabolism). Essentially, a 

function of interest is generated from the physical process itself rather than general trends in the 

data. Compartment-based modeling works well with peptide degradation since the peptide 

reporter breaks down into smaller fragments whose concentrations are measured. In this work, 

we use the model to describe the concentration of each peptide over time (Fig. 3). The model 

includes several assumptions: (1) that there is no source of peptide fragments except for the 

initial full-length reporter; (2) that there is no sink, i.e., the parent peptide and fragments do not 

leave the system, but are simply converted to smaller fragments; (3) that any larger peptide could 

be cleaved to form any smaller peptide, but that only the N-terminal fragments, which retain the 

6-FAM label, will be detected and (4) that the system follows first-order kinetics and all rate 

constants are non-negative. (A ten-fold increase in substrate concentration, tested in 

Dictyostelium lysates, resulted in a ten-fold increase in rate and comparable half-life, validating 

the choice of a first-order kinetic model.) These assumptions describe a closed linear system 

whose solutions are a linear combination of exponential functions. Similar methods have been 

used previously to model enzymatic reactions [38].  

 

The compartment-based model can be translated into a series of differential equations (Equations 

1-5). For example, consider Equation (3), which describes the concentration of the seven amino 
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acid long fragment (F7) as a function of time (t). F7 can be formed either from the parent reporter 

(R) or from the 8 amino acid long fragment (F8), resulting in the terms +k7R and +k87F8, 

respectively, where k7 is the rate constant for formation of F7 from the full-length reporter, R is 

the concentration of the reporter, k87 is the rate constant for the formation of F7 from F8, and F8 

is the concentration of the eight amino acid fragment. These two positive terms account for the 

formation of F7. The negative term, -(k76 + k75)F7, accounts for degradation of the seven amino 

acid fragment to form the six amino acid fragment (F6) and the five amino acid fragment (F5). 

The rate constants for these two degradation reactions can be combined into a rate constant 

reflecting the overall disappearance of F7, called knet, 7. Thus Equation (3) describe the entirety of 

possible reactions involving F7 that are compatible with the data (in which F5 was the smallest 

fragment detected). 

 

��
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 = −��� + �	 + �
 + ���� = −�
��,�� 
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Fig. 3 and Equations (1)-(5) describe the fragments and corresponding reactions observed for D. 

discoideum, S. cerevisiae, and the human cell lines. Qualitatively the fragmentation patterns for 

these cells types, which are all eukaryotic, were similar; the same fragments were observed, 
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albeit in different quantities, in each cell type. Many peptidases unique to multicellular 

organisms, including humans, are extracellular peptidases that may not be retained in 

cytoplasmic lysates. This may explain the qualitative similarity of the fragmentation patterns 

observed in the human cell lines and other eukaryotic cell types [25]. The E. coli lysates 

produced slightly different fragments: F8 was not observed, but F4 was. However, the 

corresponding compartment-based model (Fig. S1) has the same mathematical form as that 

shown in Fig. 3. This type of model is deterministic, meaning the output of the model is 

completely determined by the model parameters. Rate constants for each reaction were obtained 

by solving the differential equations and then sequentially fitting the solutions to the data using 

least-squares regression (Table 1). For the eukaryotic cell lysate data, minimum residuals for the 

fitted rate constants ranged from 10
-6

-10
-1

 with typical values around 10
-4

; minimum residuals 

were somewhat higher for the E. coli lysate data, ranging from 10
-3

 to 10
-1

 (Table S1). 

 

Rate constants for the degradation reactions varied widely between reactions and organisms. At 

one end, some very low k values (10
-13

-10
-14

) suggested that certain degradation steps occur so 

slowly as to be negligible contributors to metabolism of the reporter. For example, formation of 

F6 from F8 in the human cells lines would be kinetically unfavorable. At the other extreme, the 

maximum reported rate constant of 1 was constrained by the parameters used to fit the data in 

MatLab. This value was only reached for one reaction, the formation of F5 from F6 in LNCaP 

cells. This occurred because F6 (the six amino acid fragment) was not observed in LNCaP 

lysates. This observation could be explained either of two ways: F6 formed but was rapidly 

degraded to F5 or F6 was never formed. Because k6 > 0 for the LNCaP data, the model suggests 

that F6 did form from the full-length reporter but was rapidly degraded to F5. To further test this 
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hypothesis, we fit the LNCaP data to a simplified model that assumed F6 never formed (k6 = k86 

= k76 = 0; Fig. S2). Based on qualitative assessment and minimum residuals, the more complex 

model (that included formation of F6) was a better fit to the data for F7 and a comparable fit for 

R, F8, and F5 when compared to the simplified model. The model results also suggest a further 

test to confirm that F6 was formed and rapidly degraded. The value for k85 is eight orders of 

magnitude higher in the complex model than in the simplified model, so incubation of F8 in 

LNCaP lysates could provide further support for one model over the other. Excluding the 

proposed rapid destruction of F6 to form F5, the highest rate constant observed was 10
-1

 for the 

formation of F5 from F7 in LNCaP lysates. In LNCaP lysates, F5 was the dominant fragment 

observed, and rate constants for its formation were ≥ 10
-2

 for all possible starting peptides. 

 

Interestingly, some reactions indicative of carboxypeptidase activity had non-negligible rate 

constants. Carboxypeptidases are peptidases that cleave the final or penultimate C-terminal 

amino acid residues. Many carboxypeptidases function in the extracellular space, and cytosolic 

carboxypeptidases (CCPs) are commonly involved in removal of glutamate residues [39]. 

Perhaps for this reason, previous research reported negligible carboxypeptidase activity toward 

substrates in the cytosol [22]; however, recent studies have confirmed carboxypeptidase 

processing of peptides in the cytosol and endoplasmic reticulum [40]. In agreement with these 

recent findings, all eukaryotic cell lysates generated F8 by removal of the C-terminal N-

methylalanine residue. Additionally, rate constants obtained by compartment-based modeling 

also suggested carboxypeptidase activity in S. cerevisiae and human cells toward shorter 

fragments (Table 1). In contrast, except for the formation of F8 from the full-length reporter (R), 

the rate constants for removal of the C-terminal residue in D. discoideum lysates are all 
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exceedingly low. This may reflect the fact that the D. discoideum genome contains only four 

genes expected to code for carboxypeptidases, and all are expected to be membrane-bound or 

extracellular [28]. Like the D. discoideum data, data from E. coli lysates showed little evidence 

of removal of the C-terminal amino acid; instead, rate constants for E. coli reflected a preference 

for removal of two C-terminal amino acids in a single step. For example, F8 was not observed in 

E. coli, but formation of F7 from the full-length (9 amino acid) reporter had a relatively high rate 

constant (k7). Similarly, k75 and k64 were large while single amino acid removal steps 

(represented by k76, k65, and k54) made negligible contributions to degradation. The result is that 

production of F4 leveled off after ~180 min when F6 was depleted even though larger fragments 

were still present (Fig. 2A). The mathematical modeling agreed with and explained this 

particular qualitative observation and clarified in general which reactions contributed to peptide 

degradation. 

 

In elucidating the kinetics of individual degradation reactions, the results of the compartment-

based modeling are useful in optimizing the reporter for application to specific organisms. For 

example, the major fragment formed during degradation of the reporter in D. discoideum lysates 

was the seven-amino acid fragment, F7. One strategy for further stabilizing the reporter would be 

to replace either residue 7 or residue 8 with a non-native amino acid to reduce peptidase activity 

at this bond; however, residue 7 is the threonine residue that is phosphorylated by protein kinase 

B, and modifications at this site are likely to affect phosphorylation rates adversely. 

Compartment-based modeling revealed that the formation of this fragment from the full length 

peptide (R) was kinetically more favorable than formation of F7 from F8 (i.e., k7 >> k87). This 

suggests that the eight-amino acid fragment, F8, would be more resistant to this degradation step 
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than the full-length reporter R. In this case, it would be useful to evaluate the activity of the D. 

discoideum PKB homolog toward F8 to determine whether the fragment could be more stable 

substitute for the full-length peptide. In yeast and human cells, the magnitudes of the rate 

constants are reversed (i.e., k7 < k87), so the same strategy would be ineffective. 

 

Interspecies variation in reporter metabolism. To assess the overall degradation resistance of 

the reporter, the value of knet,R was used to calculate half-life of the reporter and the initial rate of 

its destruction in each cell type. These values varied widely between cell types, as did more 

qualitative measures of peptidase activity, such as the major fragment observed during the first 

hour of degradation (Table 2). The range of initial degradation rates reported here spans two 

orders of magnitude and is generally comparable to previous reports, which have identified 

degradation rates of 0.02-3 pmol mg
-1

 s
-1

 for this peptide reporter and others in lysates and intact 

cells [23, 27, 33].  

 

We considered whether the differences in rates corresponded to each cell type’s demand for 

amino acids to generate new proteins. Cytosolic peptidase activity is required for recycling of 

amino acids into new proteins; however, differences in degradation rate between cell types were 

not correlated to cell proliferation rates or proliferation rates normalized to cell volume. For 

example, D. discoideum and HeLa cells are similarly sized, but D. discoideum cells double in 

cell density every 8-12 h [29], while HeLa cells double every 15-30 h [41]. Despite the more 

rapid proliferation of D. discoideum compared to HeLa cells, the two cell types showed 

remarkably similar overall half-lives for the reporter (Table 2).  E. coli and S. cerevisiae are 

smaller than these cells, but also proliferate more rapidly. Based on doubling times and cell 
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volumes, we estimate that E. coli cells generate 0.01-0.25 µm
3
 of cytoplasm per minute, 

compared to 0.1-2.3 µm
3
/min for S. cerevisiae, and 0.3-5.6 µm

3
/min for HeLa cells. These rates 

are wide, overlapping, and uncorrelated with the half-lives observed for the reporter, suggesting 

that for this particular peptide sequence degradation rates do not reflect general rates of amino 

acid recycling. This possibility is further supported by our observation that resuspending D. 

discoideum cultures in nutrient-free phosphate buffer (to initiate the organism’s social life cycle) 

did not enhance reporter degradation in these lysates (Table S3). Instead, the degradation rate is 

likely constrained by the activity of specific peptidases in each organism that find the amino acid 

sequence of the reporter or fragment to be a suitable substrate. This suggests that certain peptide 

stabilization strategies may be more effective in certain cell types, depending on the specific 

peptidases responsible for processing the reporter.  

 

Qualitative differences in degradation showed similar interspecies variation. For the eukaryotic 

cells, the terminal fragment (i.e., the smallest one observed) was the five amino acid fragment, 

F5. Formation of the smaller F4 fragment would have required cleavage of the peptide bond at 

the non-native N-methylarginine. In general, peptidase preferences skew toward small, aliphatic 

residues at the scissile bond with particularly strong preference for the amino acid at the N-

terminal side of the scissile bond [42]. As a result, the basic, non-native N-methylarginine 

residue is likely to stabilize the F5 fragment. Only E. coli lysates showed activity toward the N-

methylarginine-alanine bond and formation of F4. E. coli cells express peptidases from 19 

families that are not found in the other three cell types tested [25]. Of these 19 families, most are 

characterized by substrate preferences that do not match that of the bond cleaved to form F4. 

However, the endopeptidase omptin prefers a basic residue on the N-terminal side of the scissile 
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bond and a non-basic residue on the C-terminal side [43]. This peptidase is expressed by E. coli 

but not D. discoideum, S. cerevisiae, or human cells. These observations suggest that 

N-methylarginine substitution may be broadly protective of the peptide bonds in eukaryotic 

organisms, but further studies with a variety of peptide sequences are needed to confirm this. 

 

Conclusions 

The genomes of these organisms vary widely in their capacity to express peptidases. Human 

cells encode for a total of 745 peptidases from 77 peptidase families, compared to 92 peptidases 

and 44 families in S. cerevisiae, 166 peptidases and 59 families in D. discoideum, and 89 

peptidases and 48 families in E. coli. Hierarchical cluster analysis of the peptidase genes from 

these species and many other organisms demonstrates that there exists a core group of peptidases 

expressed by all cells, as well as clusters of peptidases specific to prokaryotes, eukaryotes, fungi, 

and metazoans  [25]. The cell types investigated here correspond to one organism from each of 

these groups. As a result, we expect that these data should be representative of how the reporter 

would be degraded in a wide range of organisms. Although degradation in LNCaP lysates is very 

rapid for this reporter, in general, the degradation resistance of VI-B suggests that it is 

sufficiently stable for application across the eukaryotic kingdom. This is important since the 

PI3K-PKB pathway is well-conserved throughout eukaryotic cell types; however, further 

research is needed to determine whether the reporter is a suitable substrate for phosphorylation 

by PKB homologs in other species. While E. coli cells do not express a PKB homolog, 

prokaryotic organisms do use their own serine/threonine kinase signaling pathways [44], and 

these results could inform design of reporters for bacterial kinases. Additionally, bacterial 

pathogens often disrupt eukaryotic signaling, including the PI3K-PKB pathway, during infection 
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[45]. Consequently, this reporter could be applied to samples that exhibit some prokaryotic 

peptidase activity. More generally, these results suggest the utility of compartment-based models 

for optimizing substrate reporters for degradation resistance. Compartment-based modeling of 

degradation of several substrates with disparate amino acid sequences in many cell types will 

yield generalizable design principles that should speed future reporter design. Additionally, a 

more complete understanding of peptide metabolism in cells will be useful in the design of other 

peptide-based tools, including hormones and pro-drugs. 

 

Electronic Supplemental Material. Additional details about the compartment-based modeling, 

including the model used for the E. coli data and minimum residuals for all rate constants, may 

be found in the electronic supplemental material.  
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Fig. 1 Capillary electropherograms of peptide samples incubated for 60 min in cell lysates prepared from (a) 
E. coli, (b) D. discoideum, and (c) S. cerevisiae, and (d) of peptide standards. R represents the unmodified, 
full-length reporter, P is the phosphorylated reporter, and 1-8 represent N-terminal fluorescent fragments of 

the reporter (referred to as F1-F8 in the text). For display only, the time axes of all electropherograms were 
normalized to the migration times for the parent reporter (R) and the five amino acid fragment to facilitate 
comparisons. (e) Capillary electropherograms for reporter incubated in D. discoideum cell lysate for 0 min to 

120 min showing degradation of the reporter and formation of fragments over time.  
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Fig. 2 Peptide abundances as a function of time for metabolism of the reporter in lysates from (a) E. coli, 
(b) D. discoideum, and (c) S. cerevisiae. Data points are average values for n = 3 biological replicates; error 
bars show the standard deviation. (d) Linearized semi-log plots of the abundance of full-length reporter (R) 

as a function of time. The slope of each line gives the first-order rate constant for overall degradation of the 
reporter (knet, R). Data for HeLa and LNCaP cells are from ref. [16].  
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Fig. 3 Compartment-based model of reporter (R) metabolism into shorter N-terminal fragments (FX) with X 
remaining amino acid residues after the N-terminal fluorescent label. The kinetics of each reaction are 

described as a rate constant, k.  
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Table 1 Rate constants for peptidase reactions of the reporter in each species, as determined by 

compartment-based models. Unreported values (--) indicate that one of the fragments involved in 

the reaction was not observed experimentally and therefore not included in the model. For 

example, R4 was not observed in any experiments except those conducted with E. coli.  

 

Rate Constant 

(min
-1
) 

E. coli D. discoideum S. cerevisiae HeLa LNCap 

k8 -- 2 × 10
-4
 2 × 10

-3
 3 × 10

-3
 5 × 10

-3
 

k7 1 × 10
-2
 5 × 10

-3
 2 × 10

-4
 2 × 10

-4
 5 × 10

-4
 

k6 9 × 10
-3
 2 × 10

-3
 2 × 10

-14
 2 × 10

-4
 2 × 10

-2
 

k5 8 × 10
-8
 2 × 10

-4
 6 × 10

-4
 4 × 10

-3
 2 × 10

-2
 

k4 2 × 10
-14
 -- -- -- -- 

knet,R 2 × 10
-2
 7 × 10

-3
 2 × 10

-3
 7 × 10

-3
 4 × 10

-2
 

k87 -- 1 × 10
-13
 2 × 10

-2
 2 × 10

-2
 5 × 10

-2
 

k86 -- 4 × 10
-3
 4 × 10

-8
 1 × 10

-11
 1 × 10

-14
 

k85 -- 2 × 10
-14
 2 × 10

-14
 2 × 10

-2
 1 × 10

-2
 

k84 -- -- -- -- -- 

knet,8 -- 4 × 10
-3
 2 × 10

-2
 4 × 10

-2
 7 × 10

-2
 

k76 3 × 10
-6
 2 × 10

-11
 5 × 10

-3
 3 × 10

-2
 2 × 10

-14
 

k75 4 × 10
-4
 4 × 10

-4
 4 × 10

-3
 1 × 10

-3
 1 × 10

-1
 

k74 2 × 10
-14
 -- -- -- -- 

knet,7 4 × 10
-4
 4 × 10

-4
 1 × 10

-2
 3 × 10

-2
 1 × 10

-1
 

k65 2 × 10
-14
 3 × 10

-12
 2 × 10

-9
 1 × 10

-2
 1 * 

k64 2 × 10
-2
 -- -- -- -- 

knet,6 2 × 10
-2
 3 × 10

-12
 2 × 10

-9
 1 × 10

-2
 1 * 

k54 = knet,5 5 × 10
-13
 -- -- -- -- 

*Upper bound of allowed values. 
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Table 2 Summary of kinetic data for reporter metabolism in each cell type. Ranges represent the 

90% confidence interval for each value as determined by a bootstrapping method. The major 

fragments for HeLa and LNCaP lysates were determined in reference [16]. 

 

Cell Type 
Half-Life 

(min) 

Initial Rate  

(pmol mg
-1
 s
-1
) 

Major Fragment 

during First Hour 

E. coli 21-44 0.09-0.18 6FAM-GRP(nR)AFT 

D. discoideum 82-103 0.038-0.047 6FAM-GRP(nR)AFT 

S. cerevisiae 279-314 0.012-0.014 6FAM-GRP(nR)AFTF 

HeLa (human cervical cancer) 86-105 0.037-0.045 6FAM-GRP(nR)A 

LNCaP (human prostate cancer) 13-18 0.22-0.30 6FAM-GRP(nR)A 
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Compartment-Based Model for E. coli 
 
In lysates from eukaryotic cells (D. discoideum, S. cerevisiae, HeLa, and LNCaP) we detected 
fragments F8 through F5. In E. coli lysates, we observed fragments F7 to F4. As a result, a 
slightly different compartment-based model was required to describe this system (Fig. S1). This 
model is mathematically equivalent to the model in Fig. 3 of the article (used to describe data for 
the eukaryotic cells), and the same assumptions were applied. Namely, (1) there is no source of 
peptide fragments except for the initial reporter; (2) the parent peptide or any smaller fragments 
do not leave the system, but are simply converted to smaller fragments; (3) any larger peptide 
could be cleaved to form any smaller peptide, but only the N-terminal fragments, which retain 
the 6-FAM label, will be detected and (4) a linear system of equations is created, given that the 
system follows first-order kinetics and all rate constants are non-negative.  
 

 
 
Fig. S1. Compartment-based model of reporter (R) metabolism into shorter N-terminal fragments 
(FX) with X remaining amino acid residues after the N-terminal fluorescent label for E. coli.   
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Simplified Model for LNCaP 
 
F6 (the six amino acid fragment) was not observed in LNCaP lysates. This observation could be 
explained either of two ways: F6 formed but was rapidly degraded to F5 or F6 was never formed. 
Results from the original model for eukaryotic cells (Fig. 3) suggested that F6 formed but was 
rapidly degraded. To further test this hypothesis, we constructed an alternate, simplified model 
(Fig. S2) in which F6 never formed. 
 

 
 
Fig. S2. Simplified compartment-based model of reporter (R) metabolism in LNCaP lysates, 
assuming that F6 was never detected because it never formed. 
 
Data Fitting 
 
To fit our model to the data, we first solved the linear system that describes the compartment 
based model. Equations (1)-(5) found in the article and reproduced below represent the model in 
Fig. 3. An analogous series of equations was written and solved for the E. coli model in Fig. S1. 
 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 = −(𝑘𝑘8 + 𝑘𝑘7 + 𝑘𝑘6 + 𝑘𝑘5)𝑅𝑅 = −𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅𝑅𝑅 
  

 (1) 
 

𝑑𝑑𝐹𝐹8
𝑑𝑑𝑑𝑑

 = −(𝑘𝑘87 + 𝑘𝑘86 + 𝑘𝑘85)𝐹𝐹8 + 𝑘𝑘8𝑅𝑅 = −𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8𝐹𝐹8 + 𝑘𝑘8𝑅𝑅 
  

 (2) 
 

𝑑𝑑𝐹𝐹7
𝑑𝑑𝑑𝑑

 = −(𝑘𝑘76 + 𝑘𝑘75)𝐹𝐹7 + 𝑘𝑘87𝐹𝐹8 + 𝑘𝑘7𝑅𝑅 = −𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7𝐹𝐹7 + 𝑘𝑘87𝐹𝐹8 + 𝑘𝑘8𝑅𝑅 
  

 (3) 
 

𝑑𝑑𝐹𝐹6
𝑑𝑑𝑑𝑑

 = −𝑘𝑘65𝐹𝐹6 + 𝑘𝑘76𝐹𝐹7 + 𝑘𝑘86 + 𝑘𝑘6𝑅𝑅  
   

 (4) 
 

𝑑𝑑𝐹𝐹5
𝑑𝑑𝑑𝑑

 = 𝑘𝑘65𝐹𝐹6 + 𝑘𝑘75𝐹𝐹7 + 𝑘𝑘85𝐹𝐹8 + 𝑘𝑘5𝑅𝑅  
   

 (5) 
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These solutions to these equations are found using basic techniques for solving differential 
equations and are shown in Equations (6)-(10): 
 
𝑅𝑅(𝑡𝑡) = 𝑒𝑒−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅𝑡𝑡 (6) 
 
𝐹𝐹8(𝑡𝑡) = 𝑘𝑘8

𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅−𝑘𝑘8
(𝑒𝑒−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8𝑡𝑡 − 𝑒𝑒−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅𝑡𝑡) (7) 

 
𝐹𝐹7(𝑡𝑡) =
𝑘𝑘87𝑘𝑘8�𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅�−�𝑘𝑘87𝑘𝑘8+𝑘𝑘7𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8−𝑘𝑘7𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅�(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8)

(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8)((𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅)
𝑒𝑒−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7𝑡𝑡 + 𝑘𝑘87𝑘𝑘8

(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8)
+

𝑘𝑘87𝑘𝑘8+𝑘𝑘7(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅)
(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅)

 (8) 
 
𝐹𝐹6(𝑡𝑡) =
−�𝑘𝑘76𝑘𝑘87𝑘𝑘8�𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅�+k76�𝑘𝑘7𝑘𝑘8−𝑘𝑘87𝑘𝑘8−𝑘𝑘7𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅��𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8�

(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,6−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7)
+

𝑘𝑘76𝑘𝑘87𝑘𝑘8+𝑘𝑘86𝑘𝑘8(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8)
(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,6−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8)

+
𝑘𝑘76𝑘𝑘87𝑘𝑘8+𝑘𝑘76𝑘𝑘7�𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅�+𝑘𝑘6𝑘𝑘8�𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅�+𝑘𝑘6(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅)

(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,6−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅)
� 𝑒𝑒−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,6𝑡𝑡 +

𝑘𝑘76𝑘𝑘87𝑘𝑘8�𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅�+𝑘𝑘76(𝑘𝑘7𝑘𝑘8−𝑘𝑘87𝑘𝑘8−𝑘𝑘7𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8)
(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,6−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7)

𝑒𝑒−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7𝑡𝑡 +
𝑘𝑘76𝑘𝑘87𝑘𝑘8+𝑘𝑘86𝑘𝑘8(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8)

(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,6−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8)
𝑒𝑒−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8𝑡𝑡 +

𝑘𝑘76𝑘𝑘87𝑘𝑘8+𝑘𝑘76𝑘𝑘7�𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅�+𝑘𝑘6𝑘𝑘8�𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅�+𝑘𝑘6�𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅��𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅�
(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,8−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,7−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅)(𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,6−𝑘𝑘𝑛𝑛𝑒𝑒𝑡𝑡,𝑅𝑅)

𝑒𝑒−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅𝑡𝑡 (9) 
 
𝐹𝐹5(𝑡𝑡) = 1 − 𝑅𝑅(𝑡𝑡) − 𝐹𝐹8(𝑡𝑡) − 𝐹𝐹7(𝑡𝑡) − 𝐹𝐹6(𝑡𝑡)      (10) 
 
We note that the function F5(t) is completely determined by the previous four solutions; thus, the 
parameters k65, k75, k85 and k5 are determined after finding best fit values for knet,6, knet,7, knet,8, and 
knet,R. This leaves ten model parameters that we wish to fit to the experimental data points. We 
note here that the solution functions are written to show what parameters they depend on as well 
as the independent variable, t. For example, the function R(t) depends on the parameters knet,R, so 
we write R(t, knet,R). 
 
The experiments yielded time-series data collected over the course of one or three hours (for 
human and non-human cell types, respectively) for the reporter and each N-terminal fragment of 
the reporter. The measurements were taken at ten different time points, and there were three 
measurements at each time point. We used the average of the three values for our data-fitting 
purposes and considered the standard deviation of these measurements for our Monte-Carlo 
simulations (see below). We found the best fit parameters for each segment by matching 
Equations (6)-(10) (i.e., the explicit solutions to Equations (1)-(5)) to the given time-series data 
in the least-squares sense. Because we quantified each fragment individually, we first found the 
best fit parameter for the parent peptide, R(t), then found the best fit parameters for F8(t), and so 
on. Our method for fitting all ten parameters is summarized below. 
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Fitting data for the reporter (R) 
Given the data for the degradation of the reporter (R), we found the parameter knet,R using the 
least-squares data fitting approach with the function R(t; knet,R). The function R(t; knet,R) = 
𝑒𝑒−𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅𝑡𝑡 only has one parameter, namely knet,R, the degradation rate of the reporter.  We 
linearized the function by taking the natural logarithm, ln(R) = −knet,6t, and matched it to the 
logarithm of the given data. Using the least-squares regression line, we minimized the residual 
error and found the best fit for the parameter knet,R.  
 
Fitting data for F8 
We substituted this best fit value for knet,R into the solution for F8, which means F8 is dependent 
on knet,8 and k8. We fit the function F8(t; knet,8, k8) to the data for F8.  Since the function F8(t; knet,8, 
k8) cannot be linearized like the function R(t; knet,R), we used a nonlinear least-squares approach. 
Assuming the error in measurements is taken from the standard normal curve, we defined the 
function 
 
f8(knet,8, k8) = || F8([Time Data]; knet,8, k8) − [F8 Data]|| (11) 
 
as the error function to be minimized. Here, [Time Data] represents the ten time points, [F8 Data] 
is the average measurements of F8 concentration at each of ten time points, and || · || is the 
Euclidean norm. Using the MatLab lsqnonlin function, we ran the iterative method for each trial 
until a minimum was found in (knet,8; k8) parameter space and reported the best fit parameters, 
corresponding to the minimum residual error, in Table 1 in the article. We assume that the 
degradation constant, knet,8 is non-negative and bounded above by one. Further, to ensure that 
other parameters are non-negative, we bound the parameter k8 above by knet,R. The reason for 
this is because we know knet,R - k8 = k7 + k6 + k5 ≥ 0, which implies knet,R - k8 ≥ 0 and hence k8 ≤ 
knet,R. A similar argument can be made for the remainder of the parameters below. 
 
Fitting data for F7 
We substituted the best fit parameter values for knet,8 and k8 into Equation (8) for F7 to form the 
function F7(t; knet,7, k87, k7). We defined the error function as  

 
𝑓𝑓7�𝑘𝑘net,7,𝑘𝑘87,𝑘𝑘7� =  ��𝐹𝐹7�[Time Data]; 𝑘𝑘net,7,𝑘𝑘87,𝑘𝑘7�– [𝐹𝐹7 Data]��  (12) 

 
We used the nonlinear least-squares method to fit the data for F7 using 27,000 trials. To ensure 
all parameter values were non-negative, we let knet,7 be bounded above by 1, k87 was bounded 
above by knet,8, and k7 was bounded above by knet,R - k8. All values were bounded below by 0. 
 
Fitting data for F6 and F5 
We substituted the best fit parameter values for knet,7, k87, and k7 into F6 and F5 to form the 
functions F6(t; knet,6, k86, k76, k6) and F5(t; knet,6, k86, k76, k6). Therefore, to find the best parameters 
for knet,6, k86, k76 and k6, we minimized the error between the functions F6 and F5 with the data 
given for the two fragments, respectively. We defined the following error function 

 
𝑓𝑓65�𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,6,𝑘𝑘86,𝑘𝑘76,𝑘𝑘7,𝑘𝑘6� = ��𝐹𝐹6(Time Data;knet,6,𝑘𝑘86,𝑘𝑘76,𝑘𝑘6)

𝐹𝐹5(Time Data;knet,6,𝑘𝑘86,𝑘𝑘76,𝑘𝑘6)
� − �F6 Data

F5 Data��   (13) 
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We used the nonlinear least-squares method to fit F6 and F5 using 50,625 trials. To ensure every 
parameter is non-negative, we constrain the parameters for F6 to a lower bound of zero and the 
following upper bounds: knet,6 is bounded above by 1; k86 is bounded above by knet,8 - k87; k76 is 
bounded above by knet,7; and k6 is bounded above by  knet,R - k8 - k7. 
 
In each step of the data-fitting procedure above, we minimized the residual norm between our 
functions evaluated at the time data and the measured data of each peptide concentration.  The 
minimum residuals for each of the parameters are given in Table S1.  
 
Table S1. Minimum residuals from the fitting of Equations (6)-(10) to the experimental data for 
each peptide and species. 
 

 E. coli D. discoideum S. cerevisiae HeLa LNCap LNCaP 
simplified 

R 1.47 × 10-1 9.32 × 10-2 1.16 × 10-1 2.10 × 10-2 7.94 × 10-2 7.94 × 10-2 

F8 -- 2.77 × 10-4 3.02× 10-4 9.75 × 10-5 3.21 × 10-5 3.21 × 10-5 

F7 2.36 × 10-2 2.30 × 10-3 6.90 × 10-4 6.53 × 10-6 1.13 × 10-5 4.36 × 10-3 

F6 1.29 × 10-3 
4.24 × 10-3 1.69 × 10-2 2.24 × 10-4 4.63 × 10-3 

-- 

F5 
1.98 × 10-1 

4.36 × 10-3 

F4 -- -- -- -- -- 
 
Given only ten data points for each peptide, we found it more economical to fit the data in a 
sequential order rather than all at the same time. In this way, we searched a much smaller 
parameter space in each step of the process. We compared both methods, and the sequential 
method described above yielded smaller residual norms. The nonlinear least-squares method 
requires an initial condition, and we found that different initial conditions sometimes yielded 
different best-fit parameters. To deal with this, we ran the same simulation with thousands of 
different initial conditions and chose the best-fit parameter to be the parameter set that yielded 
the minimum residual error among all trials. These values are given for each organism in Table 1 
in the article. We compared the best-fit value to the most frequent value and concluded that 
generally they are very close in value within at least in order of magnitude. In cases where the 
best-fit value differs from the most frequent value, the error function likely has a broad local 
minimum that corresponds to the most frequent value and a sharper, deeper global minimum 
corresponding to the best-fit value. In this situation, most initial conditions will terminate to the 
broad, local minimum even though a better fit is obtained at the deeper global minimum. For this 
reason, we report values of k (Table 1) that correspond to the lowest minimum residuals (Table 
S1), even when they were not among the most frequently found parameter values.  
 
Bootstrapping 
 
We considered the error in each measurement to create a confidence interval for the degradation 
constant for the full-length reporter, knet,R, for each organism. Each assay was repeated in 
triplicate, so for each time point, t, we had an average reporter concentration (𝑅𝑅�) and standard 
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deviation (s) based on the three measurements. We assumed each measurement was a random 
variable that followed a Normal distribution with mean, 𝑅𝑅� and standard deviation, s. Using a 
Monte Carlo simulation, we generated a new, hypothetical data point called 𝑅𝑅�, at each time 
value, t, from the Normal distribution 𝑁𝑁(𝑅𝑅�, 𝑡𝑡). We constrained the hypothetical data points such 
that values below the limit of quantitation were assigned a value of zero and the maximum value 
was 1 since peptide concentrations were reported as fraction of total peak area. We generated 
1000 data sets based on these criteria and fit the function 𝑅𝑅(𝑡𝑡) = 𝑒𝑒𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛,𝑅𝑅𝑡𝑡 to each data set as 
described above. From this, we obtained histograms for the best fit parameter knet,R from which 
we gain a confidence interval on our best fit value for knet,R (Table S2). This essentially allows us 
to provide an idea of how the error in our measurements effects the confidence in our best fit 
values for the reporter degradation constant. 
 
Table S2. Bootstrapped 90% confidence intervals for knet,R. 
 

 knet,R (min-1) 
E. coli 1.57 × 10-2 - 3.33 × 10-2 
D. discoideum 6.76 × 10-3 - 8.49 × 10-3 
S. cerevisiae 2.20 × 10-3 - 2.48 × 10-3 
HeLa 6.60 × 10-3 - 8.07 × 10-3 
LNCaP 3.94 × 10-2 - 5.38 × 10-2 

 
Reporter Degradation and D. discoideum Social Development 
 
To determine whether the reporter was metabolized differently in D. discoideum cells 
undergoing social development, we prepared lysates using the procedure described in the main 
article from cells that had been resuspended in development buffer (DB; 5 mM Na2HPO4, 5 mM 
KH2PO4, 1mM CaCl2 and 2mM MgCl2) at a density of 107 cells/mL for 2, 4, or 6 h. In this 
cell-dense, nutrient-free environment, D. discoideum cells begin gene expression for the initial 
stages of their social life cycle. 
 
Table S3. Summary of kinetic data for VI-B metabolism in each cell type. Ranges represent the 
90% confidence interval for each value as determined by the bootstrapping method described 
above. 
 
Development Time 
(h) Half-Life (min) Initial Rate  

(pmol mg-1 s-1) 
Major Fragment during 
First Hour 

0 82-103 0.038-0.047 6FAM-GRP(nR)AFT 
2 79-89 0.043-0.049 6FAM-GRP(nR)AFT 
4 83-92 0.042-0.047 6FAM-GRP(nR)AFT 
6 94-110 0.035-0.041 6FAM-GRP(nR)AFT 
 
Minimum residuals for knet,R for the 2, 4, and 6 h development times were 5.3 × 10-2, 8.6 × 10-2, 
and 1.4 × 10-1, respectively. 
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