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Abstract

When the K+ channel-like protein Kesv from Ectocarpus siliculosus virus 1 is

heterologously expressed in mammalian cells, it is sorted to the mitochondria. This

targeting can be redirected to the endoplasmic reticulum (ER) by altering the codon

usage in distinct regions of the gene or by inserting a triplet of hydrophobic amino

acids (AAs) into the protein's C-terminal transmembrane domain (ct-TMD). Systematic

variations in the flavor of the inserted AAs and/or its codon usage show that a positive

charge in the inserted AA triplet alone serves as strong signal for mitochondria sorting.

In cases of neutral AA triplets, mitochondria sorting are favored by a combination

of hydrophilic AAs and rarely used codons; sorting to the ER exhibits the inverse

dependency. This propensity for ER sorting is particularly high when a common codon

follows a rarer one in the AA triplet; mitochondria sorting in contrast is supported

by codon uniformity. Since parameters like positive charge, hydrophobic AAs, and

common codons are known to facilitate elongation of nascent proteins in the ribosome

the data suggest a mechanism in which local changes in elongation velocity and

co-translational folding in the ct-TMD influence intracellular protein sorting.
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1 | INTRODUCTION

Eukaryotic cells have developed efficient systems for targeting

nascent membrane proteins to their final destinations in either the

plasma membrane or membranes of intracellular organelles like mito-

chondria or chloroplasts.1 While most proteins are exclusively sorted

to one target membrane, some proteins also exhibit dual targeting,

meaning that the same or a similar variant is functional in the plasma

membrane and in an organelle membrane.2,3

Typically, synthesis of membrane proteins begins in the cytosol,

regardless of the final target destination. The canonical pathway for

most plasma membrane proteins involves specific motifs at the

N-terminus of the nascent polypeptide that interact with the signal

recognition particle (SRP).1 This complex guides the ribosome

together with the nascent polypeptide to the translocon in the endo-

plasmic reticulum (ER), which serves as the entry point for furtherAnja J. Engel and Steffen Paech should be considered joint first authors.
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protein synthesis.4 In addition to this canonical pathway, there are

other SRP-independent routes for targeting membrane proteins in the

ER. One well-known alternative involves tail-anchored (TA) proteins.5

In this case, a transmembrane domain (TMD) at or near their

C-termini is recognized by a complex of chaperones at the exit tunnel

of the ribosome. The so-called guided entry of tail-anchored proteins

(GET) complex in yeast or the transmembrane recognition complex

(TRC) in humans further ushers the nascent protein to the ER mem-

brane for insertion.6–8 Recently an additional SRP-independent (SND)

pathway for ER sorting was identified not only in yeast,9 but also in

mammalian cells.10 In this pathway, client proteins are eventually

inserted into the ER after binding to SND proteins in the central

region of their TMDs.

In contrast, membrane proteins destined for mitochondria or

chloroplasts avoid these targeting systems. After synthesis, they are

guided by chaperones to the mitochondrial or chloroplast transloca-

tion apparatus and inserted in a post-translational manner into their

target membranes.11 However, it is still only poorly understood how

these proteins are targeted to the organelle import sites.1

While co-translational protein synthesis into the ER and post-

translational synthesis of organelle proteins were traditionally seen as

two independent processes, recent data indicate a mutual interplay

between the ER and mitochondria/chloroplasts, in particular in the con-

text of protein biogenesis of organelle proteins.1 In a so-called ER-SURF

mechanism, the surface of the ER and its associated chaperons operate

as a sorting hub. They provide the pathway for co-translational synthesis

of proteins for the secretory pathway but serve also as a distribution hub

for proteins, which are eventually targeted to the mitochondria.1

An interesting experimental system for obtaining more unbiased

information on the mechanisms, which determine the sorting of mem-

brane proteins in mammalian cells, is provided by viral proteins. It is

well known that viruses hijack the cellular machinery for transcription,

translation and protein targeting and make use of these pathways for

their own purposes. Analysis of these viral pathways has in this way

helped to uncover basic cellular mechanisms, which would have been

otherwise difficult to study.12,13 A promising system for studying intra-

cellular sorting of membrane proteins in cells is provided by K+ channel

proteins from dsDNA viruses, which infect eukaryotic algae.14 The viral

coded proteins have a monomer size of only around 100 amino acids,

truly minimal, but still contain all the structural hallmarks of eukaryotic

K+ channels. With these features, the viral proteins are ideal orthogonal

model systems to examine basic cell biological processes in eukaryotic

cells.15 A seminal observation, which makes these proteins so interest-

ing as a model system for protein sorting, is that one channels, Kcv, is

in mammalian cells co-translationally synthesized at the translocon into

the ER,16 from where it travels via the secretory pathway to the plasma

membrane.17 In contrast the structurally similar Kesv protein is sorted

post-translationally to the inner membrane of the mitochondria18

via the canonical TIM/TOM translocases.19 Studies with yeast have

shown that a decision between the two sorting pathways occurs at the

translational stage of the nascent proteins on the ribosome and is

decided by their affinity for the SRP.20 While the Kcv channel binds the

SRP, Kesv does not.

A series of studies have shown that sorting of the Kesv channel

to the mitochondria can be redirected by two distinct manipulations,

namely insertion of amino acids (AAs) into the C-terminal TMD19–21

and by manipulation of codon usage.22 In the first case, it was

observed that insertion of two or three valines into the C-terminal

TMD (ct-TMD) of this channel redirected protein sorting from the

mitochondria to the secretory pathway.19,20 This insertion of addi-

tional amino acids elongated the ct-TMD of Kesv to the length of the

ct-TMD in the Kcv channel.19 Figure 1B shows a structural model of

the N- and C-terminal transmembrane domains (nt-TMD and ct-TMD)

for a Kesv monomer, with and without insertion of three valines in

position 113. The reason for a rerouting of sorting after insertion of

valines in this position is that the Kesv protein becomes a substrate

for the GET sorting pathway in yeast.20

Subsequent mutational studies in the Kesv ct-TMD were not com-

patible with the idea that the length of this domain is responsible for

sorting.21 Also, these studies did not identify an obvious amino acid

motive in the ct-TMD that might serve as a binding motive for a chap-

eron.21 From the results of these experiments, it was suggested that

alternative factors might be relevant for the sorting of these proteins.

In a recent study, it was found the codon choice could be such a sorting

factor because Kesv targeting to the mitochondria was substantially

altered by manipulation of the codon choice.22 Sorting of Kesv to the

mitochondria was augmented when the channel was expressed from a

synthetic gene in which rare codons were exchanged for codons which

are common in mammalian cells. Chimeras with rare and common

codons generated an even more complex sorting pattern, in that they

were able to redirect sorting of Kesv into the ER. In some chimeras,

the protein could even be seen in the same cells in both ER and

F IGURE 1 Predicted structure of Kesv with and without insertion
of valines in the C-terminal transmembrane domain. (A) Primary
sequence of ct-TMD from wt Kesv and with insertion of AAs triplet
VVV in position 113 (Kesv+VVV). (B) Pore domain Kesv protein with

labeling of structural elements. The image depicts only two of the
four monomers without the cytosolic C terminal domain (AA 1–32).
A wt monomer is shown in blue (right) and a mutant monomer with
an insertion of three Valines (Kesv+VVV) in grey (left). The three
valines in position 113 are highlighted in magenta. (C) Overlay of
ct-TMD (AAs 87-c-Term) with all three AA inserts listed in Table S1.
Wt in blue, mutants in grey, inserted AAs in magenta.
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mitochondria.22 Collectively, the data suggest that codon usage bias

(CUB) in a gene in combination with cellular factors can serve as a sec-

ondary code for sorting of membrane proteins.

Here, we take advantage of the sensitivity of Kesv sorting to changes

in the AA composition in the ct-TMD and to codon choice in order to

examine the impact of these parameters on intracellular protein trafficking.

To this end, we systematically varied the triplet of AAs, which was

inserted into the ct-TMD of Kesv, and monitored the impact of these

manipulations on sorting as a function of AA flavor and codon choice. The

data show that the intracellular targeting of Kesv depends on both the

physicochemical character of the AA triplet as well as on CUB. Sorting to

the mitochondria is strongly imposed by a cationic AA in this region of the

protein. Targeting to the same destiny is also augmented by a combination

of hydrophilic AAs and CUB with the effect that rare codons and hydro-

philic AAs favor sorting to the ER while the combination of hydrophobic

AAs and common codons shift sorting to the mitochondria.

2 | RESULTS AND DISCUSSION

2.1 | Insertion of AA triplet in C-terminal
transmembrane domain affects Kesv sorting in AAs
and position-dependent manner

In previous studies, the Kesv protein was no longer sorted to the

mitochondria but to the ER after insertion of a pair or triplet of valines

into position 113 in the ct-TMD.19–21 To better understand the

dependency of this shift in sorting on the flavor of the inserted AAs,

we prepared 14 additional constructs with randomly chosen AA trip-

lets (Kesv+3). These constructs and the wt protein were expressed

with a C-terminal eGFP-tag in HEK293 cells and their cellular localiza-

tion was examined 16 h after transfection. The sorting destiny of the

constructs was evaluated according to the distribution of the eGFP-

tag in cells (for details, see Section 4).

Like in a previous study,22 we found that the wt protein was tar-

geted in >60% of the cells into the mitochondria (Figure 2A). In a small

fraction of cells, the protein could also be identified in the ER (2%;

Figure S1A). In the remaining cells, the GFP fluorescence was distrib-

uted throughout the cell, including the nucleus (Figure 2A). We inter-

pret the latter phenotype, which is characterized by low fluorescence

signal in either ER and mitochondria and an equally strong GFP signal

in cytosol and nucleus, as unsorted and or degraded.22 The GFP tag is

presumably cleaved from the degraded protein, with the effect that it

can enter the nucleus. Since the images provide no detailed informa-

tion on the destination, integrity, and fold of the protein, we classify

this phenotype as unsorted/degraded.

Insertion of a randomly chosen AA triplet into the TMD of Kesv

had construct-specific impacts on sorting. The results of intracellular

sorting in Figures 2A and S1A can be divided into three different phe-

notypes. In the first category (type I) the protein is no longer seen in

the ER. With the insertion of the AA triplet SKA (Kesv+SKA) and VTK

(Kesv+VTK) the protein is exclusively found in the mitochondria

(Figure 2A,B); Kesv+PSV is also detected in this organelle but appears

frequently as unsorted/degraded (Figure 2A). In the type II case, the

F IGURE 2 Sorting destiny of Kesv wt and Kesv with insertion of AA triplets in ct-TMD. (A) Mean relative distribution of Kesv wt and Kesv
constructs with insertion of indicated triplets of AAs (Kesv+3) in position 113 of the ct-TMD. Sorting to mitochondria (blue), ER (green) or
unsorted/degraded (grey) is classified into three categories: type I, sorted to mitochondria and un-sorted; type II, ER and un-sorted; type III, ER or
mitochondria or unsorted/degraded. Each column is a mean value ± SD of N ≥ 3 independent experiments with a total of ≥150 cells per column.
(B) Exemplary fluorescent images of HEK293 cells transfected with Kesv+3 constructs. a, e and i: eGFP-tagged Kesv+3 constructs; b and j:
MitoTracker™ Red, f: ER-Tracker™ Red; c, g and k: Overlay images of the two channels in the same row; Scale bars in B-L 10 μm. d, h and l:
Enlarged details in white frames.
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protein is either sorted to the ER or unsorted/degraded. In particular,

two constructs, namely Kesv+GML and Kesv+WTF, exhibited a very

robust sorting to the ER; they were both detected in ≥85% of the cells

in this organelle (Figures 2A and S1A). In the remaining five con-

structs, the frequency of detecting the protein in the ER decreased,

while the propensity for unsorting increased. Images in Figure 2B

show two examples for Kesv+MTL in which the protein is well sorted

to the ER in one cell and unsorted/degraded in the second cell.

The constructs of the type III phenotype exhibited a mixed sort-

ing in that the protein appeared in a construct-dependent manner

with different propensities either in the mitochondria or the ER. In the

same experiments, the protein was detected either in the mitochon-

dria or in the ER of individual cells (Figures 2A and S1A). The results

of these experiments are in good agreement with the conclusion

drawn from previous studies, in that the same sorting signal in the

Kesv protein can be interpreted by two individual cells in a different

manner.22

2.2 | Cationic AAs impose mitochondrial sorting

We first addressed the question of whether cationic AAs in the VTK

and SKA triplets serve as a strong signal for mitochondrial sorting. We

constructed mutants with three Arg insertions (Kesv+RRR) and varied

in Kesv+VTK the position of the Lys into KVT and VKT in Kesv+VTK.

Expression of these mutants resulted in all cases in a robust and near-

exclusive sorting of the protein into the mitochondria (Figures 3A,B

and S1B). The results of these experiments indicate a strong positive

impact of a cationic AA in this region of the transmembrane domain

for effective mitochondrial sorting; the precise location of the positive

charge does not seem to be important for sorting. To further test the

impact of such a local positive charge on sorting, additional constructs

were made, which contained a triplet of anionic AAs (Kesv+EEE) or a

combination of anionic and a cationic AAs (Kesv+EKE, Kesv+KEE and

Kesv+EEK). In all cases, these constructs were neither sorted to the ER

nor to the mitochondria (Figures 3A and S1B). Hence, a negative

charge suppresses the positive effect of a cationic AA on mitochon-

drial sorting. An alternative interpretation that an anionic amino acid

is in general deleterious for protein folding and causes for this reason

a complete unsorted/degraded phenotype, is less likely. Notably,

insertion of the LEV triplet still re-directs protein sorting to the ER

(Figure 1A).

Together with the results of the sorting of the Kesv+LEV construct

(Figure 2A) these data indicate a negative effect of an anionic AA on

Kesv+3 sorting not only to the mitochondria but to sorting in general.

We next tested if the impact of the triplets in redirecting Kesv+3

sorting from the mitochondria to the ER sorting, was site specific. For

these experiments, we choose the GML triplet, which together with

F IGURE 3 Sorting of Kesv+3 constructs including AAs with charged side chain. (A) Mean relative distribution for localization of Kesv
constructs with insertion of triplets of AA (Kesv+3) containing a charged AA in position 113 of ct-TMD. Constructs were sorted to
mitochondria (blue), or unsorted/degraded (grey). Each column is a mean value ± SD of N ≥ 6 independent experiments with a total of ≥300 cells
per column. (B) Fluorescent images of an exemplary HEK293 cell transfected with Kesv+VTK. (a) Kesv+VTK::eGFP; (b) ER marker HDEL::mCherry,
(c) MitoTracker™ DeepRed; (d and e) Overlay images of the two channels in the same row; (g and h) Enlarged image details as indicated by
the white frames; (f and i) Normalized fluorescence intensity along the lines indicated in (d) and (g), respectively. Maxima in the GFP signal
(blue) in (f) coincide with minima in the ER marker signal (yellow). In (i), the GFP signal colocalizes with the signal of MitoTracker™ (red).

Scale bars a–d, g: 16 μm.
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the WTL triplet is most effective for shifting the sorting of Kesv+3

from the mitochondria to the secretory pathway (Figure 2A). Because

of the importance of codon usage for protein sorting, which will be

examined later in this study, we favored the GML over the WTV triplet

because the former provides more opportunities for using synonymous

codons for all three amino acids. To obtain information on the site

specificity the GML triplet was inserted in three positions upstream

and three positions downstream of the 113 site. Figures 4 and S1C

show the quantitative analysis for the sorting of all constructs with

GML insertions at different positions in a large number of cells (A) and

some characteristic images for the corresponding diversity of sorting of

the constructs (Figures 4C and S1C). The results indicate the impor-

tance of the position in which the AA triplet is inserted for sorting.

While insertion of the GML triplet upstream of position 113 has little

influence on protein sorting, the picture is different at the downstream

positions. When the triplet is inserted downstream of position

113, Kesv+GML is no longer sorted to the secretory pathway

(Figures 4A and S1C). With the GML triplet in positions 115 and

121, the protein appears to be entirely unsorted/degraded. This phe-

nomenon is not necessarily the consequence of failed sorting; for

example, it could also arise from the fact that insertion of the triplet in

these positions prevents for some other reasons the synthesis of the

entire protein. This alternative interpretation of the data does not hold

true for the finding that insertion of the GML triplet in position

118 again favors sorting of the protein to the mitochondria with a pro-

pensity similar to the wt protein (Figure 4A). These data clearly indicate

that the effect of triplet insertion on Kesv+3 sorting is site specific.

The data support previous evidence for position dependency of

the insertion site for sorting.19 This dependency does not seem to be

related to the helix structure of the transmembrane domain (Figure 4B).

Notably, the insertions in positions 108 and 113 are on a helix

wheel on the opposite sides but produce the same effect on sorting. In

contrast, positions 111 and 118 are on the same side of the helix, but

their impact on sorting is very different.

2.3 | Length of C-terminal TMD does not
determine sorting

In a previous study, it was speculated that Kesv might be sorted to

the mitochondria because of a presumably short ct-TMD. Hence,

extension of the ct-TMD by insertion of AAs might serve as a signal

for ER sorting.19 The finding that some of the extensions increase

sorting of the Kesv protein to the ER while others do not (Figure 2A),

led to a test of this hypothesis. If the length of the ct-TMD is critical

for sorting, we expect that AA triplets which favor Kesv+3 sorting to

the ER, also elongate the transmembrane domain. To test this hypoth-

esis the ct-TMD length and the fold for each construct were predicted

with DeepTMHMM,23 followed by a second prediction of protein

folding with AlphaFold.24 The predicted folds of ct-TMDs with

inserted AA triplets are shown in an overlay with the wt Kesv protein

in Figure 1C,D. The lengths and folds of all ct-TMD for the different

Kesv+3 constructs, as they are predicted by DeepTMHMM and mea-

sured on the AlphaFold predicted structures in ChimeraX,25 are also

F IGURE 4 Sorting destiny of Kesv+GML inserted between positions 105 and 121. (A) Mean relative distribution for localization of Kesv
constructs with insertion of GML triplet in seven different positions between 108 and 121 of ct-TMD. Constructs were sorted to mitochondria
(blue), ER (green) or unsorted/degraded (grey). Each column is a mean value (±SD) of N ≥ 3 independent experiments with a total of ≥150 cells
per column. (B) Helix wheel indicating the relative positions for triplet insertion on alpha-helical TMD; (C) Exemplary fluorescent images of
HEK293 cells transfected with Kesv+GML in positions 108 (top row), 118 (middle row) and 121 (lower row). (a, e and i): eGFP-tagged Kesv+3

constructs; (b, f and j): MitoTracker™ Red; (c, g and k): Overlay images of the two channels in the same row; (d, h and l): Enlarged details in white
frames. Scale bars: c–e, g–i, k–m: 10 μm.
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given in Table S1. These data and the plot in Figure 5 show two dis-

tinct populations of ct-TMDs which differ in up to 4 Å in length. But

both populations include constructs with a high propensity for sorting

to either the mitochondria or the ER (Figure 5). Hence the length of

the second TMD is, unlike suggested previously,19 not important as a

sorting signal in the Kesv+3 protein.

2.4 | Hydrophobicity of inserted AA triplet
influences sorting

Scrutiny of the data in Figure 2 suggests that insertions of hydro-

phobic AAs promote sorting to the ER while hydrophilic AAs favor

trafficking to the mitochondria. To quantify this dependency, the

propensity for ER and mitochondria sorting was plotted as a func-

tion of the mean hydrophobicity (HyP) of the inserted AA triplets.

The latter scale was based on normalized Kyte Doolittle HyP

values.26 Because of the strong impact of charged AAs on sorting

(Figure 3), all triplets with a charged AA were excluded from this

analysis.

The data from all the remaining triplets show a trend in which the

sorting destiny is weakly dependent on AA HyP (Figure 6A). The fre-

quency for sorting of Kesv+3 to the ER increased with the HyP of the

AA triplet, while sorting to the mitochondria exhibited the inverse

trend. The correlation coefficients for both sorting targets support this

inverse dependency on HyP. But both values are 0.1257 for sorting to

ER and �0.1527 for sorting to mitochondria respectively low and not

significant (Figure 6F, p > 0.05). The results of these experiments

imply that the local HyP of this region of the TMD might be critical

for sorting, and that increasing HyP favors sorting to the ER and

penalizes sorting to the mitochondria.

2.5 | CUB has an impact on sorting

We had previously reported that sorting of the Kesv protein to mito-

chondria or ER in mammalian cells can be modulated by the choice of

the codons.22 To estimate the contribution of CUB to the present pat-

tern of Kesv+3 sorting, the propensity for trafficking to ER or mitochon-

dria was analyzed as a function of the mean CUB value for the triplet

of the inserted amino acids. The CUB value is a human cell-specific

measure, which provides the relative frequency of each codon relative

to the abundance of that codon to all other codons encoding the same

AA.27 The results in Figure 6B indicate an apparent dependency

between sorting and the codon choice of the inserted amino acid trip-

let. Trafficking of the protein to the ER is supported by common

codons, while sorting to the mitochondria is more favored by rare

codons. Like in the case of the relationship between sorting and HyP,

the correlation coefficients show already stronger tendency but with-

out being significant for the ER sorting (pER >0.05, pMito = 0.037).

Based on this dual dependency, we asked the question if the sorting

destiny of Kesv might be affected by a combination of both factors.

Because HyP and rare/varying codons favor sorting to the ER, we plot-

ted the sorting destiny of the Kesv+3 constructs as a function of

the product of HyP and CUB (HyP � CUB). The data in Figure 6C,F

show that consideration of both factors greatly improved the correlation

coefficient from 0.1257 to 0.5459 and from �0.1527 to �0.7432 for

sorting to the ER and the mitochondria respectively. The latter correla-

tions have a pMito = 0.0088, showing a further increase of significance

over CUB alone. However, ER sorting still showed a pER > 0.05.

To address the question if this increase in correlation coefficient

is a coincidence, we randomized the CUB values before multiplication

with the HyP values and calculated the corresponding correlation

coefficient for sorting to the ER. The results of all 39 916 800 possible

permutations (Figure S2) show that a correlation coefficient of

>0.5459 occurs in only 1.36% of all possible combinations. The result

of this analysis strongly supports the conclusion from Figure 6C that

sorting of the Kesv protein is sensitive to a combination of HyP and

codon choice at a critical position in the ct-TMD.

To further test the predicted dependency of sorting on codon

choice, the Kesv+3 constructs from Figure 6A,B were rebuilt by using

either the most common (Cmn) or most rare (Rare) codons for the

inserted AA triplet. To evaluate the impact of codon choice on sorting,

the respective constructs were again expressed with an eGFP-tag in

HEK293 cells and examined for their intracellular sorting. The data

show that a change in codon choice has for some constructs an appre-

ciable impact on sorting. For example, the Kesv+WTV construct is

sorted in 68 ± 6% of the cells to the ER when the choice of codons

is random but in 84 ± 4% when the most common codons are used. A

compilation of all data shows that a general homogenization of the

CUB for either frequent or non-frequent codons increases the corre-

lation between HyP and protein sorting (Figure 6F). This supports the

assumption that codon choice plays a role in Kesv sorting. Further-

more, the correlation coefficient is greatly increased when plotting

the sorting results of both constructs with the most common and least

common codons as a function of HyP � CUB (Figure 6D, E). The

F IGURE 5 Sorting of wt Kesv and Kesv+3 constructs as a
function of the estimated length of their ct-TMD. After identifying
the position of the ct-TMD with DeepTMHMM,23 for each of the
constructs in Figure 2A, the domain fold was predicted with
AlphaFold.24 The length of the respective TMDs was measured as the
distance (in Å) between first and last alpha C-atom in this domain with
ChimeraX.25 The propensity for detecting the Kesv+3 constructs in
the mitochondria (blue) or the ER (green) are plotted as a function of
the ct-TMD length.
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correlation coefficient becomes significant for constructs with com-

mon (pER = 0.0108, pMito = 0.0097) and rare (pER = 0.0121,

pMito = 0.0124) codons (Figure 6F).

The present analysis suggests that Kesv+3 sorting is critically

dependent on a local combination of HyP and codon choice. For a test

of this hypothesis, seven additional Kesv+3 constructs were created

with triplets of the same AA in position 113. For this purpose, AAs

with particularly high or low HyP in combination with rare or common

codons were chosen. One construct contained also a triple Trp, the

AA with only a single codon.

Six of the seven tested constructs show the expected depen-

dency on CUB and Hyp (Figure 6D,E, open points). Constructs with a

high HyP � CUB value are sorted with the expected high propensity

to the ER, while constructs with a low value are preferentially sorted

F IGURE 6 The frequency of detecting Kesv+3 constructs in the ER or mitochondria. The localization of the Kesv+3 constructs from Figure 2
(without charged AA) with a random choice of codons for the inserted AA triplet in the ER (green) or in the mitochondria (blue) as a function of
the mean hydrophobicity (HyP) of the AA triplet (A), as a function of the mean codon usage bias (CUB) (B) and as a function of the product of
CUB and HyP (C). Localization of the same constructs (filled symbols) plus constructs with triple insertions of the same AA (open symbols) as
in C after using most common (D) or least common codons (E) of inserted AA triplet. Filled data points are fitted with Pearson correlation
coefficient for ER (green line) and mitochondria (blue line). (F) Mean Pearson correlation coefficients [r (Pearson)] for Kesv+3 sorting to ER
(positive values) or to mitochondria (negative values) from analyzing sorting as function of mean HyP (open symbols) or as a function of the
product of HyP and CUB (HyP � CUB, filled symbols) for constructs with randomly chosen codons (Ran, purple), with most common (Cmn,
yellow) and least common (Rare, light blue) codons. Each data point in panels A–E is the mean ± SD of three or, in case of the triplets with most
common and least common codons, six independent experiments with a total number of 150 or 300 cells respectively for each data point.
Arrows in D indicate sorting of Kesv+WWW (1) Kesv+SSS (2) and Kesv+TTT (3). Value of p of statistical significance in (F) *p < 0.05; **p < 0.01.
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to the mitochondria. Worth noting is the ER sorting of the Kesv+WWW

construct (Figure 6D, arrow 1). If sorting would only be determined by

the HyP of the AAs, this construct should behave like the Kesv+SSS or

Kesv+TTT constructs because the latter AAs share the same low HyP of

Tryptophan. The high CUB value of Trp, which even exceeds the

respective value of the constructs Kesv+SSS or Kesv+TTT with common

codons, however, promotes sorting of Kesv+WWW to the ER; the

respective Kesv+SSS or Kesv+TTT constructs are preferentially sorted to

the mitochondria (Figure 6D, Kesv+SSS arrow 2 and Kesv+TTT arrow 3).

Only the Kesv+QQQ constructs do not fall into this pattern; the

triple Q insertion corrupts sorting of the protein to a defined target

membrane. An example is shown in Figure S3 for the Kesv+QQQ con-

struct with most common codons. A detailed scrutiny of the image

shows that the GFP fluorescence is uniform throughout the cell,

including the nucleus. Only regions, which are occupied by either ER

or mitochondria, exhibit a low GFP signal. As mentioned before, we

interpret this as indirect evidence for a cleavage of GFP from the

Kesv+3 protein.

Taken together, the data show that protein sorting is depending

on a combination of local HyP and CUB. The observations with

the Kesv+QQQ construct and with constructs containing a charged AA

further indicate that other features of the AA can also influence this

sorting procedure.

Previously, it was shown that an insertion of two or three Val in

position 113 of Kesv caused a major redirection of this protein from

the mitochondria to the ER.19 Biochemical data with isolated yeast

ribosomes had shown that this redirection was related to the fact that

the Kesv+VV protein became a target for binding to the GET factor,

for example, the chaperone complex which directs tail-anchored

proteins into the secretory pathway.20 Analysis of the Kesv+VVV

construct shows that insertion of a valine triplet causes the expected

shift of protein sorting, with a strong tendency of trafficking to the ER

(Figures 7 and S1C). Direct comparison between the three constructs

with different CUB shows that the latter parameter has in this case

little effect on sorting of the Kesv+VVV construct (Figure 7). This is

different in the Kesv+VV construct. The latter is exclusively sorted to

the ER in the case of randomly chosen codons; this effect is abol-

ished by using either common or rare codons for the two positions

(Figure 7). Collectively, the results of these experiments suggest,

in combination with the aforementioned biochemical data, that the

flavor of the inserted AAs determines the binding affinity of Kesv to

F IGURE 7 Sorting of Kesv wt and Kesv constructs with insertions
of two or three Valines in position 113 of ct-TMD. The codons for the
two or three Valines were either chosen randomly (ran, comprising
common and rare codons), most common (Cmn) or most rare codons
(Rare) for expression in human cells. Constructs are sorted to
mitochondria (blue), ER (green) or unsorted/degraded (grey). Each
column is a mean value ± SD of N ≥ 3 independent experiments with
a total of ≥150 cells per column.

F IGURE 8 Probability for ER or mitochondrial sorting as a function of the step size in CUB within the AA triplet. (A) Probability of finding
different Kesv+3 constructs from Figure 6 in ER or (B) in mitochondria as a function of codon usage step size between position 113 and
114 (x-axis) and step size from position 114 to 115 (y-axis). Zero value means that adjacent codons have the same CUB value; negative
and positive numbers mean that the codon usage value decreases or increases respectively towards the C-terminus. The probability of a
given construct being detected in the ER or mitochondria is color coded between 0% and 100%.
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alternative chaperons and that this binding is modulated by CUB of

the critical site.

The plot in Figure 8 summarizes the propensity of ER sorting

as a function of these step changes in CUB. The data uncover three

distinct populations. The propensity for ER sorting is high when

CUB is discontinuous, for example, when a common codon in

115 follows a rare codon in position 114 (population 1) and when a

common codon in 114 follows an average codon in 113 (population

2). In the case of a uniform CUB for the three AAs, the protein

shows a general low propensity for ER sorting (population 3).

The same plot for the propensity of mitochondrial sorting shows

the inverse relationship. Conditions, like alterations between

rare and common codons, which favor ER sorting are dis-favoring

mitochondrial sorting. The latter is more supported by a continuity

in codons.

3 | CONCLUSIONS

Here, we used a membrane protein with two TMDs, as an orthogo-

nal model system for studying intracellular protein sorting in

mammalian cells. Because this protein apparently carries only a

weak signal for targeting to the mitochondria, it is possible to

reroute its sorting destiny from the mitochondria to the ER by small

site-specific modulations in the ct-TMD. The finding that such small

and local changes in the TMD of a channel protein could have such

drastic impacts on protein sorting suggests that native membrane

proteins might be affected in a similar manner not only by muta-

tions, which result in an exchange of amino acids, but even by

synonymous mutations.28 For this reason, the sensitivity of protein

sorting to codon usage should also be considered when codons are

optimized for example in gene therapy.28

Even though the present experimental system is very simple

and orthogonal to mammalian cells, we can deduce basic informa-

tion on the mechanism of membrane protein sorting in mammalian

cells. One piece of information is that many Kesv+3 constructs

show an inverse relationship, in that lowering in the propensity for

mitochondria sorting favors targeting to the ER. This suggests that

the proteins are presumably synthesized on the same ribosome and

that they can in principle be sorted to both destinations; only small

changes in the protein favor one sorting route over the other.

This concept is supported by the finding that several of the con-

structs (type III in Figure 2) can be found in the ER of one cell and

the mitochondria of another.

The data furthermore uncover a hierarchy of sorting signals

which include the flavor of AAs as well as the local CUB. The stron-

gest sorting signal is based entirely on the AAs flavor, with no

impact by CUB. One of these signals favoring mitochondrial target-

ing has at least one cationic AA in the critical region of the ct-TMD.

This sorting message is neither sensitive to CUB in the AA triplet

nor to its precise position within the triplet. The latter information

implies that the mechanism, which affects further sorting steps of

the protein, are presumably not binding to a defined AA motive or

to a helix fold; they rather seem to sense the general charge in this

region of the TMD.

While cationic AAs favor sorting to the mitochondria, anionic AAs

suppress this effect. A net negative charge in the critical region not

only suppresses targeting to the mitochondria but increases the

propensity for complete unsorting of the Kesv+3 constructs. Hence,

proteins with a net negative charge as well as constructs with a triple

Q insertion in this critical position seem to be excluded from the mito-

chondria. In these cases, the proteins are presumably not binding to

any alternative chaperon, with the result that they are degraded. Only

cleavage of the GFP from the Kesv protein can explain the images in

which the GFP fluorescence is visible in the nucleus but excluded

from the ER and the mitochondria.

We previously found that sorting of the same protein could be

switched from the mitochondria to the ER either by introducing

between 2 and 6 hydrophobic AAs in the ct-TMD19 or by altering the

global or local CUB.22 The present study confirms that both parame-

ters have an influence on the sorting destiny of the protein and that

they operate in a cooperative manner. The sorting destiny of variable

Kesv+3 constructs can be best described and even predicted by con-

sidering the product of local HyP and the CUB of the inserted AA trip-

let. The data advocate a mechanism in which a combination of

hydrophobic AAs and common codons in the critical region of the ct-

TMD favor sorting to the ER. The inverse, namely a combination of

rare codons and hydrophilic AAs supports targeting to the mitochon-

dria. A more detailed analysis of CUB in the critical domain further-

more indicates that the impact of this parameter is not related to the

absolute values of codon frequency but to its relative difference: In

the case of a constant CUB, the protein is more frequently sorted to

the mitochondria. On the other hand, a sequential order in which a

rare codon is following a common codon favors targeting to the

ER. This is most evident in the case of the addition of two valines in

Kesv+VV. From previous experiments, it is known that this insertion of

Valines converts the nascent protein into a client for the GET factor

on isolated yeast ribosomes.20 This suggests that a favorable combi-

nation of high HyP and CUB in the ct-TMD promotes binding of the

GET factor or alternative chaperons to the nascent protein. Interest-

ing in this context is that the best effect for ER sorting is achieved

with Kesv+VV in which the codons were chosen randomly (Figure 7).

In the latter, the two valines were coded by a sequence of a rare and

a common codon, for example, a condition which favors ER sorting

according to the data in Figure 7.

The present interpretation of Kesv sorting as a concerted function

of HyP and CUB is only based on statistical correlations. Hence, it pro-

vides no direct information on the mechanisms, which translates the

combination of local HyP and codon usage into different sorting routes

of the Kesv+3 constructs. While it is well known that HyP of nascent

proteins plays a key role in binding and discrimination between differ-

ent sorting chaperons29 the role of CUB remains unknown. There is

however increasing experimental30–32 and bioinformatic33–35 evidence

for a distinct role of synonymous codons in fine-tuning the fold of

nascent proteins. At this point, it is also important to mention that the

CUB value, which was used in this analysis, is only a descriptive
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parameter. It only considers if a codon for a particular amino acid is

common or rare in the cell type of interest. It does not explicitly

account for other crucial parameters like for example the relationship

between different codons and the concentration of their corresponding

tRNA, stability of the mRNA36 or the fact that the relative abundances

of synonymous codons vary between different amino acids (https://

www.genscript.com/tools/codon-frequency-table).

Despite their simplicity, the present data support the hypothesis

that rare and common codons affect in some way the velocity of

protein synthesis and as a result co-translational folding of the

nascent protein.36–41 In this context, it is interesting to note that a

recent study reported that the elongation rate of a nascent protein

at the A-site of a ribosome is determined not only by codon usage

but also by the charge and HyP of the nascent polypeptide inside

the ribosome exit tunnel.42 Our present findings are fully compatible

with these data: A combination of the three parameters, namely pos-

itive charge, hydrophobic AAs and frequent codons, which facilitate

elongation of the nascent protein,42 also favor sorting of the Kesv+3

protein to the ER. This suggests that the sorting of this protein is

sensitive to local changes in the elongation velocity of the nascent

polypeptide chain and the resulting dynamics of co-translational

folding.

In the context of the mechanisms of protein synthesis, it must

be kept in mind that co-translational folding occurs towards the

ribosome exit tunnel while the speed of translation is controlled

upstream at the A-site of polypeptide elongation. Hence, the codon

composition for the inserted AA triplet may not be responsible for

the fold of this very AA insert but for the structure downstream of

this domain. It is possible that the cooperativity of HyP and CUB of

the inserted triplet is not occurring in the same site in Kesv but in

different structural elements of the protein. An answer to these

questions and more detailed information on the causal relationship

between codon usage, protein folding, and protein sorting could

be obtained from ribosomal profiling data with various Kesv+3

constructs with different degrees of HyP and synonymous codons

in the inserted amino acid triplet.

4 | MATERIALS AND METHODS

4.1 | Mutagenesis

Amino acid insertions in the Kesv channel were generated by site-

directed mutagenesis as described by DeCero and coworkers43 using

Q5® High-Fidelity 2X Master Mix (New England Biolabs, Ipswich,

MA). PCR products were directly used for the transformation of com-

petent Escherichia coli XL-1 blue cells by heat shock. Finally, the trans-

formed E. coli were plated on LB kanamycin plates and incubated

overnight at 37�C.

The colonies were used to inoculate LB medium liquid cultures

with 100 μg/mL kanamycin. On the following day, the plasmid

DNA was purified using the ZR Plasmid MiniprepTM Classic Kit

(Zymo Research; Irvine, CA) and sequenced (Microsynth Seqlab,

Göttingen, Germany). Sequencing results were controlled using

SnapGene software (GSL Biotech; Chicago, IL).

4.2 | Codon usage adaptation

To create constructs with common codons (Cmn) and rare codons

(Rare), a standard human codon frequency table (https://www.

genscript.com/tools/codon-frequency-table) was applied to choose

the most and least common codons in the human genome. The

codons of all constructs are listed in Table S2. For analysis, the relative

frequency of each codon was expressed relative to the other possible

codons for the same AA.

4.3 | Cell culture and heterologous expression

Expression of the eGFP-tagged channels was performed as reported

previously18 in human embryonic kidney (HEK293) cells cultured in

T25 cell culture flasks in an incubator (at 37�C and 5% CO2) in stan-

dard cell culture medium [DMEM/F12-Medium with Glutamine

(Biochrom AG, Berlin, Germany) plus 10% fetal calf serum (FCS) and

1% penicillin/streptomycin].

For imaging, cells were placed 48 h prior to examination on steril-

ized glass coverslips (No. 1.0, Karl Hecht GmbH & Co. KG, Sondheim,

Germany) with Ø = 25 mm. The cells were incubated for �48 h at

37�C with 5% CO2. When reaching 60% confluence, cells were trans-

fected with the appropriate plasmids using Lipofectamine 2000

(Thermo Fisher Scientific, Waltham, MA) according to manufacturer

specifications. Unless otherwise stated, 1 μg of plasmid DNA of the

corresponding construct was used.

4.4 | Confocal laser scanning microscopy

Initial microscopic screening and quantitative examination of pro-

tein sorting in cultured mammalian cell lines was performed on a

confocal Leica TCS SP5 II microscope (Leica GmbH, Heidelberg,

Germany). Unless stated otherwise, cells were kept with 500 μL

PBS medium (8 g/L sodium chloride, 0.2 g/L potassium chloride,

1.42 g/L disodium hydrogen phosphate, 0.24 g/L potassium hydro-

gen phosphate; pH was adjusted with 1 M sodium hydroxide up to

7.4) on glass coverslips, clamped into a custom-made aluminum cup

16 h after transfection.

Cells were imaged with a HCX PL APO 63.0x1.20 W CORR UV

lens. Dyes or fluorescent proteins were excited with an argon

(488 nm), krypton (562 nm) or helium–neon laser (633 nm) and the

emitted light observed at the following wavelengths: GFP: 505–535 nm,

MitoTracker™ Red FM and mCherry: 590–630 nm, ER-Tracker™ Red:

600–640 nm, MitoTracker™ Deep Red: 665–690 nm.

Localization of Kesv constructs in HEK cells was assessed in a

two-stage process. Targeting of eGFP-tagged Kesv proteins was first

examined in HEK293 cells by examining a colocalization of the
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GFP signal with that of organelle-specific markers (COXVIII::mCherry

for mitochondria, HDEL::mCherry for ER) and/or organelle-specific

fluorescent dyes (ER-Tracker™ Red, MitoTracker™ Deep Red,

MitoTracker™ Red FM). This analysis provided three distinct sorting

phenotypes in which the eGFP signal was either colocalized with (1) a

mitochondria or (2) an ER-specific marker. In a third category, the GFP

fluorescence was uniformly distributed throughout the cell including

the nucleus (Figure 2). In some cases, we could even detect a decrease

in the fluorescence signal in areas occupied by either ER or mitochon-

dria (Figure S1A). This phenotype was classified as (3) unsorted/

degraded.

To avoid an interference of Kesv sorting with the overexpres-

sion of an organelle-specific marker protein, quantification of

Kesv targeting was done in the absence of organelle-specific

markers. Guided by the images from the first step, we classified

cells “ER-positive”, when the GFP distribution showed an

increased fluorescence at the perinuclear ring and in filamentous

structures surrounding the nucleus. Positive targeting to “mitochondria”
was identified as small structures with increased GFP signal within the

cytosol. In cells in which GFP fluorescence was uniformly distributed

throughout the cell including the nucleus, the Kesv protein was

classified as “un-sorted”.
Dye labeling was performed according to established

manufacturers' protocols. The growth medium was replaced with

PBS containing the organelle-specific dyes MitoTracker™ Red FM

(25 nM), ER-Tracker™ Red (1 μM) or MitoTracker™ Deep Red

(50 nm) (Thermo Fisher Scientific, Waltham, MA). After incubation

for 5 min, cells were washed with fresh PBS buffer before imaging.

As organelle-specific dyes have only a limited specificity, mitochon-

dria and ER were in all experiments also labeled with fluorescent-

specific marker proteins. The subunit VIII of human cytochrome C

oxidase fused with the fluorescent protein mCherry (COXVIII::

mCherry) was employed to label the inner membrane of the mito-

chondria. The ER retention sequence HDEL fused with fluorescent

protein mCherry (HDEL::mCherry) was used to label the ER. Both

plasmids were obtained from Addgene (Cambridge, MA).

To determine protein localization in the different cellular

compartments, 300 cells with a fluorescent signal, collected from six

distinct experiments, were imaged and analyzed manually. Image

analysis was generally performed using LAS AF Lite software (Leica

Microsystems GmbH, Wetzlar, Germany) or Fiji.44

4.5 | Data analysis

Data analysis was performed with a custom Python 3 script utilizing

NumPy45 and pandas.46 Plots were generated with plotly (Plotly Tech-

nologies Inc. Montréal, Canada, https://plot.ly). For each codon triplet,

the mean and standard deviation were calculated for parameters

CUB, HyP and the product of both (CUB � HyP). The net charge was

calculated as the sum of the partial charges of the three inserted AAs.

Linear regression was performed on a subset of data, consisting of

inserts with different AAs and a net charge of 0, using the SciPy47

line-regress function. Randomization of CUB values of Kesv+3 con-

structs and calculation of corresponding Pearson correlation coeffi-

cients for sorting to the ER as function of HyP � CUB was performed

with a custom Matlab R2020b script utilizing the function perms().

The length of the ct-TMDwas predicted in a three-step process. First,

the AAs belonging to ct-TMD were predicted using DeepTMHMM

(1.0.19).23 Next, the structure of the full proteins was predicted using

ColabFold (“AlphaFold2_mmseqs2” version 1.3.0)48 utilizing Alpha-

Fold224 andMMseqs2.49 Finally, the distance between the initial and final

alpha C-atoms in the alpha-helix wasmeasured for eachmutant using Chi-

meraX (1.5).25 ChimeraXwas also used to render the images. For overlays,

the structureswere aligned in the pore helix region (AAs 73–84).
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