
# 2007 The Authors

Journal compilation# 2007 Blackwell Publishing Ltd

doi: 10.1111/j.1600-0854.2007.00582.x
Traffic 2007; 8: 1035–1051
Blackwell Munksgaard

Differential Requirements for ts-O45-G and
Procollagen Biosynthetic Transport

Vytaute Starkuviene and Rainer Pepperkok

Cell Biology and Cell Biophysics Unit, European
Molecular Biology Laboratory, 69117 Heidelberg,
Germany
Corresponding authors: Vytaute Starkuviene,
starkuvi@embl-heidelberg.de and Rainer Pepperkok,
pepperko@embl-heidelberg.de

Emerging experimental evidence favours the existence of

cargo sorting occurring upon the endoplasmic reticulum

(ER) exit. Recent studies revealed that, in contrast to the

conventional secretory marker ts-O45-G, procollagen (PC I)

exits the ER at sites not coated with coat protein II and is

transported to the Golgi complex in carriers devoid of

coat protein I. Here, we investigated whether PC I traf-

ficking requires a different molecular machinery in com-

parisonwith the ts-O45-G. By combining colocalization of

the cargoes with endogenous markers, downregulation

of transport machinery by RNA interference and knock-

ins by complementary DNA over-expression, we provide

strong evidence that PC I and ts-O45-G have common but

also different molecular requirements during pre- and

post-Golgi trafficking events.
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In eukaryotic cells membrane, traffic between the endo-

plasmic reticulum (ER) and the Golgi complex involves the

vesicular coat complexes coat protein II (COPII) and COPI.

The COPII mediates cargo concentration of secretory

cargo into COPII-coated vesicles and coat protein (COPI)-

coated carriers recycle material from post-ER membranes

back to the ER (reviewed in 1).

In contrast to this simple transport model, which has been

clearly demonstrated for several model transport proteins

in yeast and higher eukaryotes, a complexity of cargo

sorting at the ER–Golgi boundary with respect to different

secretory cargo is becoming increasingly evident. Different

yeast secretory proteins show a differential sensitivity in

their secretion efficiency in COPI mutant strains (2). The

COPII-coated vesicles containing glycosyl-phosphatidyli-

nositol-anchored proteins could be shown to be distinct

from ER-derived COPII-coated vesicles transporting amino

acid permease Gap1p, alkaline phosphatase and glycosy-

lated pro a factor (3). In mammalian cells, the cystic

fibrosis transmembrane conductance regulator (CFTR)

transits to the Golgi complex in a ‘non-conventional’

manner, which does not depend on the activities of ADP

ribosylation factor 1 (ARF1), Rab1, Syn5 (4), all three are

factors that have been demonstrated to be involved in ER

to Golgi transport of conventional transport markers (5–7).

Interestingly, trafficking of potassium channel interacting

proteins and potassium channel proteins are completely

abrogated if the COPI machinery is perturbed, but surpris-

ingly, it is not sensitive to the impairment of COPII function

(8). Despite these evidences for the existence of different

trafficking routes for different secretory cargo in ER to

Golgi transport, a molecular description of these cargo-

specific ER exit pathways remains elusive. A secretory

cargo molecule of particular interest in this context is

procollagen (PC I), which forms a rod-like structure of

more than 300 nm in size (for review, see 9). Because of

this size, PC I should not be able to enter small 60–80 nm

COPII-coated vesicles, which are known to carry conven-

tional secretory cargo out of the ER (10–11). The question

how PC I exits the ER is therefore a challenging problem

whose study should help to understand the molecular

mechanisms underlying differential sorting of specialized

secretory cargo at the ER. Interestingly, using a green

fluorescent protein (GFP)-tagged version of PC I, it has

been proposed that PC I is transported from the ER to the

Golgi complex in carriers distinct from those that carry the

transport model protein ts-O45-G or endogenous proteins

such as ER–Golgi intermediate compartment 53 (ER-

GIC53) (12). In support of these data, ultrastructural

analyses by electron microscopy have shown that PC I is

concentrated and leaves the ER at sites devoid of COPII

(13). However, in contrast to this, it has also been

demonstrated that expression of a GTP-restricted, domi-

nant-negative Sar1p mutant [SAR1p[H79G]; (14)], which

locks the COPII coat on membranes, is required for the

ER exit of PC I (15).

In the present study, we have addressed the hypothesis

that the above described differences in ER to Golgi

trafficking of PC I, compared with that of conventional

cargo, would necessitate at least partially distinct molecu-

lar transport machinery. To this end, we exploited fluores-

cent microscope-based functional assays in intact cells,

which previously identified 20 new proteins that affected

the trafficking of ts-O45-G when over-expressed (16). Our

data show that several of themolecules affecting ts-O45-G

transport when over-expressed do not affect PC I traffick-

ing and vice versus. Ts-O45-G and PC I were differently

affected by RNA interference (RNAi) downregulation of

several well-characterized proteins of the early secretory

pathway. In addition, quantitative colocalization studies
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demonstrate that transport intermediates containing ts-

O45-G or endogenous PC I associate with different marker

proteins en route to the Golgi complex. Altogether, our

data provide strong evidence that trafficking of PC I and

conventional secretory cargo between the ER and the

Golgi complex differs at a molecular level.

Results

Controlled trafficking of endogenous PC I provides

the basis for quantitative functional analysis

Being characterized by high expression levels of endogen-

ous PC I, NIH 3T3 mouse fibroblasts provide a suitable

environment to investigate the secretory pathway of this

protein. In cells growing without ascorbate, essentially all

PC I localizes to the ER as visualized by its colocalization to

the ER-resident chaperone protein disulfide isomerase (PDI)

(Figure 1A). After the addition of ascorbate (see Materials

andMethods) and the subsequent stimulation of the folding

reactions in the ER, PC I leaves the ER in a gradual manner

and concentrates in the Golgi complex (Figure 1A). No

significant loss of the total amount of the PC-I-specific

fluorescence is occurring at this time (Figure 1B). Thereaf-

ter, the protein is sorted into post-Golgi carriers, which were

defined as secretory vacuoles by electron microscopy

studies (17,18), and it is secreted into the extra-cellular

space. As a result of ascorbate treatment, PC-I-specific

fluorescence is diminished from the cells; and the total time

needed to secrete PC I completely is about 180 minutes

(Figure 1B, black symbols). This is in good agreement to the

secretion rates of PC I observed by electron microscopy in

primary cells (17) and to the rates obtained by metabolic

chase in cultured fibroblasts (19). Essentially, all PC I stay in

the ER if no ascorbate is added (data not shown). Gradual

disappearance of PC-I-specific fluorescence in the absence

of ascorbate (Figure 1B, white symbols), most likely ac-

counts for intracellular PC I degradation. Within a period of

180 minutes, this degradation reaches up to 30% of the

total intracellular PC I, and is in good agreement with the

data of biochemical chase experiments (20).

Upon entering the secretory pathway, PC I undergoes

a secondary quality control with not properly folded

molecules being degraded in the endosomal–lysosomal

system (21). Distribution of the PC-I-specific post-Golgi

carriers in relation to the markers of endosomes and

lysosomes, namely transferrin receptor (TfR) (22) and

lysosome-associated membrane protein 1 (LAMP1) (23),

respectively, revealed little if any colocalization with PC I

(Figure 1A). This indicates that the disappearance of PC-I-

specific fluorescence in the presence of ascorbate largely

occurs through secretion, and not by degradation.

Comparison PC I and ts-O45-G trafficking in mouse

NIH 3T3 cells

The behaviour of PC I in NIH 3T3 cells was compared with

that of ts-O45-G – a conventional marker widely used to

investigate mechanisms of secretory membrane traffick-

ing (24–26). Ts-O45-G is a temperature-sensitive variant of

the vesicular stomatitis virus glycoprotein and has the

feature of accumulating in the ER at 39.58C, but moves to

the plasmamembrane (PM) at the permissive temperature

of 328C (27,28). Here, ts-O45-G was introduced into the

cells by adenoviral infection, and its arrival to the PM was

monitored by immunostaining using ts-O45-G-specific

antibodies (see Materials and Methods). The maximum

amount of ts-O45-G reached the PM in 60 minutes

(Figure 1C) and decreased at later time-points possibly

because of its internalisation and recycling (for review,

see 29).

Next, the distribution of PC I and ts-O45-G-specific trans-

port carriers in relation to several endogenous marker

proteins was investigated. Taking into consideration, the

differences in secretion rates (Figure 1B,C), colocalization

experiments for each cargo were done separately. In

addition, to follow comprehensively PC I and ts-O45-G

trafficking between the ER and the Golgi complex, coloc-

alization experiments were pursued within a time interval

of 3–30 minutes after the shift to 328C for ts-O45-G or the

addition of ascorbate for PC I (Figure 2E,F). In agreement

with earlier studies (14,30,31), the degree of colocalization

of ts-O45-G and COPI changes as ts-O45-G progresses

towards the Golgi complex, reaching a maximum of 60%

after 15 minutes of ER release (Figure 2B,F). On the con-

trary, PC I-specific carriers showed less than 10% coloc-

alization with COPI over the entire period of 30 minutes

after the release of PC I from the ER (Figure 2A,E). Next,

we performed colocalization experiments with the PC

I-specific chaperone heat shock protein 47 (Hsp47) that is

normally located in the ER and involved in the folding of PC

I (32,33). The Hsp47 binds to and stabilizes the triple-helix

of PC I (34), and extends its chaperone action by concomi-

tant exit from the ER (33,35). Later, it dissociates from PC

I either at intermediated compartment or at cis Golgi ap-

paratus because of a change of lumenal pH and/or reduced

concentration (33,36). As expected, PC I-specific struc-

tures largely colocalized to Hsp47 during the period of time

needed to transport PC I from the ER to the Golgi complex

(Figure 2C). The maximum of colocalization of 80% was

determined at 7 minutes after ER release, and it was

gradually decreased as PC I progressed towards to the

Golgi complex (Figure 2E). Colocalization of Hsp47 and PC

I occurred preferentially in structures at distance from the

Golgi complex, with essentially no colocalizing of the two

markers within the Golgi complex area (Figure 2C). On the

contrary, no significant overlap was recorded between

ts-O45-G and Hsp47 at any time-point tested (Figure 2D,F).

As both cargoes require different synchronisation pro-

cedures, we have tested the behaviour of each cargo in the

reciprocal conditions. Neither rate of transport nor coloc-

alization properties of ts-O45-G was affected by the

addition of ascorbate (data not shown). On the contrary,

by applying a 39.5/328C temperature shift during the ER
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exit of PC I severe inhibition of PC I secretion was

obtained: about 60% of protein was still present in cells

after 3 h of incubation and, largely, was still localized in the

ER (data not shown). Probably, that indicates inhibition of

the folding process in the ER, and corresponds well to the

melting curves of PC I triple-helix, which denatures at the

temperatures above 398C and is not able to refold if

temperatures are not below 25–308C (37).

Figure 1: Secretion of PC I and ts-O45-G in NIH 3T3 cells. A) Trafficking of endogenous PC I after addition of ascorbate. Endogenous PC

I is localized in the ER of non-treated cells as visualized by colocalization to ER-resident protein PDI. The addition of ascorbate induces

folding and transport of PC I to the Golgi complex as visualized by colocalization to cis Golgi marker GM130. After passage through the

Golgi complex, PC I is sorted into post-Golgi carriers and eventually secreted. No significant colocalization of PC I positive carriers to

endosomes and lysosomes has been detected as visualized by colocalization to endosomal marker TfR and LAMP1, respectively. Arrows

point to colocalizing structures, and arrowheads point to non-colocalizing structures. In overlay pictures, green colour represents PC I, red

colour represents the respective organelle marker and yellow colour represents overlapping structures. Scale bar ¼ 20 mm. B) PC I

behaviour with and without the addition of ascorbate. The addition of ascorbate induces gradual secretion of PC I within the period of

120–180 minutes (black symbols). In cells non-treated with ascorbate, PC I is not folded, retained in ER (data not shown) and PC-I-specific

fluorescence is gradually diminished possibly because of the intracellular degradation (white symbols). The x-axis represents time in

minutes, y-axis represents intracellular amount of PC I as determined by immunostainings. PC-I-specific fluorescence is assigned as 100%

in non-treated cells at time-point 0 minute. C) Rate of ts-O45-G trafficking. The x-axis represents time in minutes, y-axis represents amount

of ts-O45-G, which reached PM as determined by immunostainings. Ts-O45-G-specific fluorescence is assigned as 100% when intensity

of PM staining reached maximum (60 minutes). In both graphs (B and C) are shown mean values of 80–100 cells at each time-point, with

bars indicating standard deviations.

Traffic 2007; 8: 1035–1051 1037

Molecular Sorting of Cargo Between ER and Golgi Apparatus



Functional PC I and ts-O45-G transport assays in

NIH 3T3 cells

Recent work with ts-O45-G as a model cargo identified

a number of GFP-tagged proteins that specifically interfere

with its secretion when over-expressed (16). Here, we

have developed a new quantitative assay to test how PC I

secretion is affected when these GFP-tagged constructs

are over-expressed.

For this, those GFP-tagged proteins, which inhibited ts-

O45-G transport most strongly in the previous study, were

chosen. As these 14 test molecules are human proteins,

they were initially retested to influence ts-O45-G transport in

NIH 3T3 cells (see Materials and Methods; Table 1). Both

N- and C-terminal constructs of these molecules were

assayed, when available. The test clones were over-

expressed, incubated for 24 h and the arrival of ts-O45-G

at the PM was measured 60 minutes after temperature

shift to 328C. Only when ts-O45-G trafficking was reduced

by more than 20% in comparison with the non-transfected

cells, the respective complementary DNA (cDNA)-GFP

was classified as an effector (Table 1, bold numbers). All

test constructs were confirmed to have an influence on ts-

O45-G trafficking also in mouse 3T3 cells. Moreover, sub-

cellular localization of cDNA-GFP clones in 3T3 cells was

identical to those previously observed in HeLa and Vero

cells (16; http://gfp-cdna.embl.de/). In addition, 12 clones

have close homologs in mouse genome as could be

determined by BLAST search, therefore possibly have

analogous interaction partners and could be functionally

incorporated into endogenous complexes. Two of the

human proteins (AL136588 and CN155) have no identifiable

Figure 2: Colocalization of PC I and

ts-O45-G-specific carriers with different

markers. A) Colocalization of PC I and

COPI, B) Colocalization of ts-O45-G and

COPI, C) Colocalization of PC I and Hsp47

and D) Colocalization of ts-O45-G and

Hsp47. Secretion of both cargoes was

induced separately by the addition of ascor-

bate for PC I and by the temperature shift

for ts-O45-G (see Materials and Methods).

The images portray distribution of the

cargo-specific structures and the respec-

tive markers 15 minutes after the ER exit.

Images in the lower rows of A, B, C and D

depict colocalizing and not colocalizing

structures at a higher magnification. Ar-

rows indicate colocalizing structures, and

arrowheads indicate non-colocalizing struc-

tures. Scale bar ¼ 20 mm in the upper

images and 7 mm in the lower images.

E) Quantitative colocalization of PC I with

COPI and Hsp47. F) Quantitative colocaliza-

tion ts-O45-G with COPI and Hsp47. Secre-

tion of both cargoes was followed during

first 3–30 minutes (x-axis) after the ER

release. At each time-point, PC I-and ts-

O45-G-positive structures were colocalized

to endogenous COPI (black columns) and

Hsp47 (white columns) (see Materials and

Methods). Fraction of cargo-specific struc-

tures colocalizing to the particular marker

was expressed as percents of colocaliza-

tion (y-axis). At each time-point, mean val-

ues were calculated from 5 to 7 randomly

chosen cells corresponding to 500–1000

structures; bars indicate standard deviations.
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homologs in the mouse genome so far, although they

interfere with the transport of ts-O45-G. Presumably, their

mouse counterparts preserve similar structure and, conse-

quently, function, but diverge on a level of amino acid

sequence.

Next, the cDNA-GFPs were further exploited to quantita-

tively determine their influence on the secretion of PC I.

For this, PC I secretion was synchronized by the addition

of ascorbate, and remaining PC I-specific fluorescence

was imaged after 120 minutes and compared between

transfected and non-transfected cells (see Materials and

Methods). As negative and positive controls soluble

cyan fluorescent protein (CFP)/yellow fluorescent protein

(YFP) and CFP/YFP-tagged dominant-negative Sar1p

[SAR1p[H79G]; (14)] were used. In cells expressing soluble

CFP, transport of PC I occurred with an efficiency similar to

that observed in neighbouring non-transfected cells

(Table 1; see Materials and Methods). In contrast, when

SAR1p[H79G] was over-expressed, the amount of PC I

transported was decreased fivefold. Comparable effects

were also obtained for ts-O45-G, thus indicating the

functionality of the PC I transport assay.

Assessment of PC I secretion rates in the conditions of

over-expression of the 14 test cDNA-GFPs identified six

proteins that had no influence on PC I secretion (USEI,

SGTA, PAIRB, AL136588, AL136618 and CN155) (Table 1

and Figure 3A). These results were obtained by measuring

PC I secretion at 120 minutes after addition of ascorbate.

In order to characterize the influence of these molecules

on PC I secretion more accurately, they were tested over

the broader time scale of 90–180 minutes. No interference

of the over-expression of these cDNA-GFPs with PC I

secretion was observed at any time-point tested (Figure 3

B). Eight cDNA-GFPs (PARM1I, GOT1B, SPAT7, gamma-

BAR, VMP1, AL136916, YIPF1 and CD016) were assigned

to inhibit the secretion of PC I when over-expressed

(Table 1). Over-expression of these cDNAs reduced the

secretion of PC I, which could be detected as the remain-

ing PC I-specific fluorescence at the Golgi complex or

post-Golgi structures at time-points of 120–150 minutes

(Figure 3A). At the later stages of PC I progression

(180 minutes), essentially all transfected cells no longer

contained PC I-specific fluorescence. Over-expression of

two cDNA-GFPs, namely YIPF1 and VMP1, induced a

persistent block of PC I secretion (Figure 3A). This was

characterized by an accumulation of PC I-specific fluores-

cence in the Golgi complex region in the transfected cells,

which did not disappear at later time-points.

In addition to the inhibiting molecules, four cDNA-GFPs

(ALG9, AL136559, P34 and PACN1) without effect on the

transport rate of ts-O45-G (16) were tested in the PC I

secretion assay. Three of those molecules had no effect

(ALG9, AL136559 and PACN1), but one clone, namely P34,

increased the secretion of PC I by more than 50%

(Table 1). Additional tests were done to assay whether

over-expression of P34 influences the intracellular

amounts of PC I, and whether the chase of cells without

the addition of ascorbate leads to the significant decrease

of PC I. Both tests were negative (data not shown), leading

to the conclusion that over-expression of P34 indeed

facilitates the secretion of PC I, without influencing the

degradation or synthesis rates.

To check whether different trafficking requirements for

ts-O45-G and PC I do not account for differences in their

intracellular amounts, and, thus, different requirements for

some components and not the others, we have compared

how transport efficiency of ts-O45-G depends on its

expression levels. As shown in the Figure 4, both in non-

transfected and in transfected cells, there is a reverse

correlation between the transport rate and the expression

levels of ts-O45-G. Despite that, in case of ts-O45-G being

inhibited or not, this is reflected at any expression level of

this cargo. For instance, ts-O45-G trafficking is inhibited by

the over-expression of USEI and YIPF1 even when amount

of ts-O45-G is low (constitutes not more than 30% of the

relative ts-O45-G expression level) (Figure 4). Taken into

consideration that PC I is a highly abundant and evenly

expressed protein in mouse fibroblasts, non-interference

with its secretion under conditions of over-expression of

some cDNA-GFPs rather account for different molecular

requirements than differences in the intracellular amounts

of PC I.

In order to test whether the differential effects of over-

expressed cDNAs on ts-O45-G and PC I trafficking are not

because of the different experimental conditions (tempera-

ture), we repeated the ts-O45-G transport assay at 378C.
At 378C, ts-O45-G transport (see Materials and Methods,

for details) was less efficient as expected (data not

shown). Nevertheless, over-expression of cDNAs also

inhibited its transport, although slightly less efficient as

in experiments performed at 328C. Expression of

SAR1p[H79G] resulted in a normalized ts-O45-G transport of

0.58 � 0.13 at 378C compared with 0.21 � 0.21 at 328C;
expression of CFP resulted in a normalized transport of 0.9

� 0.08 at 378C compared with 1.2 � 0.25 at 328C;
expression of USEI resulted in a normalized transport of

0.77 � 0.11 at 378C compared with 0.56 � 0.07 at 328C
and expression of AL136588 resulted in a normalized trans-

port of 0.58 � 0.04 at 378C compared with 0.34 � 0.14 at

328C.

The majority of proteins without the effect on PC I

secretion – four of six – are soluble and localize to

cytoplasm (SGTA, PAIRB, AL136618 and CN155); remain-

ing two proteins bear one to two TM domains (USE1 and

AL136588). On contrary, six of eight proteins, which

retarded PC I secretion contain various numbers of TM

domains and localize to ER, Golgi complex and punctate

structures (Table 1). Among the hits specific for both

cargoes or only for ts-O45-G, various characterized or

putative members of the transport machinery are found.
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For example, among proteins without the effect on PC I

secretion is USEI – a putative orthologue of the yeast

retrograde ER–Golgi SNARE (38); or SGTA – a molecular

chaperone involved in the folding and/or secretion of

various proteins (39).

Assignment of intracellular site of action

of cDNA-GFPs

In order to find more commonalities between the mol-

ecules with andwithout an effect on PC I secretion, we next

designed experiments to characterize where these mol-

ecules act in the secretory pathway when over-expressed.

For this, the fraction of ts-O45-G associated with the Golgi

complex at different time-points after the shift to 328Cwas

measured. The overall effect was expressed as a differ-

ence between the mean values of non-transfected and

transfected cells. The differencewas only considered to be

significant when the pooled standard error of the differ-

ence was greater than 2 (Figure 5A,B; see Materials and

Methods). The results of these experiments are summa-

rized in Figure 5 and Table 2.

Six cDNAs had an effect on ts-O45-G transport starting at

the 5–10 minutes after the ER exit (Figure 5A). For two

Figure 3: PC I tranport assay in NIH 3T3 cells. A) Examples of intracellular PC I retention caused by the over-expression of cDNA-GFP.

Cells were transfected with the cDNA-GFP constructs, incubated for 24 h, and secretion of PC I was induced by the addition of ascorbate.

Over-expression of a putative Golgi complex-ER SNARE USEI has no effect on PC I secretion (left column). The PC I progression through

Golgi complex and/or sorting into post-Golgi carriers is slowed down by over-expression of gamma-BAR (middle column). Over-expression

of a putative Rab effector YIPF1 blocks PC I secretion in the Golgi complex (right column). Asterisks indicate transfected cells, and arrows

point to PC I retarded in sub-cellular structures of the secretory pathway. Scale bar¼ 10 mm. B) Effect of cDNA-GFP over-expression on PC

I secretion as a function of time. Here, residual amounts of PC I were visualized at different time-points after the addition of ascorbate

(x-axis). Amounts of PC-I-specific fluorescence in transfected cells were compared with that in non-transfected cells at each time-point

separately, expressed as a normalized ratio of PC I retention rate (y-axis) (for details, see Materials and Methods). Lines with the black

symbols indicate cDNA-GFPs, which retarded PC I secretion when over-expressed; lines with the white symbols indicate cDNA-GFPs,

which caused no effect on PC I secretion. The threshold separating normal and affected PC I secretion is indicated as a dashed line andwas

determined as described in Materials and Methods.
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cDNA-GFPs, namely GOT1B and YIPF1, the determined

site of the action correlates well with the sub-cellular

localization (ER, Golgi complex) and predicted functional

roles in the early events of the membrane trafficking. The

other three cDNAs are essentially uncharacterized proteins

localized to the ER (AL136588) and cytoplasm (AL136618

and PAIRB) (Table 2). Two proteins (PARM1I and

AL136916) appear to act later (20–30 minutes after the

ER exit), and potentially could indicate their function within

the Golgi complex. Both of them are novel proteins with

TM regions and localize to the Golgi complex and punctate

structures. Finally, three cDNA-GFPs interfered with the

late steps of ts-O45-G secretion (30–60 minutes after the

ER exit) (gamma-BAR, SGTA and CN155) (Table 2 and

Figure 5B,D). Similar to GOT1B and YIPF1, gamma-BAR

serves as a positive control of the method, being localized

to the structures of the late secretory pathway and acting

on the carriers formation at the trans-Golgi network (TGN)

(40). The SGTA could also potentially be involved in the

trafficking events between the Golgi complex and the PM

by being involved in the formation of the clathrin-coated

carriers (41).

These data suggest that the cDNA-GFPs, which affect ts-

O45-G transport when over-expressed act on various

different steps of the secretory pathway. The molecules

without any effect on PC I secretion are players in the early

(5–10 minutes) (PAIRB, AL136588 and AL136618) or late

(60 minutes) (SGTA and CN155) trafficking events (Fig-

ure 5 and Table 2). This in turn supports the idea of the

presence of differential cargo-sortingmechanisms not only

at the TGN but also at the pre-Golgi level.

To obtain independent evidence for the site of action of the

cDNA-GFPs, we next investigated which structures/

markers of the secretory pathway were affected when

these clones were over-expressed (Figure 6). Consistent

with the functional data described above, cDNA-GFPs that

inhibited ts-O45-G trafficking at the late and middle time-

points induced changes in the distribution of endosomal or

TGN markers, but not those markers highlighting the early

secretory pathway (e.g., AL136916 in Table 3). On the

contrary, cDNA-GFPs that inhibited the progression of ts-

O45-G at early time-points induced the redistribution of

early markers such as ERGIC53, COPI and COPII (e.g.,

GOT1B, YIPF1 in Table 3).

Differential transport of PC I and ts-O45-G under

conditions of downregulation of components

of the early secretory pathway

In order to further investigate possibly different require-

ments for PC I and ts-O45-G secretion during ER to Golgi

trafficking, we followed transport of these cargoes under

the conditions of downregulation by RNAi of well-charac-

terized proteins acting in the early secretory pathway.

At first, we have optimized experimental conditions by

measuring depletion rates of Hsp47 and COPI under

various time periods of incubation (12, 24, 48 and 72 h)

with the respective small interfering RNAs (siRNAs). For

each protein, two siRNAs were used. The efficiency of the

downregulation effect was quantitatively assessed by

immunostainings of individual cells and in cell lysates by

Western blots (Figure 7B,C,D,E). Intracellular amounts

of COPI were reduced by downregulating one of its con-

stituents, namely b-COP. The amounts of b-COP-specific

immunostaining correlated well with the incubation time

of the respective RNAis to downregulate b-COPI, being

in the range of 70% after 12 h of incubation, 50–60% after

24 h and 30–10% after 48 and 72 h in comparison to the

non-treated cells (Figure 7C). However, conditions when

b-COPwas downregulated efficiently (e.g., more than 24 h

of incubation) induced profound alterations in the morpho-

logy of the structures decorated by this molecule. Essen-

tially, the same was obtained by downregulating b’-COP

(data not shown). For the efficient downregulation of

Hsp47 (up to 50–90%), 48 h of incubation with the

respective siRNAs was also necessary (Figure 7B,D). In

contrast to the experiments with COPI downregulated,

reduction of intracellular Hsp47 caused no apparent mor-

phological changes of the early secretory pathway. Next,

we performed quantitative PC I and ts-O45-G secretion

assays under the conditions of downregulation by siRNAs

Figure 4: Correlation between ts-O45-G transport rate and

expression level. The data of the ts-O45-G secretion assay under

conditions of cDNA-GFPs over-expression were used to correlate

cargo transport rate to its expression level. Transport rate of ts-

O45-G in non-transfected cells (black), transfected with CFP

(grey), transfected with of a putative Rab effector YIPF1 (red)

and transfected with a putative ER SNARE USEI (white) are

represented in y-axis. Transport rate in the transfected cells was

normalized to the transport rate in non-transfected cells for each

experiment. Intracellular amounts of relatively expressed ts-O45-

G are represented in x-axis. Accordingly, three groups of cells are

separated, namely with low ts-O45-G expression level (10–40%),

with middle ts-O45-G expression level (40–70%) and with high

ts-O45-G expression level (70–100%). Over-expression of the

inhibiting molecules, such as YIPF1 and USEI, exerts their action

on the secretion rate of ts-O45-G already at the low levels of cargo

protein. For each experiment, mean values of ts-O45-G secretion

rate were calculated from about 100 cells; bars indicate standard

deviations.
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of several other components of the early secretory

pathway and other constituents of COPI coat (Figure 7A).

In order to compromise between the conditions of suffi-

cient protein depletion and the intact morphology of the

early secretory pathway, all experiments were done after

incubation with siRNAs at two time-points, namely for

24 and 48 h.

The essential role of COPI in ts-O45-G transport was

confirmed by a considerable inhibition of ts-O45-G trans-

port rate when b-COP and ARF1 were downregulated.

Ts-O45-G passage through the secretory pathway was

inhibited when the morphology of the secretory pathway

was still intact, and the downregulation of intracellular

amount of COPI were little (e.g., 24 h of incubation with

siRNAs against b-COP). On contrary, no inhibition of PC I

secretion could be observed under these conditions

(Figure 7A). In addition, differential effects on PC I and

ts-O45-G were obtained in the experiments when KDEL

receptor (KDEL-R) and a putative fusion factor to the Golgi

complex GOT1Bwere downregulated. As a primary effect,

Hsp47 downregulation by both siRNAs used induced

a corresponding reduction of PC I expression level (data

not shown). This is in an agreement with the numerous

observations that Hsp47 and PC I intracellular amounts are

regulated on levels of transcription and translation in the

normal and pathological conditions (for review, see 36). No

significant changes in trafficking of PC I was observed

under these conditions when the normalized values were

compared with those of untreated cells (Figure 7A). In

good agreement with the colocalization data (Figure 2B,F),

no changes in the expression levels and transport rates of

Figure 5: Intracellular site of action of cDNA-GFPs. A and B) Strategy to assign inhibition of ts-O45-G trafficking to specific intracellular

sites. HeLa cells were transfected with cDNA-GFP constructs and incubated for 24 h. Ts-O45-G was accumulated in the ER, released by

the temperature shift, and its trafficking to the PM was imaged at the different time-points, depicted on x-axis in every graph. The total

amount of ts-O45-G produced in cells was compared with that passing the area of the Golgi complex at every time-point. The fraction of ts-

O45-G residing in the Golgi complex was compared between non-transfected and transfected cells. The resulting difference was named

‘effect strength’, depicted on the y-axis and was considered to be significant only when a pooled standard error of the difference was

bigger than 2 (straight lines in each graph). Positive values on the y-axis indicate that fraction of ts-O45-G at the Golgi complex is higher in

non-transfected cells, and the negative values indicate the opposite. C) The example of ts-O45-G transport retardation during the early

trafficking events. Over-expression of a putative Rab effector YIPF1 apparently affects early steps in ts-O45-G trafficking (10–20 minutes

after the ER exit). D) The example of ts-O45-G transport retardation during the late trafficking events. Over-expression of gamma-BAR has

no effect on the early steps of ts-O45-G secretion, but traps ts-O45-G in the Golgi complex at 30–60 minutes after the ER exit. Asterisks

indicate transfected cells, and arrows indicate transfected cells with the impaired progression of ts-O45-G-YFP. Scale bar ¼ 20 mm.
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ts-O45-G were observed when Hsp47 was downregu-

lated. Finally, the essential role of COPII complex was

demonstrated by downregulation of one of the component

of COPII coat, namely Sar1a GTPase. This induced inhibi-

tion of both cargoes (Figure 7A).

Discussion

The membrane glycoprotein of vesicular stomatitis virus

[ts-O45-G; (28)] has been extensively used in the past as

a model membrane protein to study molecular aspects of

the early and late secretory pathway (25,27,30,42). The

transport features of this marker were thus used to

conceptualize the secretory trafficking pathway in mam-

malian cells, particularly during the early secretory events.

For instance, ts-O45-G exits the ER at COPII-coated ER

exit sites (14), and progresses to the Golgi complex in

carriers decorated by the COPI complex (30,43). Recent

studies with PC I as an example of large cargo provided

good evidence for alternative transport pathways between

the ER and the Golgi complex. The GFP-tagged PC I is

transported to the Golgi complex in carriers, which are not

COPI coated (12). It has been proposed that it exits the ER

at sites devoid of COPII (13), although the function of

COPII appears to be required for ER exit (15). In contrast to

the work by (12,13) suggested that ts-O45-G and PC I

move together from the ER to the Golgi apparatus on the

same complex carriers. In this study here, we performed

experiments addressing these seemingly contradicting

data and provide strong evidence that PC I and ts-O45-G

have common but also different molecular requirements

during pre- and post-Golgi trafficking events.

Recently, we identified novel human proteins that interfere

with transport of ts-O45-G to the PM when over-ex-

pressed in intact cells (16). In order to compare the effect

of these molecules on the trafficking of both cargoes, ts-

O45-G and PC I, we have developed a quantitative assay to

examine the secretion of PC I in mouse fibroblasts. From

25 ts-O45-G transport effectors identified earlier, we have

chosen 14, which inhibited ts-O45-G secretion more than

50%. Quantitative analyses of PC I transport revealed that

only 6 of these 14 proteins had an inhibitory effect on PC I

and ts-O45-G transport. For instance, secretion of both

cargoes was affected by the over-expression of GOT1B –

a human orthologue of the yeast GOT1P protein, which

has been described as being involved in the fusion of

anterograde carriers to the cis Golgi network (44). Among

the proteins that inhibited ts-O45-G transport but had no

effect on PC I secretion are the putative Golgi to ER

retrograde SNARE USE1 (38) and the molecular chaperone

SGTA (39). These data clearly indicate that the trafficking

routes of ts-O45-G and PC I have common but also

different molecular requirements; and additional tests

revealed that observed differences do not account for

the different expression level of ts-O45-G and PC I. A

putative influence of the different synchronisation proto-

cols could also be largely excluded (see Results).

In order to characterize the test clones further, we have

grouped them according to their intracellular sites of

action. For this, we developed a quantitative approach to

measure the rate with which ts-O45-G reaches and passes

the Golgi complex. These measurements corresponded

well with the predicted function of the proteins when

available, their sub-cellular localization, and the alteration of

well-characterized endogenous markers when the test

proteins were over-expressed. In the case of the proteins

localizing to the cytoplasm (4) or cytoskeleton (1), the

assigned site of action serves as a primary spatial infor-

mation for their intracellular function. For example, cyto-

plasmically localized SGTA protein inhibited ts-O45-G

secretion at the late time-points, and this corresponds

well to its proposed function of being involved into the

formation of clathrin-coated carriers (41).

Interestingly, our experiments revealed that those proteins

affecting ts-O45-G trafficking between 20 and 30 min after

ER exit of the marker inhibited also PC I secretion. This

Table 2: Classification of cDNA-GFPs according to where they

inhibit the transport of ts-O45-G

Name and

accession number

Time-points at which

ts-O45-G passage

through the Golgi

complex was

disturbed (minutes)

Localization

Early and middle

AL136618 5 Cytoplasm

AL136588 5–30 ER

VMP1 AL136711 5–60 ER, Golgi

apparatus

PAIRB AL080119 10 Cytoplasm

YIPF1 AL713668 10–20 ER, Golgi

apparatus,

punct. str

GOT1B AL136571 10–30 ER, Golgi

apparatus

Middle

PARM1 AL080121 20 Golgi apparatus,

PM, punct. str

AL136916 20 Golgi apparatus,

punct. str

Middle and late

gamma-BAR AL136628 30–60 Golgi apparatus,

PM, punct. str

SGTA AL050156 60 Cytoplasm

CN155 AL136775 60 Cytoplasm

Early and late

SPAT7 AL136604 5 and 60 MTs

Non-identified

USE1 AF220052 None ER, Golgi

apparatus,

punct. str

punct. str, punctate structures; MT, microtubule network.
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correlates nicely with the data suggesting that PC I and ts-

O45-G are transported through the Golgi complex together

(45). Differences between ts-O45-G and PC I secretion

occurring during the late trafficking events could be

exemplified by the behaviour of the P34 molecule. This

cDNA encodes the p34 protein, which was shown by yeast

two-hybrid analyses to bind adaptor protein 1 (AP-1) and

AP-2 vesicular complexes (46). The p34 did not influence

ts-O45-G arrival at the PM, but significantly facilitated PC I

secretion (Table 1). These data most likely exclude the

possibility that the observed differences between ts-O45-

G and PC I trafficking in our functional assays result from

an unspecific route taken by ts-O45-G, which could

possibly occur because of high levels of ts-O45-G passing

the secretory pathway in a synchronized manner. As a

result, a specific pathway could be over-saturated and ts-

O45-Gmissorted. On the contrary, with PC I being a natural

cargo, cells would be well adapted to the high amounts of

this molecule passing the secretory pathway. In the light of

these type of events, the observation that PC I and ts-O45-

G are transported in the same type of carriers (47) could

possibly reflect aberrant ts-O45-G sorting. This would

explain the data that these carriers are not coated with

adaptor complexes despite the presence of basolateral

cargo ts-O45-G (47); or that TGN exit of ts-O45-G in fibro-

blasts requires dynamin, despite that this protein regulates

the apical transport route otherwise (48). It is important to

note that our assays were done with only little to moderate

amounts of ts-O45-G in cells, therefore our data possibly

reflectmost likely a differential behaviour of various cargoes

in the conditions close to physiological ones.

Of the proteins acting on the early trafficking events, three

(GOT1B, VMP1 and YIPF1) interfered with the secretion

of both cargoes, another three (PAIRB, AL136588 and

AL136618) affected ts-O45-G, but not the secretion of

PC I. To complement our functional studies, suggesting

that ts-O45-G and PC I exploit a differential molecular

machinery for the early transport steps, we performed

a number of colocalization experiments with endogenous

markers. In agreement to previous data (12), little if any

colocalization between carriers containing PC I and COPI

was detected, whereas those carrying ts-O45-G showed

more than 60% of colocalization with COPI. Experiments

done under identical conditions with the recycling collagen-

specific chaperone Hsp47 demonstrated a very high

degree of colocalization of PC I and Hsp47 en route to

the Golgi complex. On the contrary, ts-O45-G showed no

colocalization with Hsp47 at any time-point after ER exit.

Differential localization data of two markers over the entire

period of time needed to transport them from the ER and

Golgi complex (3–30 minutes) points out that segregation

of these two markers occurs not only during ER exit but is

also maintained during the following trafficking.

A very strong support for differential trafficking routes of

ts-O45-G and PC I was obtained by the measurements of

secretion rates of both cargoes, under conditions of down-

regulation by RNAi of well-characterized proteins of the

early secretory pathway. An intimate functional relation

between PC I and Hsp47 was demonstrated by an altered

expression level of PC I when Hsp47 was diminished.

Reduction of Hsp47 resulted in simultaneous downregu-

lation of PC I. This results confirms previous observations

that Hsp47 and PC I intracellular amounts are transcrip-

tionally and translationally coregulated (for review, see 36).

Therefore, it appears that the necessity of Hsp47 in the

biogenesis of PC I is on the level of events upstream

membrane trafficking (transcription and translation). The

proper adjustment of Hsp47 and PC I intracellular amounts

might be crucial to ensure secretion of functional properly

folded PC I. In contrast, production and secretion of not

well folded PC I might occur under conditions of Hsp47

downregulation. Along these lines, it was recently re-

ported (49) that PC I is produced and secreted in

Hsp47�/� cells, but fail to undergo normal processing

and fibrillogenesis. Functional irrelevance between Hsp47

and ts-O45-G was confirmed by the fact that the rate of

ts-O45-G secretion and expression levels remained

unchanged under the conditions of Hsp47 downregulation.

Further, ts-O45-G transport was clearly inhibited under the

conditions of partial COPI downregulation, when no crucial

changes of the early secretory pathway had occurred yet.

Interestingly, secretion of PC I remained unaffected under

these conditions, what clearly suggests that PC I secretion

does not require COPI function or requires in a different

way as described for ts-O45-G and is in good agreement

with previous localization data (12) and those presented

here. Additional confirmation of differential molecular

requirements of both cargoes was obtained by down-

regulating KDEL-R; Golgi complex to ER recycling of this

protein was closely attributed to the functionality of COPI

(50). Similar to experiments with COPI, no interference

with the secretion of PC I was observed when KDEL-R

was downregulated. However, a complete abrogation of

the PC I secretion was observed at later stages of b-COP

downregulation, which could rather be attributed to a gen-

eral perturbation of the early secretory pathway, than

direct functional relevance. Even under these conditions,

ts-O45-G and PC I behaved differently, namely PC I

remained localized in the ER, while ts-O45-G translocated

into punctate post-ER structures or Golgi complex (data

not shown). This is in a good agreement with earlier

observations when COPI function was compromised by

over-expressing ARF1 GTP mutant or by injecting specific

antibodies inhibiting COPI function (15). The differential

requirement for PC I and ts-O45-G ER to Golgi trafficking

was also shown by assaying effects caused by down-

regulation of a putative fusion factor to the cis Golgi

complex GOT1B (44). As GOT1B and KDEL-R are both

TM protein, these results suggest a possibility that not

only regulatory but also mechanistic aspects of trafficking

of ts-O45-G and PC I might be different. Finally, inhibition

of ts-O45-G and PC I trafficking when Sar1a GTPase was

downregulated indicates the necessity of COPII complex.
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Figure 6: Legend on next page.
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Our results are in a good agreement with recent observa-

tions that mutations in other COPII subunits, namely,

Sec23a – the protein activating GTPase activity of Sar1a,

cause an abnormal secretion of collagens (51,52), and that

Sar1a-GDP or Sar1a-GTP mutants inhibit secretion of both

cargoes (13,15). In contrast, functional performance of

COPII complex might be different in respect to various

cargoes. How these data correlate with the observation

that ts-O45-G and PC I exit ER at the adjacent sites (13)

remains to be investigated.

Taken together, our data show that ts-O45-G and PC I

trafficking routes between the ER and the Golgi complex

share some common features, but also differ considerably.

It is likely that the differential entry into the secretory

pathway originates already during the folding reactions

because of the different kinetics or different chaperones

involved. Further on, the segregation of cargo upon ER exit

could rely on the presence of exit signals (e.g., C-terminal

di-acidic stretch in the case of ts-O45-G) and a following

active concentration of cargo. Meanwhile, the remaining

signal-free proteins (PC I in this case) could use rather

passive mechanisms like en block protrusion (13) to exit

the ER. In addition, the composition, size and abundance of

cargo proteins could also be deciding factors for the

differential behaviour. Our data favour the idea that further

segregation is secured by the formation and progression of

different types of carriers. Presumably, the ones containing

actively packed cargo such as ts-O45-G also contain a lot of

components of the trafficking machinery, which is returned

back in a COPI-dependent fashion. On the contrary, when

specialized and abundant cargo, such as PC I, exits the ER

and enters the secretory pathway passively such cargo

might be the essential constituent of transport carriers.

Consequently, the absence of the extensive retrograde flow

from these carriers would explain non-colocalization to the

COPI, and the undisturbed anterograde progression of PC I

under the conditions of COPI downregulation. The question

if these potentially different type of carriers fuse with the

Golgi complex independently or mutually coalesce earlier

remains to be answered.

In summary, we present three different sets of data,

namely colocalization, downregulation by RNAi and func-

tional analysis under the conditions of cDNA-GFPs over-

expression, which clearly indicate that the trafficking routes

of ts-O45-G and PC I are different at the molecular level.

The differences were observed not only at the late stage

but also during the early stages of cargo progression. Taking

into consideration that PC I is a natural cellular cargo, the

way it is secreted might represent an essential secretory

route in mammalian cells. The differences in ts-O45-G and

PC I trafficking could represent specificities for various

classes of cargo, like TM, soluble or large and complex

Figure 6: Examples how cDNA-GFPs over-expression change localization of secretory pathway proteins. HeLa cells were

transfected with cDNA-GFPs, incubated for 24 h and fixed and immunostained for the respective sub-cellular markers (for details, see

Materials and Methods). The GTP-restricted dominant-negative mutant of the Sar1p GTPase (SAR1p[H79G]) exerts profound alterations on

the secretory pathway. Less intense, but easily identifiable perturbations, are caused by the over-expression of the unknown protein

AL136588, which has an effect only on the secretion of ts-O45-G, but not PCI, and GOT1B protein, which inhibits secretion of PC I and ts-

O45-G. An uncharacterized protein AL136916 induces alterations of late, but not early secretory pathway markers, when over-expressed.

Asterisks indicate transfected cells, and arrows indicate altered cells. Scale bar ¼ 20 mm.

Table 3: Changes of the secretory pathway under the conditions of over-expression of cDNA-GFPs

Name and accession

numbera
BiP COPII ERGIC53 COPI GM130b TGN46 EEA1

Positive control

Sar-GTP þþ þþ þþ þþ þ þþ þ
Inhibits only

ts-O45-G trafficking

AL136588 � � þ þ þþ þþ þ
USEI � � � � þ þ �
AL136618 � � � � � � �
PAIRB � � � � þþ � �

Inhibits ts-O45-G and PC I trafficking

GOT1B þ þ þ þ þ þ þ
YIFP1 � � þ þ þþ � �
AL136916 � � � � � þþ þ

Negative control

CFP � � � � � � �

þþ, over-expression of these clones induces disappearance of the respective markers from their normal sub-cellular localizations;þ, over-

expression of these clones induces redistribution of the respective markers.
aThe cDNA-GFPs with the effect on the early steps of the ts-O45-G transport were taken for the analysis.
bData taken from (16).
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proteins. The challenge now is to refine what these differ-

ences encode and how are they occurring and maintained.

Materials and Methods

Materials
GFP-tagged open reading frames were generated and prepared as

described earlier (53). Recombinant adenoviruses encoding the secretory

marker protein ts-O45-G tagged with either CFP or YFP were as described

(54). The mouse monoclonal anti-ts-O45-G antibody ‘VG’ recognising the

extra-cellular epitope was a gift from K. Simons (MPI-CBG, Dresden,

Germany). The mouse monoclonal anti-ERGIC53 was a gift from H. P.

Hauri (Basel, Switzerland), mouse monoclonal anti-BiP and anti-PDI anti-

bodies were a gift from S. Fuller (Oxford, UK), rabbit polyclonal EAGE for

labelling b-COP (55), mouse monoclonal M3A5 for labelling b-COP (56).

Following commercial primary antibodies were used: mouse monoclonal

anti-TfR (Zymed, San Francisco, CA, USA), mouse monoclonal anti-GM130

(BD Bioscience, San Diego, CA, USA), rabbit polyclonal anti-PC I (Chem-

icon, Hampshire, UK), mouse monoclonal anti-Hsp47 (Stressgen, San

Diego, CA, USA), rabbit polyclonal anti-sec23 for labelling COPII (Affinity

BioReagents, Golden, CO, USA), polyclonal sheep anti-TGN46 (Serotec,

Kidlington, UK), mouse monoclonal EEA1 (early endosomal antigen 1) for

labelling endosomes (BD Bioscience), mouse monoclonal a-tubulin (Neo-

markers, Fremont, CA, USA). Commercial secondary antibodies were as

follows: anti-rabbit Alexa 568, anti-mouse Alexa 488 (Molecular Probes,

Eugene, OR, USA), Cy5- or Cy3-labelled anti-mouse and anti-rabbit anti-

bodies (AmershamBiosciences, Freiburg, Germany). Accession numbers

of RNAi oligonucleotides (Qiagen, Hilden, Germany) for Hsp47 were

SI01415127 and SI01415234, for b-COP were SI00956851 and

SI00956858, for Sar1a were SI01410143 and SI01410150, for GOT1B

was SI00814723, for ARF1 was SI00901635 and for KDEL-R was

SI00233618. A non-silencing siRNA was as in (56). All chemical reagents

were purchased from Sigma-Aldrich (Taufkirchen, Germany) unless

mentioned separately.

Microscopy and image processing
For the quantitative data acquisition for functional analysis with cDNA-GFPs

over-expressed and observation of cellular phenotypes, a widefield

Figure 7: Secretion of PC I and ts-O45-G under the conditions of downregulation by RNAi components of the early secretory

pathway. A) Secretion of PC I and ts-O45-G under the conditions of downregulation by siRNAs proteins of the early secretory pathway.

The changes in secretion of both cargoes are expressed as a normalized mean difference between cells transfected with the respective

siRNA and cells transfected with the control siRNA (see Materials and Methods). Values bigger than �1 or 1 represent statistically

significant changes of secretion efficiencies and are coloured in red; values smaller than �1 or 1 represent no significant changes and are

coloured in green. B and C) The efficiency of the siRNAs against Hsp47 and b-COP were confirmed by Western blot analysis. Blots for

tubulin from the same cells are shown to indicate protein loadings. Numbers shows the remaining amount of Hsp47 or b-COP, normalized

to the tubulin amounts. D and E) The efficiency of the siRNAs against Hsp47 and b-COP according immunofluorescence stainings. Scale

bar ¼ 20 mm. ND, not determined.
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microscope Zeiss Axiovert 200 (Carl Zeiss, Jena, Germany) was used with

a 40� PlanNeoFluor NA 1.3 oil immersion objective. Colocalization studies

were performed on a confocal microscope Zeiss LSM510 FCS (Carl Zeiss)

using 63� PlanApochromat NA 1.4 oil immersion objective. Functional assays

under conditions of downregulation by siRNA were performed on a widefield

SCAN^R system (www.olympus.com) using 20�/0.7 NA air UPlanApo

objective. Count of colocalizing structures was performed in IMAGE J. For this

images were processed as follows: after subtraction of the background,

images were filtered by the Gaussian Blur with the pixel radius 1. Only

structures 4–60 pixel in size and having intensity at least 20% more than the

surrounding were taken for colocalization. Quantitative evaluation of transport

assays under conditions of cDNA-GFPs over-expression was performed in

METAMORPH 4.6r5 (Molecular Devices Corp., Sunnyvale, CA, USA). For this

images were processed as follows: after subtraction of the background

structures of interest were determined by a threshold and total grey values in

these structures were calculated in each cell individually. Quantitative

evaluation of transport assays under conditions of downregulation by siRNAs

was performed on SCAN^R Analysis software (www.olympus.com) and

essentially the same steps of image analysis were undertaken.

PC I and ts-O45-G transport assays
To work under the conditions of cDNA-GFPs over-expression, NIH 3T3 cells

ATCC (CRL-1658) were grown on glass bottom culture dishes (MatTek,

Ashland, MA, USA), to work under the conditions of downregulation by

siRNAs, the cells were grown on eight-well LabTek chamber slides (Nalge

Nunc) for 24 h before transfection. The cDNA-GFP constructs were

transfected with Effectene reagent (Qiagen), siRNAs were transfected

with Oligofectamine reagent (Invitrogen, Carlsbad, CA, USA) according

producers recommendations.

For assaying PC I transport, cells transfected with cDNA-GFP constructs

or siRNAs were incubated for appropriate time periods, and PC I secretion

was induced by addition of a mixture consisting of 0.25 mM ascorbate

and 1 mM ascorbate-2-phosphate. The PC I was chased in the presence of

100 mg/mL cycloheximide (Calbiochem, San Diego, CA, USA) at 378C. At the
desired time-points, cells were fixed with 3% paraformaldehyde, permea-

bilized with 0.1%Triton-X-100 and PC I was detected by immunostaining.

For assaying ts-O45-G transport, cells transfected with cDNA-GFP con-

structs or siRNAs were verlaid with recombinant adenoviruses encoding ts-

O45-G tagged with CFP or YFP to complement the colour of the transfected

CFP- or YFP-tagged cDNA. After 45 minutes adenoviruses were washed

away, and ts-O45-G was accumulated in the ER by incubating the cells at

39.58C for further 18 h. Thereafter, cells were shifted to 328C to release ts-

O45-G from the ER in the presence of cycloheximide. At the desired time-

points, cells were fixed with 3% paraformaldehyde and ts-O45-G on the cell

surface was detected by immunostaining with a VG antibody recognising

ts-O45-G at the PM. Cell nuclei were labelled with Hoechst 33342 diluted to

a final concentration of 0.1 mg/mL. To measure the rate of ts-O45-G

secretion at 378C, the experiment was performed in above described

way, except that before transferring the cell to 378C, they were incubated

for 5 minutes at 328C, to ensure folding of ts-O45-G.

Quantification of PC I and ts-O45-G transport assays
In METAMORPH and SCAN^R Analysis, the images containing stained cell

nuclei were thresholded and binarized (pixels above the threshold value

were set to 1, those below the threshold were set to 0) to define a mask

corresponding each nucleus. Then each mask was dilated to encompass

a maximum area of cell without touching the neighbouring ones. Total grey

values corresponding amounts of expressed cDNA-GFP product, endoge-

nous PC I, intracellular ts-O45-G-GFP, ts-O45-G-GFP at the PM were

measured in each area.

The transport rate of ts-O45-G was expressed as a ratio of ts-O45-G at the

PM to the total amount of ts-O45-G in each cell (57). If working with cDNA-

GFPs over-expressed, average ts-O45-G transport ratios were obtained

separately for the transfected and non-transfected cells. Finally, the effect

of GFP-tagged cDNA over-expression was expressed as a normalized

transport ratio of transfected to non-transfected cells (consequently,

values below 1 indicate an inhibition of ts-O45-G trafficking). Transport

rate of PC I was expressed as an amount of remaining PC I-specific

fluorescence in each cell, averaged and calculated separately in trans-

fected and non-transfected cells. The effect of cDNA-GFP over-expression

was expressed as a normalized ratio of transfected to non-transfected

cells (consequently, values above 1 indicate an inhibition of PC I traffick-

ing). If working with siRNAs, cells transfected with the respective siRNA

were compared with the cells transfected with the control siRNA. The

significance of the inhibition effect for both cargoes was determined by

a pooled standard error of the mean differences between the values

of two populations of cells (sp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=n1 þ 1=n2

p
; see (58) where sp is

the pooled standard deviation, n1 the number of transfected and n2 the

number of non-transfected cells). Only those cDNA-GFPs, for which the

mean difference between the values for transfected and non-transfected

cells was twice bigger than the pooled standard error, were considered as

significant effectors of trafficking. Each cDNA-GFPwas tested at least two

to three times with more than 30 transfected and more than 50 non-

transfected cells evaluated per experiment. The significance of the

inhibition effect of siRNAs was evaluated in analogous way. Each siRNA

was tested at least five to six times with more than 5000 cells evaluated

per experiments.

The efficiency of downregulation was evaluated by the Western blot. For

this, cells were cultured in six-well plates, transfected with the respective

siRNAs and incubated at various time-points. Cell lysates were subjected

to the SDS–PAGE followed by the transfer to PVDF (polyvinylidene

fluoride) membranes. Membranes were probed with the respective

antibodies using a-tubulin as a loading control, and electrochemiluminen-

scence detection.

Strategy to identify where transport inhibition of

ts-O45-G occurs
HeLa cells ATCC (CCL-2) were grown on glass bottom culture dishes

(MatTek) for 24 h before transfection, and cDNA-GFP constructs were

transfected with FuGene6 reagent according producers recommendations

(Roche, Basel, Switzerland). Six hours later, cells were infected with the

recombinant adenovirus encoding ts-O45-G-GFP as described above. In

each cell, two parameters were calculated at a given time-point: (i) total

intracellular ts-O45-G-GFP-specific fluorescence and (ii) ts-O45-G-specific

fluorescence residing in the Golgi complex area. For this, the Golgi complex

was visualized by the immunostainings with anti-GM130. The amount of ts-

O45-G-GFP passing the Golgi complex was expressed as a normalized ratio

between fluorescence intensities of ts-O45-G-GFP in the Golgi complex

area to total intracellular intensity in each cell. This was done for the

transfected and non-transfected cells separately, averaged and both ratios

compared. The differences between non-transfected and transfected cells

only then were considered significant, when a pooled standard error of

mean difference (depicted as an effect size in Figure 5) was twice bigger

than the difference between the two ratios. Positive values reflect that the

fraction of ts-O45-G-GFP at the Golgi complex is higher in non-transfected

cells, negative values – indicate the opposite. For each cDNA-GFP at each

time-point, more than 30 cells were analysed.
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