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SUMMARY

Glycoprotein processing along a complex highly compartmentalized pathway is a
hallmark of eukaryotic cells. We followed the kinetics of intracellular, site-specific
glycan processing of a model protein with five distinct N-glycosylation sites and
deduced a mathematical model of the secretory pathway that describes a com-
plex set of processing reactions localized in defined intracellular compartments
such as the endoplasmic reticulum the Golgi, or the lysosome. The model was
able to accommodate site-specific N-glycan processing and we identified phos-
phorylated glycan structures of the mannose-6-phosphate pathway responsible
for the lysosomal sorting of the glycoprotein. Importantly, our model protein
can take different routes of the cellular secretory pathway, resulting in an
increased glycan complexity of the secreted protein.

INTRODUCTION

Post-translational modifications are essential for the function and trafficking of proteins, at the cellular and or-

ganism level (van Kooyk and Rabinovich, 2008). N-glycosylation is one of the major modifications of secretory

proteins that affects more than one-fifth of the proteins of mammalian cells (Zielinska et al., 2012). Contrary to

other post-translational modifications, N-glycosylation is a multi-step process, requiring a complex set of

enzymes and donor-substrates, precisely localized across multiple compartments of the secretory pathway

(Colley et al., 2015). A trademark of N-glycosylation is the diversity and heterogeneity of the glycan structures

generated from a clearly defined Glc3Man9GlcNAc2 oligosaccharide that is added in the ER to nascent poly-

peptides by an oligosaccharyltransferase (OST) (Breitling andAebi, 2013; Colley et al., 2015; Ruiz-Canada et al.,

2009; Wild et al., 2018). After maturation of the glycan along the secretion pathway, highly diverse, species-

specific structures are observed in eukaryotic cells (North et al., 2010).This species specificity is because of a

defined set of processing enzymes. In multicellular organisms, differential expression of these enzymes can

result in cell-type specific glycan structures. In addition, N-glycans of mature proteins are heterogeneous:

(1) Different glycosites of the same protein can carry different glycostructures and (2) different glycan structures

can be found on the same site of glycosylation (site-specific heterogeneity) (Losfeld et al., 2017; Varki, 1998). It

is well established that glycan processing can bemodulated by many biophysical parameters such as: enzyme

and substrate concentrations, enzyme-substrate exposure time, substrate affinities, accessibility of the

N-glycan to the processing machinery, and interaction of the glycan with the glycoprotein itself (Del Val

et al., 2016; Dell et al., 2010; Varki, 1998). In addition, the segregation of the processingmachinery into different

reaction compartments (e.g., ER and Golgi) along the pathway results in a sequential modification of the gly-

cans (Bard and Chia, 2016; Moremen et al., 2012; Rose, 2012). This organization of glycoprotein processing in

different intracellular compartments is a hallmark of the eukaryotic cell. The identification and characterization

of the biochemical properties of the processing enzymes as well as the assignment of their localization in the

compartmentalized pathway has been a central aspect of glycobiology research over the years (Moremen

et al., 2012; Stanley et al., 2015).

It is noteworthy that the site-specific heterogeneity does not reflect the output of a ‘‘random’’ process; in

contrast, it is highly reproducible. Numerous, variable, but clearly defined parameters modulate this glycan

heterogeneity. The activity and substrate specificity of the glycoenzymes, their biochemical properties, as

well as the localization of the processing enzymes along the secretory pathway have been identified as

essential drivers of heterogeneity (Colley et al., 2015). The site-specific processing is directed by the pro-

tein itself (Arigoni-Affolter et al., 2019; Moremen et al., 2012; Varki and Kornfeld, 2015). Steric hindrance and

interaction of the glycan with the protein surface (Hang et al., 2015; Nagae and Yamaguchi, 2018; Nari-

matsu et al., 2019; Wu et al., 2017) have been identified as a major modulatory factor (Losfeld et al., 2017).
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Concomitantly, site-specific glycan heterogeneity as the output of glycoprotein biogenesis renders the

characterization of the process extremely complex: a quantitative analysis of site-specific structural hetero-

geneity for a given glycoprotein is required to describe the output of the pathway. The latest innovation in

mass spectrometry has allowed for an improvement of glycosylation profiling, in particular the study of site-

specific glycosylation (Chi et al., 2020; Xiao et al., 2019; Zhu and Desaire, 2015). The rapid development of

highly sensitive glycoproteomic methods made it even possible to characterize intracellular processing in-

termediates (Arigoni-Affolter et al., 2019). We developed a new methodology combining stable isotope

labeling by amino acid in cell culture (SILAC) with parallel reaction monitoring (PRM) targeted mass spec-

trometry that allows for the analysis of turnover for intracellular glycoprotein intermediates in vivo and the

subsequent mathematical modeling of glycoprotein biogenesis along the secretory pathway. Using IgG

biogenesis in Chinese Hamster Ovary (CHO) cells as a model system, the methods were first used on

the glycosylation of a single glycosite, allowing for the description of the IgG biogenesis along the secre-

tory pathway and provided a basis to quantify the glycoprotein machinery (Arigoni-Affolter et al., 2019).

Here, we extended our analytical approach on the model protein disulphide isomerase (PDI) with 5

N-glycosylation sites that are processed site-specifically when expressed in CHO cells. In contrast to IgG,

this model protein revealed a much more complex intracellular processing that involved not only the classical

ER to Golgi secretory pathway but also autophagy and a mannose-6-phosphate regulated lysosomal route.

Our experimental data allow for a mathematical modeling of a complex secretory pathway that includes mul-

tiple connective pathways between organelles that are defined by their specific biosynthetic activities.

RESULTS

Comparison of site-specific intracellular and secreted glycoprofiles

To establish a sensitive analytical systemof intracellular glycoprotein processing, we generated a CHOcell line

that stably expressed the yeast PDI model protein. An N-terminal (His) 10 tag that directly followed the signal

sequence (Losfeld et al., 2017) allowed for an efficient enrichment of the protein irrespective of its intracellular

processing stage. Special focus was given on identical culturing time of the cells for the experimental repli-

cates. Intracellular PDI (from cell lysates) and secreted PDI (from cell supernatants) were isolated, and glyco-

peptides were analyzed by PRM-basedmass spectrometry targeting the 5 peptides containing a glycosylation

sequon. For each candidate peptide, the entire set of potential glycan structures of the N-glycosylation

pathway, were monitored. Site-specific glycosylation profiles were obtained for intracellular (Figure 1A) and

secreted (Figure 1B) PDI. As expected, we observed significant differences: intracellular PDI presented mostly

oligomannosidic structures, whereas the secreted protein was predominantly modified with complex glycan

structures. This extensive remodeling of intracellular and secreted N-glycans is in agreement with the previ-

ously described site-specific glycosylation pattern of transiently secreted PDI (Losfeld et al., 2017). Though

only low levels of complex N-glycan processing intermediates were detected on intracellular PDI, the sensitive

PRMmass spectrometry allowed for the reliable detection of very low abundance intermediates (less than 0.5%

of the total pool of intracellular PDI). With respect to site-specific processing, and in agreement with previous

results (Losfeld et al., 2017), we noted on the secreted protein that processing site 2 and 3 was much more

elaborate than on site 4. This higher site-specific diversity was also observed on the intracellular protein,

but the high mannose structures remained the most abundant N-glycans at all sites.

Glycan turnover is site-specific

We combined the analysis of site-specific glycosylation by LC-MS/MS in PRM mode with a pulse regime of

SILAC labeling to monitor the turnover of site-specific N-glycan structures. To do so, CHO cells expressing

PDI were first cultivated in regular (light) Cellvento CHO-220 medium supplemented with arginine and

lysine, and then shifted to (heavy) medium containing labeled 13C6-L-Arginine and 13C6-15N2-L-Lysine. Af-

ter the shift, cells were sampled every 20 min for 2 h and every 30 min for the following 3 h. Intracellular PDI

was purified from cell extracts and prepared for targeted PRM-based mass spectrometric analysis. A total

of 43 glycopeptides with neutral glycan structures were targeted for each glycosite. It is relevant to note

that the assignment of glycan structures was based on MS1 and MS2 data. Detailed knowledge of

N-glycoprotein biogenesis (Colley et al., 2015; Stanley et al., 2015) and the observed MS2 fragmentation

patterns allowed for a clear definition of the structure. For instance, the Hex12HexcNAc2, Hex11Hex

Nac2 or the Hex10HexNAc2 structures were assigned to Glc3Man9GlcNAc2, Glc2Man9GlcNAc2 and

GlcMan9GlcNAc2, respectively, in CHO cells. Both the light and the heavy labeled glycopeptide counter-

parts were measured simultaneously by adapting the method from Arigoni-Affolter et al. (2019). In brief, an

extra step of purification by HILIC was used to enrich for glycopeptides, the simultaneous monitoring of
2 iScience 25, 105417, November 18, 2022
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Figure 1. Site-specific relative glycan abundance of intracellular and secreted PDI

Each panel represents respectively the relative abundance of the neutral glycans on each glycosite of intracellular (Panel A) and secreted PDI (Panel B). In

Panel A, the offset sub-panel is zooming on data for which the abundance was very low, with a Yaxis maximum set to 5%. Data represent the average of three

biological replicates.
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multiple glycopeptides was rendered possible by a time scheduling with a set time-window per glycosite,

the collision energy was lowered for glycosidic bond breakage to 11 or 16 depending on the glycopeptide

charge, the isolation window was enlarged to 7Da and centered to the average +1Da mass of the light and

heavy mass to monitor simultaneously the light and heavy counterpart of a given glycopeptide. The MS2

quantification was performed on the second peak of the isotopic distribution to avoid cross contamination

between the light and heavy signals of larger glycopeptides. Relative quantification of the labeled glyco-

peptide was based on a manually expanded library of Skyline for automated peptide analysis (Table S1)
iScience 25, 105417, November 18, 2022 3



Figure 2. Site-specific intracellular glycan turnovers and modeled kinetics

The site-specific glycan turnovers are represented by the plotting of the fractional labeling (heavy signal/(heavy + light signal)) of each glycan intermediates

over time. A representation of the glycan structure deducted from the monosaccharide composition was added on the left of its corresponding plot,

potential isoforms are not represented. The different sites are represented by shapes color coded as follows: site3 in purple, site4 in red and site5 in yellow.

The modeled turnover kinetics are shown as solid line curves of the corresponding colors. Each data point represents the average of three biological

replicates. Error bars represent the calculated standard deviations.
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using the MS2 signals. Intracellular glycan turnover was determined by calculating the ratio between the

neo-synthesized glycopeptide (heavy signal) and the total glycopeptide pool (sum of heavy and light sig-

nals) for each time point (Figures 2 and S1). For all figures, data were plotted only for detectable structures

intracellularly as summarized in Figure 1A. The obtained ratios were plotted over time for each glycostruc-

tures on the different sites. The turnover of the specific glycans was structure as well as site specific. For

instance, the turnover rate of Hex9HexNac2 was slower on site 4 as compared to the other sites but still

faster than the Hex5HexNAc2 turnover of all sites.

Our experimental set-up was based on the enrichment of PDI polypeptides via an N-terminal (His) 10 tag

and therefore allowed for the characterization of very early glycoprocessing events that can take place

on nascent polypeptides: indeed, low but quantifiable levels of Hex12GlcNAc2-glycopeptides were de-

tected for all sites except for site 4 (Figure 3). Of interest, these reaction products of the oligosaccharyl-

transferase were turned over with site-specific rates, but, surprisingly, for site 3 and 5, Hex12HexNac2 pre-

sented a slower rate than its glucosidase I product Hex11HexNac2 or the glucosidase II product

Hex10HexNAc2 (Figure 3B). This slow turnover of a preceding processing intermediate was best explained

by the hypothesis that the measured turnover represented the average behavior of different intracellular

pools of a given glycopeptide (Arigoni-Affolter et al., 2019) (Figure 3A). Therefore, differential processing
4 iScience 25, 105417, November 18, 2022
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of identical, site-specific N-glycan structures in separate intracellular pools was taken into account in the

further evaluation of the experimental data. Figure 3B shows the calculated single pool model (gray line)

and compares it to the experimental data and double pool model (colored data points and lines, respec-

tively) for the individual sites.

To validate our analytical system, we took advantage of a cis-acting PDI mutation that affected site-specific

N-glycan processing. Previously, we showed that the mutation of the tyrosine178 in the close vicinity of site

4 into an alanine residue led to a strong and highly selective change in glycan processing at this site and we

proposed that an altered kinetic of intracellular glycan processing was responsible for this alteration (Los-

feld et al., 2017). Our analytical approach now enabled an evaluation of this hypothesis and, at the same

time, allowed for a stringent test of the experimental approach. We investigated how the intracellular

glycan turnover of Sec-PDI-Y178A site 4 compared to the wildtype site 4. N-glycan processing at the other

sites served as an internal control (Figure 3C). As expected, the intracellular processing kinetics of site 1, 2,

3 and 5 glycans (shown for site 2 in Figure 3C) was not affected by the Y178A mutation, whereas turnover of

site 4 glycans was altered. Of interest, not all processing reactions of the site 4 glycan were affected to the

same extend. Hex10HexNAc2 turnover was the same for wild-type and mutant PDI whereas Hex8HexNAc2

processing improved significantly. Although independent experiments were used to obtain wild-type and

mutant PDI expressing cell lines and turnover data, the only difference was observed for site 4 glycan pro-

cessing. We concluded that our experimental system produced highly reproducible results and was ideally

suited to describe intracellular N-glycan processing at a site-specific level.
The canonical ER to Golgi secretory pathway is unable to describe glycan turnover rates

Next, we tried to fit the experimental data (turnover of site-specific individual glycan structures) to amathemat-

ical model developed for the processing of IgG (Arigoni-Affolter et al., 2019). This model consisted of a given

network of compartmentalized processing and transport reactions as well as site-specific processing rates. In

particular, all processing events are restricted to the ER-Golgi secretory system, with the exception of quality

control pathways that include oligomannose species in the ER being subjected to ERAD (cytosol) and ERLAD

(lysosome) degradation events. This modeling approach did correctly reproduce the turnover rates observed

for a subset of oligosaccharides, but we noted severe inconsistencies of the modeled and experimentally

determined turnover rates for many N-glycan species. In particular, complex type N-glycan structures gener-

ated in theGolgi revealed very different kinetics and low turnover rates: for some complex type glycans such as

Fuc (HexNAc2Hex3) HexNac3Hex on site2 or Fuc (HexNAc2Hex3) HexNAc on all sites, only 20% were turned

over after 300min. The observation of complex type glycans being turned over with kinetics comparable to cell

division (�24h) was not consistent with a model where all complex glycans resided solely in the Golgi

apparatus, because protein traveling through the Golgi cisternae were expected to be secreted within

35 min (Juan-Colas et al., 2018). Furthermore, we noted that complex glycans without terminal galactose

(e.g., FucHexNAc2 and FucHexNac3) of sites 3 and 5 presented a slower intracellular turnover than the galac-

tosylated structures with equivalent number of branches of the same site (e.g., FucHexNac2Hex). In addition,

we observed typical ‘‘lysosomal’’ degradation structures such as FucHex3HexNac2, Hex3HexNac2 and

Hex4HexNac2, suggesting the potential targeting of PDI from theGolgi to a degradation pathway. To account

for these phenomena, we implemented the additional transport of the PDI protein from the Golgi to the

maturing endosomes (Scott et al., 2014). In this model, a fraction of PDI was directed to the lysosome by a

trans-Golgi localized sorting event (Varki and Kornfeld, 2015), whereas the other fraction followed the canon-

ical secretory pathway to the plasma membrane. This bifurcation of the pathway generated distinct PDI

populations that were processed by a defined set of hydrolases known to be localized in the endosomal

pathway (Figure 4) (Braulke and Bonifacino, 2009; Ni et al., 2006; Varki and Kornfeld, 2015). We describe the

endosomal processing system with a series of hydrolase-defining equations equivalent to the system used

to model the Golgi apparatus, where transport and processing occur simultaneously (as detailed in the

STARmethods). In thismodel wemathematically represented the activity of the enzymeswith logistic functions

(i.e., reaches an asymptotic level with respect to the position in the endosome as shown in Figures 5A and 5B)

to represent the well-known pH-dependent activity of these enzymes as well as the pH gradient along the

Golgi to lysosome pathway (Scott et al., 2014; Varki and Kornfeld, 2015). Subsequently, PDI molecules that

exit this pathway were either degraded (in the lysosome) or secreted to explain the FucHex3HexNac2,

Hex3HexNac2 and Hex4HexNac2 glycans detected on secreted PDI protein.

Within this approach, the turnover rate of each glycan species was ultimately determined by the time they

spend in the different compartments: species that exhibit a fast turnover were assigned to the Golgi and
iScience 25, 105417, November 18, 2022 5
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Figure 3. Modeling of glucosylated species and Comparison of Sec-Y178A-PDI glycan turnovers

(A) Chain reactions used for the modeling using a single (left) or a double pool (right) of Hex12HexNac2.

(B) Kinetic data (colored shapes) andmodeled kinetics (solid lines) of glucosylated species. The site-specific glycan turnovers are represented by the plotting

of the fractional labeling of each glycan intermediates over time. The different sites are color coded as follows: site1 green, site2 blue, site3 in purple, site4 in

red and site5 in yellow. The gray line represents the modeled kinetics assuming single pools of the respective processing intermediates. Each data point

represents the average of three biological replicates. Error bars represent the calculated standard deviations.

(C) The Y178A mutation affects site 4 but not site 2 glycan processing. The site-specific glycan turnovers of Sec-PDI and Sec-Y178A-PDI are represented by

the plotting of the fractional labeling of each glycan intermediates over time. A representation of the glycan structure was added on the left of its

corresponding plot. The different sites are color coded as follows: site2 Sec-PDI in dark blue, site2 Sec-Y178A-PDI in light blue, site 4 Sec-PDI in dark red and

site 4 Sec-Y178A-PDI in light red. Each data point represents the average of three biological replicates. Error bars represent the calculated standard

deviations.
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Figure 4. Glycan synthesis and degradation network

The network is represented such as the different plans represent the different compartments, inside each compartments the potential structures are ordered

according to the processing events and the different glycosyltransferases and glycosylhydrolases activity are schematized by black arrows. The brown arrows

represent the transport events.
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the early part of the endosome, whereas species that showed slow turnover rates (>3600 min) were present in

all the compartments up to the lysosome. Using this extended network, we obtained the model curves pre-

sented as solid lines in Figures 2 and S1 with an excellent fit to the experimental data. In addition, we noted

that the abundance of the different site-specific PDI glycoforms reflected the experimentally determined rela-

tive values (Figure S2). Besides, the model allowed for the calculation of the kinetic parameters k of each

enzyme at the protein and site-specific level, respectively, as presented in Tables S3A and S3B and Figure S3.

Although the ER-Golgi-Endosome-Lysosome framework was capable of correctly reproducing the processing

kinetics of ‘‘late’’ glycan structures at all sites of PDI, it failed to correctly model the high abundance (75–95%)

and the slow turnover of intracellular high mannose structures that, at the same time, represented minor spe-

cies (5–15%) of glycans on secreted PDI.We concluded that a pool of highmannose PDI glycoprotein with slow

turnover was present in the CHOcells. This pool was different from the rapidly turning over highmannose pool

in the ER that fed into the Golgi compartment. To accommodate these experimental observations, we

included a direct pathway of ER resident PDI glycoprotein to the lysosome. This pathway that can be inter-

preted as autophagy of the ER (Smith and Wilkinson, 2017) affected a major fraction of intracellular PDI.

This population of PDI constituted about 70% of the total intracellular PDI (Figure 5C). As was the case for

PDI glycoprotein transported via the Golgi to the lysosome, degradation of PDI reaching this compartment

via the autophagy pathway was slow, reflected by the measured slow turnover rates. We concluded that the

extension of the mathematical model with a ‘‘Golgi to lysosome’’ pathway and an ‘‘ER to lysosome’’ was

able to accommodate both the very diverse N-glycan structures of PDI as well as their experimentally deter-

mined turnover rates. Importantly, thismathematical model of processing pathways was able to accommodate

the experimental data of differential processing of N-glycans at all the five sites of PDI. It varied the kinetic pa-

rameters of individual, site specific processing reactions but the five independent (site-specific) calculations

predicted a similar distribution of PDI protein among the different pathways.
PDI is targeted to endosomes by phosphorylated glycans

Our mathematical model predicted two ways of targeting PDI to the lysosome, ER autophagy and an endo-

somal pathway that affected Golgi-derived glycoprotein. The second pathway resembles the well-known

mannose-6-phosphate pathway (Gabel and Kornfeld, 1982; Goldberg and Kornfeld, 1981; Kornfeld

et al., 1982) that depends on the phosphorylation of oligomannosidic glycans (Couso et al., 1986; Varki

et al., 1983) (Figure 6). These modified glycans serve as a signal for a directed transport of the glycoprotein

to the lysosome (Varki and Kornfeld, 2015). Therefore, this protein-specific glycan modification allowed for

an experimental evaluation of our model. Based on the detailed knowledge of theMan6P processing (Varki

and Kornfeld, 2015) (Varki et al., 1983) (Dahms et al., 1987; Lobel et al., 1987) (Dahms et al., 1989), we devel-

oped a Man6P processing pathway (Figure 6) and experimentally addressed the site-specific modification

of PDI by PRMmass spectrometry. Indeed, we detected phosphorylated glycans with different, site-specific

abundance (Figure S4). Of interest we observed phosphorylated glycans containing up to 10 and 11 hex-

oses, suggesting that glucosylated species could be processed in the Man6P pathway.

The turnover rate of the phosphorylated glycans was measured in a SILAC-PRM experiment and the results

obtained for sites 2 and 5 are presented in Figure 7 (colored shapes). We noted that the turnover rates of

the different phosphorylated N-glycans of PDI were very similar, but they differed in their time of the first

detection. We also noted a site-specific distribution of phosphorylated N-glycan structures, but their pro-

cessing rates were not site-specific. Processing of phosphoglycans was faster than that of neutral glycans

and followed the kinetics of Golgi and early endosome.We therefore used the samemodeling approach as

for neutral N-glycans, in the network presented in Figure 6, obtaining model curves (solid lines in Figure 7)

that correctly overlay to the experimental observations.
DISCUSSION

Processing of N-linked glycans occurs along the secretory pathway and the differential localization of the

processing enzymes in defined compartments such as the ER or the Golgi is a hallmark of this eukaryote-

specific process. Specific N-glycan processing steps have long been used as a functional definition of the
8 iScience 25, 105417, November 18, 2022
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compartments (Dmitrieff and Sens, 2012; Reynders et al., 2011; Zhong, 2011) and defined processing en-

zymes are markers for these compartments (Dunphy et al., 1985; Rabouille et al., 1995; Velasco et al.,

1993). Numerous studies have analyzed the secretory pathway by monitoring N-glycan processing of

model proteins or enzyme localization in combination with genetic or pharmacological approaches to

characterize the secretory pathway in detail (Kenworthy et al., 2004; Lippincott-Schwartz et al., 1991; Presley

et al., 1998; Runge and Robbins, 1986; Stevens et al., 1982; Ziman et al., 1996). However, comprehensive

analyses of N-glycan processing remain rare (Chen et al., 2020; Gilgunn et al., 2016; Liu et al., 2020; Ven-

katakrishnan et al., 2020). This is primarily due to the fact that a precise description of site-specific
iScience 25, 105417, November 18, 2022 9



Figure 6. Mannose-6-phosphate pathway

The scheme represents the different processing events of the

mannose-6-phosphate pathway. The different enzymatic events are

color coded according to the processing enzyme. Potential isoforms

of the glycan structures are not represented.
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Figure 7. Phosphorylated glycan turnover

The site-specific phosphorylated glycan turnovers are represented by the plotting of the fractional labeling of each glycan intermediates over time. A

representation of the glycan structure was added on the left of its corresponding plot, potential isoforms are not represented. The different sites are color

coded as follows: site2 in blue and site5 in yellow and their modeled turnover kinetics are shown as solid line curves of the corresponding colors. Each data

point represents the average of three biological replicates. Error bars represent the calculated standard deviations.
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N-glycan structures has only become available because of recent advances in MS-based glycoproteomics

techniques. In combination with time-resolved SILAC approaches, it became possible to characterize the

secretory routes of a model glycoprotein and to define the corresponding kinetics of the intracellular

N-glycan processing pathways (Arigoni-Affolter et al., 2019). We now extended our experimental approach

and followed the processing of the model protein yeast PDI that is N-glycosylated at five sites. N-glycan

processing of this protein has been studied extensively using heterologous expression in insect and

CHO cells (Hang et al., 2015; Losfeld et al., 2017), the biochemical characterization of individual processing

reaction and the structural characterization of its N-glycans (Mathew et al., 2021) as well as the role of

N-glycans on the protein structure (Weiß et al., 2021).

Our experimental approach revealed information about two distinct components of the processing

pathway of PDI along the secretory pathway: (1) The route taken by the model protein along the pathway

and 2) the site-specific processing of the N-glycans in the different compartments.

The modeling of the processing pathway of PDI was based on the analysis of the processing of the 5

different N-glycans of PDI resulting in five independent datasets. Though the processing of the

N-glycans is site-specific, the underlying routing of PDI along the pathway must be the same for the cor-

responding 5 different models. Because of possible bifurcations in the pathway (exit from the ER; exit

from the Golgi) several intracellular routes of the protein were possible. We noted that this intracellular

pathway of PDI differed significantly from the route defined previously for IgG (neither ERAD nor ERLAD;

significant levels of the protein directed to the lysosome), but the relative proportions of these intracellular

routes were very similar when independently calculated from the 5 individual glycan processing datasets.

This observation not only strongly supported our experimental approach but also confirmed the hypothesis

that different proteins take different routes within the cell. Importantly, intracellular processing of a given

protein has to be viewed as a composite of the different routes resulting in a heterogeneous pathway that is

protein specific. Taking into account the mass balance in our mathematical model, we calculated that 86%

of the synthesized PDI was secreted directly from the Golgi, 6% from the endosome and 8% was degraded

in the lysosome.

We noted that important routes of intracellular PDI led to the lysosome (as indicated by lysosome-specific

processing). We experimentally confirmed the route between the Golgi and the endosomes/lysosomes,

with the involvement of the mannose-6-phosphate modification. Indeed, PDI was modified by the

P-GlcNAc-transferase and targeted to the lysosome. Although surprising for a protein that is not a lyso-

somal enzyme, a few other non-lysosomal resident proteins were previously described as modified by

the mannose-6-phosphate, such as the DNAse I, uteroferrin or TGF-b proteins (Varki and Kornfeld,

2015). A possible explanation of this modification can be structural as PDI contains many lysine residues,

shown to be a recognition motif for the P-GlcNAc-transferase in the case of lysosomal enzymes (Cuozzo

and Sahagian, 1994). As an alternative route to the lysosome, we postulated a direct transport of PDI

from the ER. Based on the calculated kinetic parameters, this pathway was significantly different/slower

than the previously proposed ERLAD pathway (Arigoni-Affolter et al., 2019; Bernasconi and Molinari,

2011) and we tentatively assigned this pathway to the autophagy process of the ER. It is important to

note that the kinetics of the different intracellular sections of the secretory pathway differ significantly in

PDI processing. Although the exit from the ER to the Golgi results in rapid passage through the Golgi

and in rapid secretion or slow processing in the endosomal pathway, the autophagy pathway is character-

ized by slow N-glycan processing. Therefore, the intracellular pools of N-glycan processing intermediates

differ significantly from the secreted products.

The intracellular processing reactions rarely go to completion. Accordingly, site-specific N-glycan hetero-

geneity observed on secretory proteins is the result of the different reactivity of the N-glycans toward the

different mostly incomplete processing reactions, but also of the different intracellular routes that are taken

by a given protein.
12 iScience 25, 105417, November 18, 2022
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Yeast PDI heterologously expressed in CHO cells turned out to be an excellent model to analyze this site-

specific processing of the N-glycans. Our studies shed light on the route between the Golgi and the

endosomes/lysosomes, with the involvement of the mannose-6-phosphate modification. Indeed, PDI

was modified by the P-GlcNAc-transferase and targeted to the lysosome. Though it is not clear why PDI

glycans are modified by the Man-6-P pathway, we were able to define an elaborate Man-6-P modification

pathway that is based on the kinetic data of processing intermediates. Surprisingly, we detected early ER

processing structures such as Glc2Man9GlcNAc2 that were phosphorylated by the Golgi localized

P-GlcNAc-transferase. Subsequent ER processing intermediates were also found to enter the Man-6-P

pathway. Further processing of these structures was possibly linked to the enzymatic activity of the

endo-a1,2-mannosidase described to be able to cut out a mannose linked to glucoses residues from the

A-branch of glycans (Kukushkin et al., 2012) (Schroder et al., 2018). Furthermore, the kinetics of phosphor-

ylated glycans indicated that once the P-GlcNAc group added, there was no longer a site-specific effect on

the kinetic, because all phosphorylated had the same kinetic behavior (Figure 7). The difference of distri-

bution in the phosphorylated structures between the sites could thus be attributed to the distribution of the

precursor glycans on each site before phosphorylation.

With respect to processing of N-glycans in the ER, we were surprised to reliably detect the

Glc3Man9GlcNAc2 N-glycan, the product of oligosaccharyltransferase, and the subsequent glucosylated

processing products at different N-glycosylation sites of PDI. Of interest, our results showed that the

Glc3Man9GlcNac2 was turned over much slower than the subsequent Glc2Man9GlcNAc2 structure. This

kinetic behavior can only be explained by the coexistence of two separate Glc3Man9GlcNac2 pools that

have different accessibility for the glucosidase I processing enzyme. We can only speculate about the na-

ture of these two pools. What comes to mind are the separate and differentially localized action of the two

OST complexes, containing STT3A and STT3B (Shrimal et al., 2015, 2019), or two distinct folding pathways

of PDI that result in differential accessibility. Irrespective of the interpretation, our experimental approach

made it possible to study the kinetics of the very first processing steps of N-glycoprotein biogenesis with

unprecedented site-specific and temporal resolution.

Our results add further support to the model that site-specific N-glycan heterogeneity is because of differ-

ential kinetic rates of the processing reactions. Evidently, a major determinant of these kinetic rates is the

protein context at a given site (Hang et al., 2015; Losfeld et al., 2017; Moremen et al., 2012; Varki, 1998;

Weiß et al., 2021). The analysis of the mutant Tyr 178 that affects only site 4 processing now reveals what

processing steps are affected by the mutation in vivo. Our data confirmed the in vitro results obtained

with purified substrate and enzymes (Mathew et al., 2021).

Of interest, not all the processing reactions in the pathway displayed site-specificity (Figure S4A). For

example, we observed that FucT was the most active on site 2 and 5, whereas GnTIV and V was most active

on site1 and barely active on other sites. Notably, the order of preferential activity for enzymes like Golgi

ManI and GnTI was in agreement with in vitro results published in Mathew et al. (2021). The endosomal hy-

drolases presented a site-specific activity as well, with the N-acetylglucosaminidase and the fucosidase be-

ing most active on site 4.

Our studies on the kinetics of intracellular N-glycoprotein processing revealed a protein-specific sorting

among different intracellular routes of the secretory system. This mixed exposure to very different processing

pathways increased the heterogeneity of final processing products at a structural and a site-specific level. In

addition, the kinetics of N-glycan processing in the individual compartments of the secretory pathway differ

significantly: rapid processing, short residence time in and rapid secretion from the Golgi, slow turnover,

long residence time and slow secretion/degradation in the endolysosomal compartment. Therefore, intracel-

lularly, our model protein PDI was predominantly present in the endolysosomal compartment but the major

portion of the synthesized PDI was secreted via the Golgi pathway. We envisage that this complex secretory

machinery combines protein-specific information (via the protein structure) with regulated properties of the

processing pathways (enzyme levels, portioning) to yield a highly specific and divers glycoproteome essential

for differentiation processes inmulticellular eukaryotes. Following the kinetics of intracellular glycoprotein pro-

cessing via quantitative glycoproteomics will be an essential tool to characterize these regulatorymechanisms.

We foresee that the quantitative analysis of the intracellular glycoforms of a given model protein(s) in combi-

nation with our mathematical model can describe the ‘‘secretory status’’ of a cell, similar to a ‘‘gene activity

status’’ displayed by a transcriptome analysis.
iScience 25, 105417, November 18, 2022 13
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Limitations of the study

Our results highlight the complexity of N-glycoprotein processing in mammalian cells and the necessity for

a quantitative analysis of intracellular processing intermediates to understand the site-specific heteroge-

neity of glycostructures. However, our analytical approach is too complex for a standardized procedure

available in non-specialized laboratories. A multitude of detailed quantitative studies using different

model proteins will be required for the formulation of a comprehensive mathematical model of the secre-

tory pathway that allows for the prediction of the intracellular processing pathways based on a quantitative

analysis of a secreted and mature glycoprotein.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Iodoacetamide Sigma I6125

Trypsin Promega V5113

Cellvento� CHO-220 Merck Millipore 102577

RPMI Gibco 21875034

Penicillin/streptomycin Corning 1406-05-9

Ultraglutamine Lonza BE17-605E/U1

Recombinant insulin Sigma I3536

Lysine Sigma L5626

Arginine Sigma A5131

13C6-L-Arginine Silantes 201203902

13C6-15N2-L-Lysine Silantes 211603902

Protino Ni-NTA beads Macherey Nagel 745400.100

Deposited data

Mass spectrometry raw data B-Fabric ETH Upon request

Experimental models: Cell lines

Freestyle CHO-S Thermofisher scientific R80007

Sec-Pdi-CHO ETH Zurich Upon request

Sec-Y178APdi-CHO ETH Zurich Upon request

Recombinant DNA

pcDNA3.1-His-Sec-PDI ETH Zurich Upon request

pcDNA3.1-His-SecY178A-PDI ETH Zurich Upon request

Software and algorithms

Skyline MacCoss Lab Software Start Page: /home/software/Skyline

Matlab R2020a Mathworks https://ch.mathworks.com/products/matlab.html

Microsoft Visual Studio 2013 Microsoft https://visualstudio.microsoft.com/
RESOURCE AVAILABILITY

Lead contact

� Further information and requests for resources and reagents should be directed to and will be ful-

filled by the lead contact, Markus Aebi markus.aebi@micro.biol.ethz.ch
Materials availability

� Cell lines generated in this study have been stored in ETH Microbiology institute repository.

Data and code availability

d Mass spectrometry raw data reported in this paper were deposited on B-Fabric data management from

the FGCZ.

d Code reported in this paper will be shared by the lead contact upon request.

d All data reported in this paper will be shared by the lead contact upon request. Any additional informa-

tion required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells

Previously cloned vectors pcDNA3.1-His-Sec-PDI and pcDNA3.1-His-SecY178A-PDI were individually

transfected into Freestyle CHO-S cells (Thermofisher scientific) as previously described (Losfeld et al.,

2017). After 24h, a geneticin selection pressure was applied to transfected cells. To do so, cells were trans-

ferred into RPMI supplemented with 10% FBS, 1% Gln, 1% penicillin/streptomycin and 100 mg/ml of genet-

icin. Adherent surviving cells were passaged 10 times to obtain heterogeneous stably expressing CHO cell

lines. The heterogeneous cell lines were then submitted to a sub-cloning by limited dilution to obtain ho-

mogeneous cell lines respectively called Sec-PDI-CHO and Sec-Y178APDI-CHO.

METHOD DETAILS

Cell culture

The established stable CHO cell lines were cultured in suspension at 37�C and 350rpm in spin tubes (TPP)

using a customized cell culture medium without lysine and arginine, derived from Cellvento� CHO-220

(Merck-Millipore). Powdered medium was reconstituted in water at 19.54 g/L, added with 2g/L sodium car-

bonate and supplemented by 0.4% of recombinant insulin (Sigma), 1% ultraglutamine (Lonza), 1% Peni-

cillin/streptomycin (Corning), and by 40 mg/L of lysine (Sigma) and 100 mg/L arginine (Sigma) later called

light medium. For SILAC experiments, light arginine and lysine were replaced by heavy labeled 13C6-L-

Arginine and 13C6-15N2-L-Lysine (Silantes), later called heavy medium. Cell density was maintained at

1*106 cells/ml every other day.

Kinetic experiments

Two days before the kinetic analysis, 2 tubes per time point are seeded with 7*107 cells at a density of 2*106

cells/ml in light medium. On the day of the experiment, cells are spun down 3minat 100g, and the cell pellet

is resuspended in 35ml of heavymedium at 37�C. Cells are then incubated at 37�C and sampled every 20mi-

nutes for 2 hours, and every 30 minutes for the following 3 hours. For the kinetic analysis of the mannose-6-

phosphate pathway, cells were sampled every 60 minutes for 5 hours. After incubation, the cells are centri-

fuged 1minat 300g the supernatant and the cells are flash frozen separately and stored at �80�C until

purification.

Denaturing purification

For denaturing purification, the binding, washing, and elution buffer used were containing 6M urea. Intra-

cellular PDI proteins were obtained by lysing the cells in a Tris/Cl 62.5mM buffer at pH 6.8, with 3% Triton-

100, then sonicated for 1min30 on ice and centrifuged at 3500 g for 3 min. For the analysis of the mannose-

6-phosphate samples, the lysis buffer was supplemented with phosphatase inhibitors: 400 mM tartrate,

100 mM sodium fluoride, 115 mM sodium molybdate. After centrifugation, the soluble fraction was diluted

4 times in PBS/Urea. The cell lysate was then incubated with Protino Ni-NTA beads (Macherey-Nagel) on a

rotating wheel for 3hat 4�C. After binding, the beads were washed by 15 column volumes of 25mM imid-

azole in PBS/Urea, and proteins were eluted by 4 column volumes of 250 mM imidazole in PBS/Urea. Eluted

proteins were concentrated with Amicon YM-30 filtering device (Millipore-Sigma), and buffer was

exchanged to PBS. The purified proteins were then stored at �20�C before further analyses.

Mass spectrometry samples preparation

Samples were prepared following the FASP protocol used previously (Losfeld et al., 2017; Wisniewski et al.,

2009). Briefly, proteins were applied onto Amicon YM-30 filter device (Millipore), reduced for 1h at 37�C by

50 mM dithiothreitol in 50 mM ammonium bicarbonate, alkylated by 65 mM iodoacetamide in 50 mM

ammonium bicarbonate for 1hat 37�C. Samples were then washed 3 times by 50 mM ammonium bicarbon-

ate and digested by trypsin (Promega) overnight at 37�Cat a 1/80 mg of protein ratio. Digested peptides

were collected by centrifugation and dried.

The samples were then submitted to a batch ZIC-HILIC (Sequant) chromatography (Hagglund et al., 2004).

In brief, beads were first washed by 20 volumes of 0.5% FA and spun down 1.5minat 2000g. Beads were then

equilibrated 2 times in 20 volumes of 80% ACN, 0.5% FA. 100ul of beads slurry were added to the samples

after re-suspension by 50ul of 80% ACN, 0.5% FA. The beads and samples were incubated at room temper-

ature for 30min under agitation. The beads were washed three times with 250ul 80% ACN, 0.5% FA. The

peptides were eluted 3 times by 250ul 0.5% FA. The pooled elution was then dried by speedvac.
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Peptides were then desalted twice by zip-tip C18 (Millipore). For each sample 3 separate biological repli-

cates were analyzed.
Mass spectrometry method and data acquisition

Samples were analyzed thanks to a Q Exactive HF mass spectrometer from Thermo Fischer Scientific with a

PicoviewTM nanospray source 500 model (New Objective) following a method adapted from (Arigoni-

Affolter et al., 2019). In brief, the samples were loaded onto a nanoACQUITY UPLC 2G C18 trap column

(180 mm 3 20 mm, 100 Å, 5 mm particle size) and separated on a nanoACQUITY UPLC BEH130C18 column

(75 mm 3 250 mm, 130 Å, 1.7 mm particle size), at a constant flow rate of 300 nL/min, with a column temper-

ature of 50�C and a linear gradient of 1�35% acetonitrile/0.1% formic acid in 42 min, followed by a sharp

increase to 98% acetonitrile in 2 min and then held isocratically for another 10 min.

The mass spectrometry acquisition was composed of a full scan MS spectrum, followed by 10 sequential

PRM scans based on the inclusion list containing the glycopeptides m/z for all potential glycan structures

for each glycosites. All scans were acquired with a resolution of 60000 at 100 m/z. Full-scanMS spectra were

acquired between 800 and 2000 m/z. For HCD MS/MS runs, the normalized collision energy (NCE) was

setup at either 16% for precursor ions with a z = 2 and 11% for precursors with a z = 3 or 4, and an AGC

target value of 5 3 105. The quadrupole isolation window for each precursor was 7 m/z. The m/z included

in the inclusion list were calculated as the average of (light and heavy peptides) +1 m/z (Tables S1 and S2).

The different glycosite containing peptides were acquired thanks to a scheduled run with a retention win-

dow per glycopeptide backbone.
QUANTIFICATION AND STATISTICAL ANALYSIS

Mass spectrometry data analysis using Skyline

MS2-level quantification was performed with the software Skyline (Arigoni-Affolter et al., 2019) by inserting

manually the chemical formula for each transition into the software as specific ions. All transitions were cho-

sen among fragment ions generated by the breakage of glycosidic bonds only. In addition, the presence of

glycan oxonium ions was also used to confirm the glycopeptides identities. The peak height of the second

peak of the isotopic distribution was used for quantification of each transition (Tables S1 and S2).
Mathematical modeling

The mechanistic model used to describe the time and space-dependent formation of the different oligo-

saccharide structures is based on a previous work developed for humanized monoclonal antibodies pro-

duced in CHO cells (Arigoni-Affolter et al., 2019), extended to reproduce the behavior exhibited by PDI

throughout the entire pathway. In short, the model comprises four separate compartments (ER, Golgi

apparatus, Endosomal system, Lysosome) connected according to Figure 4. Each compartment is charac-

terized by its own set of differential equations to account for glycan processing and protein transport,

folding or degradation, when present. Within this framework, each site is uniquely described by the set

of parameters that describes the site-specific glycan processing, but shares protein-related parameters

(folding, transport, and degradation rates) with all other sites.
Modeling of the N-Glycan pathway in the ER

The first species considered in the model is Glc3Man9. This species is considered as the sum of two

different populations, Glc3Man9A and Glc3Man9B, which differ in term of which domain of the OST is

responsible for their transfer to the nascent protein. For both species the input term is the cell-specific pro-

ductivity of heavy-labelled PDI, which in turn depends on the kinetic of incorporation of heavy amino acids

in the cytoplasm during RNA translation. To account for these mechanisms, the cell-specific productivity of

heavy-labeled PDI qH
p was modelled as first order kinetic according to the following equation:

qH
p = qmax

p � qmax
p e� t=t

Where qmax
p is the maximum PDI productivity at steady state (normalized to be equal to 1), and t is the time

constant that accounts for the intracellular incorporation of heavy amino acids, which was set equal to 10mi-

nutes according to a 13C flux analysis estimation on CHO cells (Duarte et al., 2014).
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For simplicity, OST-catalyzed transfer of the Glc3Man9 glycan to the heavy-labeled peptide was assumed

to occur co-translationally with peptide synthesis. Partitioning between the A and B pools is dictated by a

single factor f , such that:

qA
p = ð1 � f ÞqH

pq
B
p = fqH

p

with qA
p and qB

p representing the input terms in the mass balance for Glc3Man9A and Glc3Man9B and f < 1.

After glucose trimming, both pools converge to a single Man9 glycan population. At this stage, the glycan

can be further trimmed down toMan5 with the action of the ERmannosidases in the quality control machin-

ery of the ER, or it can fold and become a possible substrate for translocation to the Golgi apparatus.

Folding was assumed to be a single-step process, characterized by a single kinetic constant kfolding, which

is the same for all 5 sites (folding is assumed to be completed once all domains are folded). Transport to the

Golgi was assumed to be fast (no accumulation of folded species in the ER) and efficient (no misfolded spe-

cies are transported).

In order to better represent the experimentally observed data and kinetic trends for PDI, an autophagy

pathway was implemented in the model to account for ER-to-Lysosome transport of PDI. The reaction

rate for this step is represented with a single kinetic constant kTLys and results in the generation of an addi-

tional pool of Man9-5 glycans in a separate compartment. These glycans can be further trimmed down to

oligomannose species with less than 2 mannoses by the action of lysosomal mannosidases or they can be

removed from the system due to degradation of the entire protein (represented by the kinetic term kDeg
Lys .

The mass balances for singe oligosaccharides in the ER assume homogeneous distribution of enzymes and

substrates (perfect mixing hypothesis). For a given oligosaccharideOS, the mass balance can be written as

follow:

dOSi

dt
= qin �

X
j = 1

virj � qout

The term qin is the input term and is zero for all species except for Glc3Man9. The term in the summation

accounts for all possible reactions in the ER network where OS is either a reactant or a product. The nota-

tion uses the coefficients i and j for substrates and reactions respectively, whereas v and r represent the

stoichiometric coefficient and the reaction rate for the reaction considered. The term qout represents out-

ward transport to Golgi and Lysosome due to correct folding or autophagy and assumes the form:

qout = kTOSi

Where kT is the appropriate kinetic constant for transport.
Modeling of the N-Glycan pathway in the Golgi apparatus

Correctly folded PDI structures travel across the Golgi and are modified by the sequential action of com-

partmentalized enzymes. Transport across the compartment occurs at constant linear velocity, with resi-

dence time in the compartment set at 20 min.

To represent enzyme segregation across the Golgi the axial coordinate z, the activity of Golgi-resident en-

zymes was modelled as Gaussian functions:

kjðzÞ = Ej;maxe

�
� z� zj;max

u

�2

Where kjðzÞ is the activity of enzyme j at position z and Ej;max, zj;max , u, represent the peak height, the peak

position and the width of the enzymatic window of activity, respectively.

Similar to the ER, the reaction rates for enzyme-catalyzed reactions in the Golgi follow first order kinetic

with respect to enzyme concentration. At each position z; the reaction rate for a reaction catalyzed by a

generic enzyme j can be written in the form:

r = kjðzÞOSi
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Golgi-to-endosome transport wasmodelled by including a sorting enzymewith similar characteristics (first-

order kinetic, Gaussian distribution for activity). This sorting enzyme acts equally on all oligosaccharides

without restrictions, removing them from the Golgi and transferring an equal amount to the Endosomal

system.

The mass balance for oligosaccharides traveling the Golgi accounts for concentrations that vary both in

time and space (where space is the axial position in the Golgi) according to the equation below:

vOSi

vt
= � zGolgi

tGolgi

vOSi

vz
�

X
j = 1

virj

The terms zGolgi and tGolgi represent the length and residence time of the Golgi apparatus, respectively.

The length of the Golgi was arbitrarily set to 1. The initial condition (at z = 0) is given by the amount

has been transported from the ER during the integration interval Dt. Species that reach z = 1 are secreted

in the extracellular environment.
Modeling of the N-Glycan pathway in the endosomal compartment

The endosomal system is mathematically similar to the Golgi apparatus: the PDI pool that was transported

from the Golgi apparatus travels in space along an axis z (starting from the initial position 0) at constant

speed while it is being modified by specific enzymes.

The distribution of enzyme activity along the apparatus was assumed to follow a logistic behavior accord-

ing to the following equation:

kjðzÞ = Ej;max

�
1+ eð�aðz� zjÞÞ�� 1

With zj representing a different pH optimum for the different enzymes (pH is assumed to vary uniformly

along z) and a is arbitrarily set to 15.

The oligosaccharides that reach the end of the endosomal compartment (normalized to z = 1) are either

secreted (and add to the pool of secreted species from the Golgi) or transported to the lysosomal compart-

ment for final degradation (and add to the pool from the ER). The best representation of the experimental

data was achieved by assuming 45% of the total endosomal pool being secreted and 55% being trans-

ported to the Lysosome for degradation.

The structure of the mass balance equation is the same as the one used in the Golgi apparatus but acts

upon a different stoichiometric network.

Modeling of the N-Glycan pathway in the lysosome

In the model, the lysosome receives material from ER and Endosome and provides a way to close the intra-

cellular mass balance by accounting for the degradation of PDI and attached oligosaccharides. Mathemat-

ically, the lysosome behaves in the same way as the ER, with uniform distribution of enzymes and substrate.

For each oligosaccharide, two reactions are possible: the first one involves trimming of the accessible

monosaccharides, according to the same stoichiometric network and kinetic parameters of the endosomal

compartments (only peak activity is considered for the enzymes, since it is assumed that enzymes in the

lysosome work at optimal pH), while the second one involves degradation of the entire protein (degrada-

tion of the protein also removes the glycan from the system). The latter is characterized by a single param-

eter, kDeg
Lys , which is the same for all sites and all structures.

The structure of the mass balance equation is the same as the one used in the ER.

Model construction and parameter estimation

The systems of ordinary differential equations (ODEs) for ER and Lysosome were solved in Matlab R2020a

(Mathworks, MA). The system of partial differential equations of Golgi and Endosome were solved in

FORTRAN using the solver DLSODES from ODEPACK. The solution was discretized using first-order cen-

tral finite difference and 50 grid points. The entire system was simulated for 360 min for the Golgi and

1800 min for the Endosome, with a resolution of 50 and 60 minutes respectively. Parameter optimization
iScience 25, 105417, November 18, 2022 21
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was performed using the GDE3 algorithm variant of the genetic algorithm. The objective function was

defined as the sum of least square errors between experimental data and model predictions for heavy-

to-light ratios, intracellular and extracellular fractions. The computations were run separately for each

site, until common parameters converged to a single set that could fit all experimental data. Parameter

estimation was performed on a computing cluster. The limit of the genetic algorithm was set to 250 gen-

erations and it took approximately 2 days to compute all generations.
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