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Transport within the Golgi: for the Study of Glycoprotein Movement
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About 30% of the proteins synthesized in cells are first
transported to the endoplasmic reticulum (ER), then to the Golgi,
where they are sorted to their final destination. In the ER, newly
synthesized proteins are folded and undergo several types of post-
translational modifications such as the attachment of precursor oli-
gosaccharides. In the Golgi, all glycoproteins transported from the
ER receive complex post-translational modifications including gly-
cosylation, sulfation, and phosphorylation. Transport of these pro-
teins from the ER, via the Golgi, to their final destination is called
anterograde transport, whereas the reverse is called retrograde
transport. The transport of proteins within cells normally requires
transport vesicles of approximately 50-90nm in diameter. At least
three types of transport vesicles are known. COPII vesicles are
responsible for anterograde transport from the ER to the entry side
of the Golgi. COPI vesicles are responsible for transport within the
Golgi and back to the ER. Clathrin-coated vesicles (and vesicles
coated with other, still-to-be-defined proteins) carry cargo from the
exit side of the Golgi to the cell surface, as well as to other organ-
elles such as endosomes and lysosomes. Clathrin vesicles are also
involved in endocytosis.

The Golgi is composed of flat membrane cisternae that are
arranged in parallel into a multilayer stack. In 1970, based on
observations of the intra-Golgi movement of algal cell wall com-
ponents (termed scales), the concept of Golgi cisternal matura-
tion was proposed; and this idea eventually developed into the
current “cisternal maturation model” for protein transport in the
Golgi [Brown et al. (1970) J. Cell Biol. 45, 246-271]. The cister-
nal maturation model, in contrast to the conventional view that
regards the Golgi as a stable structure, views the structure of the
Golgi as dynamic. In this model, newly formed cisternae at the cis-
Golgi (cis-cisternae) migrate through the Golgi stack, changing
to medial-cisternae and further to frans-cisternae as they mature.
This maturation process is thought to occur through the retrograde
transport of resident Golgi enzymes by COPI vesicles. This model
could explain how some large cargoes, such as procollagen, which
are too large to be packaged into transport vesicles still are able
to move forward within the Golgi stack and be transported to the
cell surface. Although there have been intensive debates on pro-
tein transport within the Golgi, in 2006, two groups—one led by
Akihiko Nakano from RIKEN in Japan and the other by Benjamin
Glick from the University of Chicago in the US—demonstrated by

241

HRAED T 5 X7 B D) By #30% 1%, Mk,
TN IRERTENEFNO B Lk SIUREST % & &
AONTWA, MMAETIE, RYXRTF FHEOME, vk
7edry F2—IOWREMEH () THEHATERAEO N &)
BRI D, TNIHRTIE, Makr Sk Ihizsy v 7]
2. HEGIEE. GRERTL. U Y ERILE G 6O 2o BIER RS A
ﬁménéomwwej»yW+amﬂ@msmeim*
k&, itl@ﬁﬂ TlRE LI 5 . M OWE
ORI, EH. 50~ 9Mmﬁﬁmk§é®WL¢%m
%T%ék%z%nfwéo_ﬂiﬁl‘¢&<k%3@ﬁ
DB SN T WD, COPI/MEIE, Mk 5 T Ik
DAY O AONEATE%IZ, COPU/MBIX. TV VRN O

EB IO, TN IR SNBEANOHATE RIS, 7T A ¥
AL (2 LTl iiE ) &, T IfRo il H e il
W, b L IZZoMoMBANNNGE, Pl Ky —
AR VY = ANOEHEIIENZFIERET A L EZ bR T»
o 7FAN VNMBIZZY FHA b= A5 5 5,

TV R TN DR E AR A E R o 72
BHESERTH B0 19704E10, BHEOBEDOK T TH D A7 —
W@jw?¢W@ﬁ§®ﬁ$%%K%dwT\@Wﬁ%tw

BEEAIRE SN, TN BAAEDOEBUEIAE T IVITHE L
zﬂ&wmmuwmwxwmdﬁg%Jmo@w&%%
FIVTIE, T IR (cisterna) (&, 2258 L 72 %3 1 70 A 3%
ELTHEETLZOTR AL, ¥4 F 3y 718 1bd B HE
KTHbEEZ D, 2FN. cistiIROMEEHHFOTET
DOFEMRAS, HFRT & & DI L medial DWE % G, S5
W transDVEE 2 G L. S TTIV DR E KIS
BETLLEEZLDOTH D, BT, PIEBHZERE TV
VIKIZE EFBREY VN E e IS o TREDY
FHCRTHATHEANE) L EZ 5N TWD, Tz, MR
EFIVIZ, TF— fyﬁw%®i7~‘%L¢@i0§To
EREVZDITEFEO/NMNIIZIZFEDATNENTHALH ¥~
A7E%itﬂ@ﬁﬁ«tmLén%aw5$£%;<ﬁ%
T&b%, INVIVRNOIRIZHLT, mFidZ1dHo7230
D, 2006412, BMOPFHFHE LD 7NV —T R H TRKD
Benjamin Glick 5D 7 )WV —T N7 A4 T4 X =T V712X 5T,
BEREIC B W CTHISOR SIS IE Z 5 2 & % 925E L 72 [Losev et al.
(2006) Nature 441, 1002-1006, Matsuura-Tokita et al. (2006)

\

© 2013 FCCA (Forum: Carbohydrates Coming of Age)



live imaging that cisternal maturation can occur in yeast [Losev et
al. (2006) Nature 441, 1002—1006; Matsuura-Tokita et al. (2006)
Nature 441, 1007-1010]. Subsequently, experts in the field report-
ed their shared view supporting cisternal maturation in 2009 [Emr
et al. (2009) J. Cell Biol. 187, 449—453].

However, on June 4th and 17th of this year (2013), two
groups (one in the US and the other in Italy), both using a tech-
nique involving the expression of protein aggregates, reported con-
flicting conclusions about the mechanism underlying intra-Golgi
transport. The US group, led by James Rothman at Yale Univer-
sity, proposed a new model termed “the rim progression model”;
whereas the Italian group, led by Alberto Luni at the National
Research Council of Italy, provided further evidence to support the
cisternal maturation model [Lavieu et al. (2013) Elife 2, e00558;
Rizzo et al. (2013) J. Cell Biol. 201, 1027-1036]. In this report, we
review both of these studies on trafficking within the Golgi.

Both groups used the following technique based on expres-
sion of the FKBP12 protein [Rivera et al. (2000) Science 287,
826-830; Rollins et al. (2000) Proc. Natl. Acad. Sci. U.S.A. 97,
7096-7101]. FKBP12 (FK506-binding protein 12) is normally
monomeric. However, when a point mutation is introduced [phe-
nylalanine 36 to methionine (F36M)], the mutant FKBP12 protein
forms dimers, which can then be dissociated with the pharmaco-
logical agent AP21998. When three or four FKBP12 mutant (FM)
proteins are expressed in tandem, the FM fusion protein forms
aggregates within cells. However, these aggregates can also be dis-
associated by AP21998. The tandem FM vector and AP21998 are
commercially available from Clontech Laboratories, Inc.

In their study, Rothman’s group expressed a chimeric protein
comprising the signal peptide of the cell surface glycoprotein CD8
at its N-terminus, a fluorescent protein, 4 tandem FM proteins,
and the rest of CDS8, including its transmembrane region and C-
terminus. As soon as this chimeric CD8 (CD8-FM4) is synthesized
in the ER, it forms aggregates. Since these aggregates are electron-
dense, they can be detected by electron microscopy as dark spots.
Furthermore, since the aggregates are too large to be packaged into
transport vesicles, they remain in the ER. However, when treated
with AP21998, the aggregated CD8-FM4 dissociates and can be
transported to the Golgi and then from there to the cell surface.
Rothman and colleagues used this system to determine how cargo
proteins are transported within the Golgi.

It has been known for some time that intra-Golgi transport
does not occur at 16°C. Thus, when cells are kept at 16°C, cargo
remains at the cis-Golgi. Rothman et al. incubated cells express-
ing CD8-FM4 at 16°C in the presence of AP21998; under these
conditions, as expected, the CD8-FM4 did not form aggregates and

so could be transported to the cis-Golgi; however, because of the
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temperature, it did not proceed further through the Golgi. Rothman
et al. next removed AP21998, which caused the CD8-FM4 in the
cis-Golgi to form aggregates, and then warmed the cells to 37°C
to allow intra-Golgi transport to proceed. If intra-Golgi transport
occurs via cisternal maturation, they would have expected to find
CD8-FM4 on the cell surface. If, however, the cisternae are stable
and protein movement is dependent on transport vesicles, then the
aggregated CD8-FM4 should not have been able to move from
the cis-Golgi because of the size of the aggregates (which would
be too big to package into vesicles); and, indeed, they found that
CD8-FM4 remained at the cis-Golgi.

Finally, Rothman et al. expressed a soluble protein fused to
FM (FM4-hGH) and compared its transport to that of CD8-FM4.
Cells co-expressing CD8-FM4 and FM4-hGH were incubated at
16°C in the presence of AP21998 to allow both proteins to reach
the cis-Golgi. AP21998 was then removed, and the cells were
warmed to 37°C, as described above. Subsequently, FM4-hGH was
found outside of the cells, whereas CD8-FM4 remained inside.
Furthermore, electron microscopy of these cells showed that FM4-
hGH was gathered in the cisternal rims whereas CD§-FM4 was in
the cisternal cores. These results suggest that the rims of the Golgi
cisternae mature and move as explained by the cisternal maturation
model, but that the cores of the Golgi cisternae might not mature
because they are more stable than the rims. They termed this new
model the “rim progression model.” Suzanne Pfeffer at Stanford
University in the US, who served as a reviewing editor of this pa-
per, wrote a note on this model with an excellent illustration [Pfef-
fer (2013) Elife 2, €00903].

In marked contrast, Luini’s group used the cis/medial-Golgi
enzyme, mannosidase I, and swapped its catalytic domain with
3 FM proteins (MANI-FM). Then, they first expressed MANI-
FM in the presence of AP21998 so that it could reach the Golgi.
Next, after removal of AP21998, the intra-Golgi localization of
MANI-FM was examined in relation to the location of cis- and
trans-Golgi markers. Immediately after AP21998 was removed,
MANI-FM was mostly found in the cis/medial-Golgi. After 12 and
20 min, however, it moved to the medial- and trans-Golgi, respec-
tively, which is consistent with cisternal maturation. To follow the
movement of MANI-FM from the trans-Golgi, they next expressed
MANI-FM in the presence of AP21998, removed AP21998, and
waited for 20 min to let MANI-FM move to the trans-Golgi as
described above. Then, they added AP21998 again to disaggregate
MANI-FM. After 1.5 min, MANI-FM was found in vesicular/tu-
bular structures, and after 3 min, it was back in the medial-Golgi.
This indicates that MANI-FM at the trans-Golgi was transported
to medial-Golgi by vesicular/tubular containers. Thus, their results

support the cisternal maturation model, which argues that resident
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proteins, such as MANI, are transported in the retrograde direction
by vesicles and tubules.

In the study by Rothman’s group, it is still unclear why/how
membrane proteins like CD8-FM4 gather in the cisternal cores
whereas soluble proteins like FM4-hGH gather in the cisternal
rims. Investigations on the mechanisms regulating this specific-
ity may help to confirm and refine the rim progression model. The
study by Rothman’s group may reignite debate on the transport
model within the Golgi apparatus.

As a final note, super resolution microscopy (for review, see
[Toomre et al. (2010) Annu. Rev. Cell Dev. Biol. 26, 285-314])
would be a powerful tool to observe the subtle changes that can
occur within a few min in a tiny organelle such as the Golgi. It is
interesting that both groups used a conventional technique rather
than this powerful new technique. Why did they prefer the conven-
tional one? Was photobleaching or the requirement for the use of
restricted fluorophores for super resolution microscopy problem-
atic for them? Nonetheless, using the FM-based strategy employed
by both groups, it is highly likely that the mechanisms underlying
sugar modification of proteins, which occurs through their move-

ment within the Golgi apparatus, will soon be elucidated.
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