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Time-Resolved Fluorescence Imaging Reveals
Differential Interactions of N-Glycan Processing
Enzymes across the Golgi Stack in PlantallWIlOAl

Jennifer Schoberer*, Eva Liebminger, Stanley W. Botchway, Richard Strasser, and Chris Hawes

Department of Applied Genetics and Cell Biology, University of Natural Resources and Life Sciences,
Muthgasse 18, 1190 Vienna, Austria (J.S., E.L., R.S.); Department of Biological and Medical Sciences, Faculty
of Health and Life Sciences, Oxford Brookes University, Headington, Oxford OX3 0BP, United Kingdom
(J.S., C.H.); and Research Complex at Harwell, Central Laser Facility, Science and Technology Facilities
Council, Rutherford Appleton Laboratory, Harwell-Oxford, Didcot OX11 0QX, United Kingdom (5.W.B.)

N-Glycan processing is one of the most important cellular protein modifications in plants and as such is essential for plant
development and defense mechanisms. The accuracy of Golgi-located processing steps is governed by the strict intra-Golgi
localization of sequentially acting glycosidases and glycosyltransferases. Their differential distribution goes hand in hand with
the compartmentalization of the Golgi stack into cis-, medial-, and trans-cisternae, which separate early from late processing
steps. The mechanisms that direct differential enzyme concentration are still unknown, but the formation of multienzyme
complexes is considered a feasible Golgi protein localization strategy. In this study, we used two-photon excitation-Forster
resonance energy transfer-fluorescence lifetime imaging microscopy to determine the interaction of N-glycan processing
enzymes with differential intra-Golgi locations. Following the coexpression of fluorescent protein-tagged amino-terminal
Golgi-targeting sequences (cytoplasmic-transmembrane-stem [CTS] region) of enzyme pairs in leaves of tobacco (Nicotiana
spp.), we observed that all tested cis- and medial-Golgi enzymes, namely Arabidopsis (Arabidopsis thaliana) Golgi
a-mannosidase I, Nicotiana tabacum B1,2-N-acetylglucosaminyltransferase I, Arabidopsis Golgi a-mannosidase II (GMII), and
Arabidopsis 81,2-xylosyltransferase, form homodimers and heterodimers, whereas among the late-acting enzymes Arabidopsis
B1,3-galactosyltransferasel (GALT1), Arabidopsis al,4-fucosyltransferase, and Rattus norvegicus o?2,6-sialyltransferase (a
nonplant Golgi marker), only GALT1 and medial-Golgi GMII were found to form a heterodimer. Furthermore, the efficiency
of energy transfer indicating the formation of interactions decreased considerably in a cis-to-trans fashion. The comparative
fluorescence lifetime imaging of several full-length cis- and medial-Golgi enzymes and their respective catalytic domain-deleted
CTS clones further suggested that the formation of protein-protein interactions can occur through their amino-terminal CTS
region.

The Golgi apparatus is a multifaceted, multitasking
organelle that is pivotal to the life of the cell. Protein
and lipid modifications, sorting of molecules, as well
as the biosynthesis of cell wall polysaccharides all take
place in the small stacks of flattened cisternae that make
up the Golgi bodies, constituting the Golgi apparatus in
plant cells. Among the various posttranslational modi-
fication reactions on proteins, the biosynthesis and
processing of protein-bound N-linked oligosaccharides
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(N-glycans) is the most common. N-Glycans play a
crucial role in protein folding, endoplasmic reticulum
(ER) quality control (Liu and Howell, 2010), biotic
(Saijo, 2010) and abiotic (Koiwa et al., 2003; Kang et al.,
2008) stress responses, and are considered essential for
the physicochemical properties and biological func-
tions of glycoproteins. Consequently, the slightest al-
terations during N-glycan processing can drastically
affect a protein’s folding, stability, and biological ac-
tivity. Golgi-mediated N-glycan processing steps are
catalyzed by numerous glycosidases and glycosyl-
transferases that follow a nonuniform subcompartment-
specific distribution pattern along the cis-to-trans axis
of the Golgi stack in the order in which they function
in the processing pathway (Fig. 1A; Schoberer and
Strasser, 2011). The subcompartmentalization of the
Golgi stack into cis-, medial-, and trans-cisternae cre-
ates a polar biochemical and morphological gradient
in the cis-to-trans direction, which allows a functional
specialization of the Golgi. Enzymes catalyzing early
processing steps concentrate in the cis-half of the Golgi
stack, whereas enzymes acting later in the pathway
peak in the trans-half.
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Figure 1. Overview of fluorescent protein fusion constructs used for
FRET-FLIM. A, Schematic representation of the N-glycan processing
pathway in the plant Golgi apparatus and the enzymes involved (for
enzyme names, see Table ). Enzymes studied here are highlighted in
black. B, Schematic representation of the domain architecture of
expressed recombinant proteins, all of them displaying a type I
membrane topology (the N terminus on the cytoplasmic side and the C
terminus on the luminal side of the Golgi membrane). The CTS regions
and the full-length sequences (where available) were C-terminally
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All Golgi-resident plant N-glycan processing enzymes
are typical so-called type Il membrane proteins with an
N-terminal region comprising a short cytoplasmic tail,
a single transmembrane domain, and a luminal stem
region, together called the cytoplasmic-transmembrane-
stem (CTS) region, which orients the C-terminal catalytic
domain into the Golgi lumen (Fig. 1B). The CTS region
not only contains the information necessary for enzyme
targeting to the Golgi but also directs the nonuniform,
overlapping distribution of glycosidases and glycosyl-
transferases across the distinct Golgi cisternae (or sub-
compartments; Saint-Jore-Dupas et al., 2006; Schoberer
et al., 2009, 2010; Schoberer and Strasser, 2011). The
signals or mechanisms that drive the subcompartment-
specific concentration of this important class of Golgi
enzymes are still widely unknown. It is also intriguing
how N-glycan processing enzymes remain specifically
concentrated within Golgi membranes even in the
presence of a continuous bidirectional flow of mem-
brane and proteins into and out of the Golgi. Moreover,
most of the processing enzymes are highly dynamic
themselves, as they continuously cycle between the
Golgi and the ER.

One possible mechanism responsible for intra-Golgi
concentration (as described for mammalian Golgi) is the
self-assembly of Golgi-resident glycosylation enzymes
into complexes, which are excluded from forward
transport to downstream compartments as described in
the “protein aggregation model” (Machamer, 1991) or
the “kin recognition model” (Nilsson et al., 1993). In
fact, there is compelling in vitro and in vivo evidence on
the formation of oligomers by mammalian and yeast
glycosyltransferases, respectively, from each major
glycosylation category, namely, for proteoglycans, gly-
coproteins, and glycolipids (Schachter, 1986; Nilsson
et al,, 1994, 1996; McCormick et al., 2000; Giraudo et al.,
2001; Pinhal et al., 2001; Qian et al., 2001; Stolz and
Munro, 2002; Young, 2004; Hassinen et al., 2011; Ferrari
et al., 2012). Earlier studies mainly examined complex
formation through in vitro coimmunoprecipitation (co-
IP) assays following complete disruption of the cell,
whereas in recent years, the advent of fluorescent pro-
tein technology and that of laser-based microscopy
techniques utilizing bimolecular fluorescence comple-
mentation or Forster resonance energy transfer (FRET)
have proven invaluable for the observation of protein-
protein interactions in vivo and in real time.

There is emerging evidence from co-IP and bimo-
lecular fluorescence complementation experiments for
the formation of glycosyltransferase complexes in-
volved in various aspects of plant cell wall biosyn-
thesis, such as the biosynthesis of xylan (Zeng et al.,
2010), homogalacturonan (Atmodjo et al., 2011), pectic
arabinan (Harholt et al., 2012), and xyloglycan (Chou

fused to GFP and/or mRFP, respectively, by insertion into binary plant
expression vectors. Details on plasmid construction can be found in
“Materials and Methods.” C, Cytoplasmic tail; CD, catalytic domain; S,
luminal stem region; T, transmembrane domain.
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et al., 2012). To date, it is not known whether enzymes
involved in N-glycan processing assemble into similar
complexes. Protein-protein interaction studies on
mammalian N-glycan processing enzymes have indi-
cated the presence of homomeric and heteromeric en-
zyme complexes that potentially lead to their retention
in Golgi membranes and enhance their activity (Nilsson
et al., 1996; Rivinoja et al., 2009; Hassinen et al., 2010,
2011).

To address the question of whether the same prin-
ciple applies to enzymes from the plant N-glycan
processing pathway, we have tested the properties of
several glycosidases and glycosyltransferases with
distinct intra-Golgi locations to form protein-protein
interactions when expressed transiently in tobacco
(Nicotiana spp.) leaves. To observe interactions in liv-
ing cells and in real time, we employed time-resolved
FRET-fluorescence lifetime imaging (FLIM), which is
based on energy transfer from a fluorophore in an
excited state (i.e. GFP serving as the donor) to another
fluorophore (i.e. monomeric red fluorescent protein
[MRFP] serving as the acceptor) within a 1- to 10-nm
distance. In the FRET-FLIM approach, the information
gained using steady-state FRET between interacting
proteins is considerably improved by monitoring the
excited-state lifetime of the donor, where its quenching
is evidence for a direct physical interaction. Although
technically demanding, FRET-FLIM is superior to
other intensity-based techniques, as it is largely inde-
pendent from fluorophore concentrations and is also
free of interference from spectral cross talk. Two-
photon excitation (2P)-FRET-FLIM analysis (Stubbs
et al., 2005; Osterrieder et al., 2009; Sparkes et al., 2010)
provides several advantages over the single-photon
method, including reduced cellular cytotoxicity of
the excitation light and reduced photobleaching of
the fluorophore. Greater sensitivity of the setup is
achieved through reduced sensitivity of the excitation
light (greater than 900 nm) by the photomultiplier tube
as a detector. The combination of the sensitive ad-
vanced imaging technique of time-correlated single-
photon counting and laser scanning techniques
results in the FLIM technique. The FRET-FLIM approach
has successfully been used to study protein-protein in-
teractions in a variety of animal and plant cells at the
organelle level (Bhat et al., 2005; Stubbs et al.,, 2005;

FLIM Shows Golgi N-Glycosylation Enzymes Interact

Adjobo-Hermans et al., 2006; Aker et al., 2007; Osterrieder
et al., 2009; Sparkes et al., 2010; Crosby et al., 2011;
Berendzen et al., 2012).

Here, we present evidence that (1) N-glycan pro-
cessing enzymes can form in vivo protein-protein in-
teractions in the form of homodimers and heterodimers,
(2) the N-terminal CTS regions of several dimerizing
cis- and medial-Golgi enzymes participate in physical
interactions, and (3) interaction mainly occurs among
the CTS domains of cis- and medial-Golgi enzymes
and decreases toward the trans-Golgi in a gradient-like
fashion.

RESULTS

Two cis/medial-Golgi Enzymes, MNS1 and GnTI, Form in
Vitro and in Vivo Interactions

We chose the two cis/medial-Golgi residents Arab-
idopsis (Arabidopsis thaliana) Golgi a-mannosidase I
(MNS1; Liebminger et al.,, 2009) and Nicotiana tabacum
B1,2-N-acetylglucosaminyltransferase I (GnTI; Schoberer
et al., 2009) as putative candidate proteins to test
whether plant N-glycan processing enzymes are able
to form glycosyltransferase complexes. Both enzymes
are involved in the processing of oligomannosidic to
hybrid N-glycans and hence act early in the N-glycan
processing pathway (Fig. 1A; for naming, see Table I).
To this end, GFP and mRFP fused to full-length clones
of MNSI, designated as MNS1-G and MNS1-R, re-
spectively, and to GnTI, designated as GnTI-G and
GnTI-R, respectively, were used (for a schematic rep-
resentation of the constructs, see Fig. 1B). These fusion
proteins were transiently expressed in tobacco leaves
under the control of the 355 promoter. We opted for a
transient expression system to circumvent eventual
problems with endogenous promoters that might not
express ubiquitously and also might not produce ex-
pression levels high enough to produce fluorescent
signals to determine the subcellular locations of pro-
teins in vivo. Furthermore, the use of a transient ex-
pression system has the advantage that a large number
of protein pairs can be tested within a realistic time
frame. We deliberately placed fluorescent tags on the C
terminus of all enzymes to prevent interference with

Table I. Overview of Golgi N-glycan processing enzyme constructs used for 2P-FRET-FLIM

For a full description of the plasmid constructs, see “Materials and Methods” and Supplemental Table

S2. FL, Full length.

Abbreviation Full Name Tag Domains
MNS1 Arabidopsis Golgi e-mannosidase | GFP, mRFP CTS, FL
GnTI N. tabacum B1,2-N-acetylglucosaminyltransferase | GFP, mRFP CTS, FL
GMII Arabidopsis Golgi e-mannosidase I GFP, mRFP CTS, FL
XylT Arabidopsis B1,2-xylosyltransferase GFP, mRFP CTS
GALT1 Arabidopsis B1,3-galactosyltransferase1 GFP CTS
FUT13 Arabidopsis a1,4-fucosyltransferase mRFP FL

ST R. norvegicus a2,6-sialyltransferase GFP, mRFP CTS

Plant Physiol. Vol. 161, 2013
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N-terminal Golgi-targeting signals. Furthermore, pre-
vious complementation experiments have shown that,
for example, GFP fusions to GnTI (Schoberer et al., 2009)
or MNS3, an ER-type a-mannosidase I (Liebminger
et al., 2009), are fully functional in vivo.

Subcellular Locations of MNS1 and GnTI

Expression levels and efficient targeting of the fusion
proteins to the Golgi were confirmed by live-cell con-
focal imaging. Merged confocal images show consid-
erable colocalization of coexpressed protein pairs
MNS1-G/MNSI-R (Fig. 2, A-C), GnTI-G/GnTI-R (Fig.
2, D-F), and GnTI-G/MNSI1-R (Fig. 2, G-I) in Golgi
bodies of tobacco leaf epidermal cells.

co-IP of N-Glycan Processing Enzymes

Following the verification of expression and coloca-
tion of the protein pairs MNS1-G/MNS1-R, GnTI-G/
GnTI-R, and GnTI-G/MNSI-R, potential interactions
were tested through co-IP analysis using the GFP-Trap
system. Protein pairs were transiently expressed in
tobacco leaves, and total protein extracts were used for
copurification of fluorescent protein-tagged constructs.
Immunoblot analysis of the eluate fractions with anti-
mRFP antibodies revealed that both MNSI-R and

Figure 2. Golgi localization of full-length cis/
medial-Golgi protein pairs in tobacco leaves.
Confocal images show representative tobacco
leaf epidermal cells coexpressing fluorescent
protein-tagged full-length protein pairs MNS1-G
(A) and MNS1-R (B), GnTI-G (D) and GnTI-R (E),
and GnTI-G (G) and MNS1-R (H). C, F, and |
show merges of green (GFP fluorescence) and
magenta (mRFP fluorescence) channels. White in
the merged images indicates areas of colocali-
zation. Bars = 5 um.

1740

GnTI-R were present as MNS1 and GnTI homomeric
complexes as well as a heteromeric MNS1/GnTI complex
(Fig. 3A).

In Vivo 2P-FRET-FLIM

To determine whether the interactions found by
co-IP also occur in live cells, we employed 2P-FRET-
FLIM. Tobacco leaf cells expressing MNS1-G or GnTI-G
alone were used as controls to establish the unquenched
lifetime of GFP in the context of the fusion proteins
(serving as donors). Figure 3, B to G, shows repre-
sentative confocal and pseudocolored lifetime images
of a control cell expressing the donor MNS1-G alone
(Fig. 3, B-D) or a cell expressing the donor in the
presence of the acceptor MNSI-R (Fig. 3, E-G). We
determined an average excited-state fluorescence life-
time of 2.2 * 0.1 ns for MNS1-G (Fig. 3D) following
FLIM measurements in the absence of an acceptor (for
the full data set, see Table II). Coexpression of MNS1-G
and MNSI-R led to a significant quenching of the
donor lifetime to an average of 1.9 * 0.1 ns (Fig. 3, G
and H), which indicates that the fluorophores of the
analyzed protein pair were close enough in Golgi
membranes to undergo FRET and that MNS1-G likely
interacts with MNS1-R. For GnTI-G, the average flu-
orescence lifetime was 2.2 * 0.1 ns in the absence of
the acceptor, but it decreased to an average of 1.9 = 0.1

merged
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Figure 3. co-IP assay and in vivo 2P-FRET-
FLIM analysis of full-length cis/medial-Golgi
protein pairs. Fluorescent protein-tagged full-
length protein pairs MNST/MNS1, GnTI/GnTI,
and GnTI/MNST1 were transiently coexpressed
in Nicotiana benthamiana leaf epidermal cells
and subjected to co-IP (A) or confocal imaging
and 2P-FRET-FLIM (B-J). A, Immunoblot
analysis of protein extracts (Input = before
incubation with GFP-coupled beads) and
eluted samples (Bound = fraction eluted from
GFP-coupled beads) with anti-GFP and anti-
mRFP antibodies. B to D, Cell showing ex-
pression of the donor fusion protein MNS1-G
alone as a representative, unquenched nega-
tive control with an average fluorescence
lifetime of 2.2 + 0.1 ns following 2P-FRET-
FLIM. Blue in the color-coded lifetime image
(C) and histogram (D) reflects higher excited-
state lifetimes (approximately 3 ns) than green
(approximately 2 ns). The distribution curve in
the histogram depicts the relative occurrence
frequency of the lifetimes within the lifetime
image. In C, the asterisk indicates a stoma that
gives lower lifetimes than the reference Golgi
labeled with an arrow and blue crosshair. E to
G, Representative cell that shows quenching
of the donor lifetime of MNS1-G in the pres-
ence of the acceptor MNS1-R (1.9 * 0.1 ns),
indicating interaction. Quenching is also
reflected in the green color in the color-coded
lifetime image (F) and histogram (G). H to J,
Histograms that show a comparison of the
average donor fluorescence lifetimes in the
absence and presence of the indicated ac-
ceptors following 2P-FRET-FLIM. Each column
represents the mean lifetime = sp. FRET-FLIM
data were collected from two independent
infiltrations (10-12 cells were analyzed in
total) and analyzed statistically using a two-
tailed Student’s t test (P = 0.0001). A mini-
mum decrease of the average excited-state
fluorescence lifetime of the donor molecule
by 0.2 ns or percentage FRET efficiency > 8%
in the presence of the acceptor molecule was
considered relevant to indicate interaction.
For the full data set, see Table Il. Bars =
20 pwm.
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Table Il. Fluorescence lifetimes of full-length cis- and medial-Golgi enzyme pairs

2P-FRET-FLIM results are shown for coexpressed GFP- and mRFP-fused enzyme pairs transiently
expressed in live tobacco leaves. A minimum decrease of the average excited-state fluorescence lifetime of
the donor molecule by 0.20 ns or £ > 8% in the presence of the acceptor molecule was considered
relevant to indicate interaction. FRET-FLIM data were collected from two independent infiltrations (10-12
cells in total) and analyzed statistically using a two-tailed Student’s t test. 7, Average donor lifetime; 7y,
average donor lifetime without the acceptor; 7, average donor lifetime in the presence of the acceptor;
Tp — Tpa Calculated difference between 7 and 7y, E, percentage FRET efficiency; range 7, range of
lifetimes observed for the respective sample; n, number of analyzed Golgi bodies.

Donor Acceptor T+ sD o~ E Range 7 n P
ns %
MNS1-G 2.2 +0.1 1.8-2.4 343
MNS1-G MNS1-R 1.9 = 0.1 0.23 10.67 1.7-2.2 195 =0.0001
GnTI-G 2.2 *0.1 1.9-2.4 283
GnTI-G MNS1-R 1.9 = 0.1 0.25 11.42 1.6-2.2 342 =0.0001
GnTI-G 2.2 +0.1 1.9-2.4 283
GnTI-G GnTI-R 1.9 = 0.1 0.30 13.99 1.6-2.1 275 =0.0001
GMII-G 2.3 0.1 2.0-2.5 229
GMII-G MNS1-R 22 *0.1 0.11 4.87 2.0-2.4 219 =0.0001
GMII-G 23 *0.1 2.0-2.5 229
GMII-G GnTI-R 2.1 £0.1 0.19 8.16 1.8-2.4 178 =0.0001
GMII-G 2.4+ 0.1 2.3-2.6 222
GMII-G GMII-R 2.4 0.1 0.04 1.64 2.2-2.7 175 =0.0001

ns in the presence of GnTI-R or MNS1-R (Fig. 3, I and J;
Table II), indicating interactions between GnTI-G/
GnTI-R and GnTI-G/MNSI1-R. Altogether, the estab-
lished FRET-FLIM data are consistent with the co-IP
data, and we can conclude that at least the two tested
N-glycan processing enzymes, MNS1 and GnTI,
homodimerize and additionally form a GnTI/MNSI1
heterodimer. It is worth noting that the excited-state
lifetime of GFP-tagged proteins alone in live cells (plants
and animal) is around 2.5 ns. Here, this is further re-
duced due to self-quenching by the homodimerization.

GnTI and MNS1 perform consecutive processing
steps in the cis-half of the Golgi stack; hence, a hetero-
dimerization may reflect the formation of a functionally
relevant complex. Therefore, we coexpressed GnTI-R
and MNS1-R with GFP-labeled Arabidopsis Golgi
a-mannosidase II (GMII; Strasser et al., 2006), a
medial-Golgi enzyme that operates and resides in close
proximity to both GnTI and MNS1 in the Golgi (Fig. 1A;
Table I). Confocal imaging confirmed the colocation of
GMII-G/MNSI-R (Fig. 4A) and GMII-G/GnTI-R (Fig.
4C) in Golgi stacks. We again used the noninvasive
2P-FRET-FLIM approach to examine protein-protein
interactions. The average fluorescence lifetime of the
donor GMII-G was 2.3 = 0.1 ns (control value) in the
absence of the acceptor, but it was only marginally re-
duced to 2.2 £ 0.1 ns upon coexpression with MNS1-R
(Fig. 4B; Table II) and hence did not suggest an inter-
action between the two fusion proteins. In the presence
of GnTI-R, the average lifetime of GMII-G was 2.1 * 0.1
ns (Fig. 4D; Table II). The calculation of the difference
between the mean lifetime values for the control and the
donor-acceptor combination indicated a lower energy
transfer value (0.19 ns), lower than that observed for
previously assayed enzyme pairs, which indicates a

1742

weaker interaction between GMII and GnTI or less ef-
ficient energy transfer due to an unfavorable steric or-
ientation of the fluorophores in the fusion proteins.
Unquenched lifetime values were determined for GMII-
G in the presence of GMII-R (Fig. 4F; Table II), arguing
against a physical interaction.

The CTS Golgi-Targeting Domains Participate in the
Formation of Protein-Protein Interactions

Recently, Hassinen et al. (2010, 2011) presented ev-
idence that luminal, catalytic domains of mammalian
glycosyltransferases and glycosidases almost exclu-
sively mediate enzyme complex formation. This is not
too surprising, since it has been shown that luminal
domains play an important role in enzyme concen-
tration in the mammalian Golgi (Colley, 1997; Opat
et al., 2001; Fenteany and Colley, 2005). In plants, the
situation is quite different. The important information
for enzyme concentration in the Golgi is present in the
N-terminal Golgi-targeting domains, the so-called
CTS region, without any detectable contribution
from the luminal catalytic domains (Essl et al., 1999;
Nebenfiihr et al., 1999; Dirnberger et al., 2002; Saint-
Jore-Dupas et al.,, 2006; Strasser et al., 2006, 2007;
Schoberer et al., 2009). To determine the role of the
CTS domains in establishing protein-protein interac-
tions in plants, we examined live cells expressing
GFP- and mRFP-tagged CTS regions of MNS1, GnTI,
and GMII (Fig. 1B). The expression and colocation of
protein pairs in Golgi stacks were verified by confocal
imaging, and the average fluorescence lifetimes of
control cells, expressing only the donor, and cells
expressing donor-acceptor pairs were determined
through subsequent 2P-FRET-FLIM (Fig. 5; Table III).

Plant Physiol. Vol. 161, 2013
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Figure 4. 2P-FRET-FLIM analysis of the medial-
B il Golgi enzyme GMII coexpressed with the cis/
e medial-Golgi enzymes MNS1 and GnTI. The
g GFP-fused full-length enzyme GMIl was tran-
% 23 siently coexpressed with putative mRFP-tagged
£ 22 interactor(s) in tobacco leaf epidermal cells and
B 2l subjected to confocal imaging and 2P-FRET-FLIM.
% 20 A, C, and E, Confocal images of a representative
g 18 cell showing the colocation of GFP and mRFP
8 full-length enzyme pairs in Golgi stacks of live
7 cells as follows: GMII-G and MNS1-R (A), GMII-
L kv G and GnTIR (C), GMII-G and GMII-R (). The
& ‘}T\fé" larger images show merges of the smaller images,
b which represent GFP fluorescence of the donor in
green and mRFP fluorescence of the acceptor in
D S0 magenta. Colocalization in the merged confocal
oig images appears white. B, D, and F, Histograms
24 showing the donor lifetimes in the absence and
C presence of the indicated acceptors following 2P-
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FLIM analysis showed that the average lifetime of
GnTI-CTS-G in the presence of GnTI-CTS-R was 2.1 *
0.1 ns and hence was significantly lower than the
control value of 2.4 = 0.1 ns (Fig. 5B). Coexpression of
GnTI-CTS-G with GMII-CTS-R also resulted in a sig-
nificant decrease in the average donor lifetime, which
was determined to be 2.0 = 0.1 ns (Fig. 5D). The av-
erage lifetime of MNS1-CTS-G alone was 2.4 = 0.1 ns,
but it decreased significantly in the presence of MNSI-
CTS-R (1.9 = 0.1 ns; Fig. 5F), GnTI-CTS-R (2.1 = 0.1 ns;
Fig. 5H), or GMII-CTS-R (2.1 = 0.1 ns; Fig. 5]). Alto-
gether, quenching of donor lifetimes could be observed
for every protein pair expressed (lifetime reductions
ranging from 0.32 to 0.56 ns), which suggests that the
catalytic domain-deleted protein pairs, like their full-
length counterparts, are able to assemble into homo-
mers and heteromers. Only the interaction found
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between MNS1-CTS-G/GMII-CTSR is not in agree-
ment with its full-length combination, where the inter-
action was not detected by 2P-FRET-FLIM. Altogether,
our results strongly suggest that the enzymes tested
here can interact through their N-terminal CTS
regions.

Early-Acting Golgi Enzymes Do Not Interact with
Late-Golgi Residents

It is known that N-glycan processing enzymes are
distributed across the Golgi stack in a polar gradient,
which means that they occur in successive but over-
lapping Golgi subcompartments. Since FRET is
a measure of spatial proximity, we tested whether
early- and late-acting enzymes, whose distribution is
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Figure 5. Catalytic domain-deleted cis- and medial-Golgi enzymes
form homodimers and heterodimers in vivo. The N-terminal CTS re-
gions of enzymes (lacking their catalytic domain) fused to fluorescent
proteins were transiently coexpressed in tobacco leaf epidermal cells
and subjected to confocal imaging and 2P-FRET-FLIM. The left panels
show confocal images of cells coexpressing GnTI-CTS-G and GnTI-
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centered over distinct Golgi subcompartments, are
able to physically interact. To this end, we examined
the cis/medial-Golgi enzyme GnTI by coexpressing its
CTS region with that of the trans-Golgi enzymes
Arabidopsis f1,3-galactosyltransferasel (GALT1) as
well as Rattus norvegicus o2,6-sialyltransferase (ST), a
nonplant Golgi marker, using 2P-FRET-FLIM in live
cells (Fig. 1A; Table I). GALT1 is involved in the for-
mation of Lewis a epitopes on N-glycans, which is a
late Golgi event in plants and hence places this enzyme
in the trans-Golgi (Strasser et al., 2007). ST-CTS, a
sialyltransferase signal anchor sequence from rat, has
become one of the most commonly used Golgi markers
in many organisms, and in plants it was located to the
trans-half of the Golgi by immunoelectron microscopy
(Boevink et al., 1998). Confocal images showed that the
GFP and mRFP signals from each enzyme pair, namely
ST-CTS-G/GnTI-CTS-R (Fig. 6A) or GALT1-CTS-G/
GnTI-CTS-R (Fig. 6C), only partially colocated in
Golgi bodies, which has been described previously
(Schoberer et al., 2010; Schoberer and Strasser, 2011).
Following 2P-FRET-FLIM in the presence of GnTI-
CTS-R, lifetimes of ST-CTS-G (Fig. 6B) or GALT1-
CTS-G (Fig. 6D) were quenched by 0.13 or 0.11 ns
(Table IV), which was significantly less than that ob-
served for previously assayed enzyme pairs; hence, a
physical association could not be detected.

The trans-Golgi Marker ST-CTS Does Not Form
Detectable Interactions in Plant Cells

In addition to the oligomerization of mammalian
cis/medial-Golgi resident N-glycan processing en-
zymes, complex formation of late-acting Golgi en-
zymes has been shown using in vitro and in vivo
assays (Rivinoja et al., 2009; Hassinen et al., 2010,
2011). For instance, a disulfide-mediated homodime-
rization of human ST and its rat ortholog, respectively,
has been determined in vitro and in vivo (Ma and
Colley, 1996; Qian et al., 2001; Rivinoja et al., 2009;
Hassinen et al., 2010). In addition, it has been reported
that different domains of ST contribute to oligomeri-
zation and localization in the Golgi of mammalian cells
(Fenteany and Colley, 2005). To assess whether this
holds true for plants as well, we coexpressed fluores-
cent protein-tagged CTS regions of ST with itself and
those of GALT1 and the medial-Golgi enzyme Arabi-
dopsis B1,2-xylosyltransferase (XylT; Fig. 1; Table I).

CTS-R (A), GnTI-CTS-G and GMII-CTS-R (C), MNS1-CTS-G and
MNST-CTS-R (E), MNS1-CTS-G and GnTI-CTS-R (G), and MNS1-CTS-
G and GMII-CTS-R (I). The larger images show merges of the smaller
split images representing the green and magenta channels. The right
panels (B, D, F, H, and J) show histograms of the average excited-state
lifetimes of each donor in the absence and presence of the indicated
acceptor following 2P-FRET-FLIM. The measurements and analysis
were performed as described for Figure 3, H to J. For the full data set,
see Table IIl. Bars = 5 um.

Plant Physiol. Vol. 161, 2013



FLIM Shows Golgi N-Glycosylation Enzymes Interact

Table Ill. Fluorescence lifetimes of cis- and medial-Golgi enzyme pairs

Abbreviations are as in Table II.

Donor Acceptor T XD o — Tpa E Range 7 n P
ns %
GnTI-CTS-G 2.4 = 0.1 23-2.6 468
GnTI-CTS-G GnTI-CTS-R 2.1 x0.1 0.34 14.17 1.8-2.4 305 =0.0001
GnTI-CTS-G 2.4 £ 0.1 23-2.6 468
GnTI-CTS-G GMII-CTS-R 2.0 = 0.1 0.37 15.23 1.8-2.3 307 =0.0001
MNS1-CTS-G 2.5 £ 0.1 2.3-2.6 567
MNS1-CTS-G MNS1-CTS-R 1.9 = 0.1 0.56 22.77 1.7-2.1 268 =0.0001
MNS1-CTS-G 2.4 = 0.1 23-26 232
MNS1-CTS-G GnTI-CTS-R 2.1 x0.1 0.34 13.98 1.9-2.3 379 =0.0001
MNS1-CTS-G 2.4 *£ 0.1 23-26 232
MNS1-CTS-G GMII-CTS-R 2.1 =0.1 0.32 13.06 1.9-2.3 325 =0.0001

XylT transfers a Xyl residue to the core N-glycan
structure, and in electron micrographs of plant cells it
was seen to accumulate in the medial-Golgi when
fused to GFP (Pagny et al., 2003). As expected, all three
enzyme pairs, namely ST-CTS-G/ST-CTS-R, GALT1-
CTS-G/ST-CTS-R, and XylT-CTS-G/ST-CTS-R, colo-
cated in Golgi stacks (Fig. 7, A, C, and E). Subsequent
2P-FRET-FLIM, however, did not indicate any inter-
actions among them (Fig. 7, B, D, and F; Table V). The
enzyme pairs ST/ST (as in Osterrieder et al., 2009) and
GALT1/ST did not display significant donor lifetime
quenching (less than 0.2-ns lifetime decrease), and al-
most unquenched lifetime values were measured for
XylT/ST, which are known to concentrate in distinct

subcompartments of Golgi bodies. These results show
that ST-CTS does not form any detectable homomeric
or heteromeric interactions in plant cells with any of
the plant enzymes coexpressed so far.

The medial-Golgi Enzymes XylT-CTS and GMII-CTS
Assemble into Homomers and Heteromers

As we did not detect any interactions among
medial- and trans-Golgi enzymes so far, we asked
whether enzymes that catalyze late processing steps in
the Golgi are able to interact at all. We used 2P-FRET-
FLIM to monitor interactions among the medial-Golgi
enzymes GMII and XylT or the trans-Golgi enzymes

Plant Physiol. Vol. 161, 2013
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Table IV. Fluorescence lifetimes of cis- and trans-Golgi enzyme pairs

Abbreviations are as in Table Il.

Donor Acceptor T X sD o — Toa E Range 7 n P
ns %
ST-CTS-G 2.8 £ 0.1 2.6-2.9 421
ST-CTS-G GnTI-CTS-R 2.6 £ 0.1 0.13 4.82 2.4-2.8 344 =0.0001
GALT1-CTS-G 2.5 *0.1 2.3-2.7 476
GALT1-CTS-G GnTI-CTS-R 2.4 0.1 0.11 4.31 2.1-2.6 239 =0.0001

GALT1 and Arabidopsis a1,4-fucosyltransferase (FUT13;
Fig. 1A; Table I) and between medial- and trans-
enzymes. First, we tested the medial-Golgi protein
pairs GMII-CTS-G/GMII-CTS-R (Fig. 8A), XylT-CTS-G/
XylT-CTS-R (Fig. 8C), and XylT-CTS-G/GMII-CTS-R
(Fig. 8E) by coexpression of their fluorescent protein-
fused CTS regions, which showed good colocalization

Figure 7. The nonplant trans-Golgi marker ST-
CTS does not interact with other plant markers
from the trans-Golgi. A and B, Subcellular
colocalization (merge) of ST-CTS-G (green) and
ST-CTS-R (magenta) in the Golgi (A) and histo-
gram showing the observed average lifetime of
the donor in the absence and presence of the
acceptor following 2P-FRET-FLIM (B). C and D,
Subcellular colocalization (merge) of the trans-
Golgi enzyme GALT1-CTS-G (green) and ST-CTS-
R (magenta) in the Golgi (C) and the observed
average lifetimes (D). E and F, Subcellular coloc-
alization (merge) of the medial-Golgi enzyme
XyIT-CTS-G (green) and ST-CTS-R (magenta) in
the Golgi (E) and the observed average lifetimes
(F). The measurements and analysis were per-
formed as described for Figure 3, H to J. For the
full data set, see Table V. Bars = 10 um.

XyIT-CTS-G+ST-CTS-R
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in Golgi stacks of live cells. 2P-FRET-FLIM revealed
that the average fluorescence lifetime of GMII-CTS-G
in the presence of GMII-CTS-R was 2.3 = 0.1 ns and
hence was significantly lower than the control value of
2.7 = 0.1 ns (Fig. 8B), indicating a homodimerization
of GMIL. For XylT-CTS-G, we observed a quenching of
the donor lifetime from 2.5 = 0.1 ns (control value) to
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Table V. Fluorescence lifetimes of plant enzymes coexpressed with the nonplant trans-Golgi marker

ST-CTS
Abbreviations are as in Table II.
Donor Acceptor T * sD o ~ Tpa E Range 7 n P
ns %
ST-CTS-G 2.8 £0.1 2.6-2.9 421
ST-CTS-G ST-CTS-R 2.6 = 0.1 0.16 5.65 2.4-2.7 192 =0.0001
GALT1-CTS-G 2.4 £ 0.1 2.3-2.5 222
GALT1-CTS-G ST-CTS-R 23 = 0.1 0.13 5.44 2.0-2.5 194 =0.0001
XyIT-CTS-G 2.5 0.1 2.3-2.6 319
XyIT-CTS-G ST-CTS-R 2.4 *0.1 0.02 0.93 2.3-2.6 219 =0.0001

2.2 = 0.1 ns in the presence of XylT-CTS-R (Fig. 8D) or
GMII-CTS-R (Fig. 8E), indicating a homodimerization
of XylT and heterodimerization with GMII. Similarly,
we coexpressed the CTS region of GALT1 with the
full-length protein FUT13 (Fig. 9A), which together
form the Lewis a epitope in the trans-Golgi (Strasser
et al.,, 2007), and the medial enzymes XylT-CTS-R (Fig.
9C) and GMII-CTS-R (Fig. 9E) and confirmed their
colocation by confocal imaging. The lifetime of
GALT1-CTS-G in the presence of FUT13-R was 2.4 *
0.1 ns (Fig. 9B), which was similar to the control value
and hence did not indicate an interaction. Also, the
lifetime reduction of GALT1-CTS-G in the presence of
XylT-CTS-R (2.3 = 0.1 ns; Fig. 9D) was too small to
indicate a physical interaction. By contrast, the lifetime
of GALT1-CTS-G in the presence of GMII-CTS-G was
2.1 = 0.1 ns (Fig. 9F); therefore, GALT1-CTS-G appears
to strongly interact with GMII-CTS-G.

DISCUSSION

It is still a matter of speculation how the gradient-
like distribution of Golgi-resident plant N-glycan
processing enzymes and the maintenance of their steady-
state location in the face of iterative rounds of recycling
to and from the ER and simultaneous processing of N-
linked glycans on transiting glycoproteins are achieved.
Mammalian Golgi protein retention models suggest that
many glycan biosynthetic enzymes form homomers and
heteromers within Golgi cisternae as a mechanism for
correct positioning in the Golgi apparatus (Nilsson et al.,
1994, 1996). In the kin recognition model, enzymes in a
given compartment recognize each other and self-
assemble into higher order enzyme complexes,
which leads to their exclusion from transport vesicles
and consequently to their retention. In another model,
protein aggregation was proposed as a general, albeit
protein-specific, retention mechanism (Machamer,
1991). Although numerous complexes between en-
zymes involved in mammalian and yeast N-glycosy-
lation have been identified, so far no experimental
proof in favor of either of these models has been pre-
sented in the context of plant N-glycan processing
enzymes.

To address this question, we have screened Golgi-
resident N-glycan processing enzymes for their
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abilities to form protein-protein interactions in Golgi
membranes of tobacco leaves using 2P-FRET-FLIM.
Measuring the excited-state lifetime of a donor fluo-
rophore by FLIM to determine FRET is so far the most
direct approach to study protein-protein interactions
in their natural environment (in planta). Not only does
FLIM provide enhanced sensitivity (tightness of in-
teraction), it is also independent from donor fluo-
rophore concentrations and free of interference from
spectral bleed-through. Protein complexes are better
preserved and observed in vivo and in real time,
providing valuable spatiotemporal information. The
validity of this approach to the study of plant Golgi-
associated proteins was shown in a study of the in-
teractions between small regulatory GTPases and
Golgi matrix proteins (Osterrieder et al.,, 2009). We
provide experimental evidence that MNS1, GnT],
GMII, and XylT, operating in the cis- and medial-Golgi
cisternae, form homomeric and heteromeric protein-
protein interactions with the participation of their N-
terminal CTS regions. Among all trans-Golgi residents,
only the CTS region of GALT1, involved in late Golgi
processing events, was observed to interact with GMII-
CTS. Otherwise, no complexes involving late-acting
enzymes were detected. Using 2P-FRET-FLIM, we
observed that MNS1 and GnTI, which operate se-
quentially, form homodimers, but they also interact
with each other. Moreover, both MNS1 and GnTI were
found to interact with GMII, which acts downstream
of GnTI. Similarly the medial-Golgi enzymes GMII
and XylT were found to homodimerize and also as-
semble into a XylT/GMII heterodimer.

The formation of functionally relevant (“kin”) het-
erodimers between the cis- and medial-Golgi en-
zymes MNS1/GnTI, MNS1/GMII, GnTI/GMII, and
XylT/GMII conforms to the model of kin recognition
(Nilsson et al., 1996). Surprisingly, an interaction was
detected between MNS1 and GMII, which are not
known to perform consecutive N-glycan processing
steps (Fig. 1A). One explanation that accounts for
this interaction would be the organization of Golgi-
resident N-glycan processing enzymes such as MNS1,
GnTI, GMII, and XylT into large heteromeric com-
plexes that are optimally suited for the efficient
modification of cargo proteins. The presence of such
distinct processing complexes has been proposed for
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Figure 8. The medial-Golgi enzymes XylT-CTS
and GMII-CTS form homodimers and hetero-
dimers. A, Subcellular colocalization (merge) of
GMII-CTS-G (green) and GMII-CTS-R (magenta)
in the Golgi. C and E, Subcellular colocalization
(merge) of XylT-CTS-G (green) and XyIT-CTS-R
(magenta; C) or GMII-CTS-R (magenta; E) in the
Golgi. B, D, and F, Histograms showing the av-
erage lifetimes of the indicated donors and donor-
acceptor combinations. The measurements and
analysis were performed as described for Figure
3, H to ). For the full data set, see Table VI. Bars =
10 wm.

XyIT-CTS-G+GMII-CTS-R

mammalian cells (Hassinen et al., 2011). Alternatively,
the observed unexpected interaction can be explained
by the fact that processing enzymes are dynamically
distributed in an overlapping gradient across the Golgi
stack rather than being physically compartmentalized
from each other. As a consequence, the fluorophores of
enzymes that act cooperatively and therefore concen-
trate in the same or overlapping compartments will get
close enough in the Golgi membranes to undergo FRET.
The same principle might apply to the heterodimer
formed between the medial-Golgi enzyme GMII and
the trans-Golgi located GALT1. It is possible that GMII
acts farther downstream in the pathway and by doing
so operates in GALT1’s vicinity. It is noteworthy that
alternative processing routes after the action of GnTI
have been discussed previously (Strasser et al., 2006;
Kajiura et al., 2012). In the original model, GnTI
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generates the substrate for GMII and transfer of a Xyl
residue by XylT occurs farther downstream in the
pathway (Gomord and Faye, 2004). There is emerging
evidence that XylT can operate immediately after GnTI
and thus precedes Man trimming by GMII (Kajiura
et al., 2012). The observed heterodimerization of
GALT1 and GMII might reflect this alternative pro-
cessing route. The fact that the medial-Golgi enzyme
XylT did not show any interaction with GALT1 pro-
vides further support that XylT might be located far-
ther upstream from GALT1 and hence is too far away
for the formation of an interaction, whereas GMII
might act or is located more proximal to GALTL. In line
with this is the lack of interaction between GnTI and the
trans-Golgi residents ST or GALT1. While GnTI con-
centrates in cis-Golgi membranes, ST and GALT1 locate
to the opposite side of the Golgi stack (Schoberer et al.,

Plant Physiol. Vol. 161, 2013
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Table VI. Fluorescence lifetimes of medial-Golgi enzyme pairs

Abbreviations are as in Table II.

Donor Acceptor T *sD o ~ Tpa E Range 7 n P
ns %
GMII-CTS-G 2.7 = 0.1 2.5-3.0 434
GMII-CTS-G GMII-CTS-R 2.3 £ 0.1 0.48 17.51 2.0-2.6 189 =0.0001
XyIT-CTS-G 2.5 * 0.1 2.3-2.6 335
XyIT-CTS-G XyIT-CTS-R 22 *0.1 0.28 11.39 2.0-2.4 301 =0.0001
XyIT-CTS-G 2.5 * 0.1 2.3-2.6 335
XyIT-CTS-G GMII -CTS-R 22 *0.1 0.26 10.37 2.0-2.4 340 =0.0001

2010). Despite an assumed overlapping enzyme distri-
bution, only a small fraction of each enzyme will coin-
cide in a small area within the stack, which probably
reduces the likeliness to detect energy transfer, as in-
creased distances (more than 10 nm) between fluo-
rophores diminish a positive FRET signal due to little or
no spatial proximity of the two enzymes studied.

The tendency of Golgi-located N-glycan processing
enzymes to assemble into complexes is in line with
recent evidence on the complex formation of plant
cell wall biosynthetic enzymes in the Golgi. One ex-
ample is the disulfide-linked complex formed between
GALACTURONOSYLTRANSFERASE1 (GAUT1) and
GAUT7, which are both involved in pectin biosyn-
thesis (Atmodjo et al., 2011). Interestingly, this inter-
action confers Golgi retention to GAUT1 after the loss
of its membrane anchor through proteolytic processing.
Only recently, Harholt et al. (2012) reported that the
two pectin biosynthetic enzymes ARABINAN DEFI-
CIENT1 (ARAD1) and ARAD2 form homodimeric and
heterodimeric complexes, which are also held together
by disulfide bonds. Also, there is evidence that the three
xylosyltransferases XXT1, XXT2, and XXT5 as well as the
glucan synthase CELLULOSE SYNTHASE-LIKE C4, all
involved in xyloglucan biosynthesis in the Golgi, assem-
ble into several homocomplexes and heterocomplexes
that are part of a higher order protein complex (Chou
et al., 2012).

Our observations are also in good agreement with
interaction data obtained with mammalian N-glycan
processing enzymes. The mammalian homologs of
GnTI and GMII were found to physically associate in
HeLa cells through a disulfide-bonded interaction of
their luminal domains, as shown by an in vivo ER
retrieval assay (Nilsson et al., 1996). More recently, two
studies using both in vitro and in vivo techniques
showed that all the major mammalian Golgi-resident
N-glycan processing enzymes form both homodimeric
and/or heterodimeric enzyme complexes (Hassinen
et al., 2010, 2011). The formation and functioning of
heteromeric complexes was dependent on the pH
across the Golgi stack. The found “medial-Golgi and
trans-Golgi enzyme complexes” were shown to be
enzymatically active and were thought to form as a
matter of their sequential action and strict Golgi sub-
compartmentation, which led to the proposition of a
two-step N-glycan processing pathway in the mam-
malian Golgi. The involvement of disulfide bridges in
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the interaction of plant N-glycan processing enzymes
may be examined by the amino acid composition of
their CTS regions. The CTS region of GnTI contains
two Cys residues in the cytoplasmic tail and one Cys in
the stem region. Whereas the formation of disulfide
bridges could account for GnTI homodimerization, we
exclude this possibility for the other observed protein-
protein interactions, as at least one protein partner
(MNS1 or GMII) would lack Cys residues. Therefore, it
is highly likely that the homomeric and heteromeric
complexes detected in our study are formed via non-
covalent interactions.

In contrast to the observed mammalian trans-Golgi
enzyme complexes, no interaction between any of the
monitored trans-Golgi enzyme pairs, namely ST-CTS/
ST-CTS, ST-CTS/GALT1-CTS, and GALT1-CTS/FUT13,
was observed in our study. This result shows that
colocalization is a prerequisite but not the only deter-
minant required to establish protein-protein interac-
tions. In the case of the pair GALT1/FUT13, this is
somewhat surprising, since both enzymes are required
to synthesize the Lewis a epitope on complex plant N-
glycans (Lerouge et al., 1998) in the trans-Golgi, so that
an interaction seems feasible. It is interesting that,
comparing all CTS enzyme pairs, cis- and medial-
Golgi enzymes showed very efficient energy transfer
values, possibly due to strong interactions, whereas
this efficiency considerably decreased from cis- to
trans-Golgi subcompartments and ultimately no in-
teractions were detected. For example, the FRET effi-
ciencies of CTS enzyme heteromers decrease from cis
to trans as follows: GnTI/GMII (0.37 ns) > GnTI/
MNS1 (0.34) > MNS1/GMII (0.32) > GMII/GALT1
(0.31) > GMII/XylT (0.26) > XylT/GALT1 (0.14) >
GALT1/FUT13 (0.05). It is possible that trans-Golgi
protein interactions are less stable due to the secre-
tory activity or ephemeral nature of trans-Golgi
membranes. This is also reconcilable with the obser-
vation that trans-Golgi membranes disassemble before
upstream compartments when treated with brefeldin
A (Schoberer et al., 2010).

In this study, we also used 2P-FRET-FLIM to assess
whether catalytic domain-deleted CTS enzyme pairs
form similar interactions to their full-length counter-
parts (where available). The observed interactions
were largely consistent, which shows that enzyme
pairs can interact through their N-terminal CTS re-
gions. This observation disagrees with the findings for
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Figure 9. The trans-Golgi enzyme GALT1 inter-
acts with the medial-Golgi enzyme GMII but not
with medial-Golgi XyIT or trans-Golgi FUT13.
The left panels show the subcellular colocaliza-
tion (merge) of the donor GALT1-CTS-G (green)
with FUT13-R (magenta; A), XyIT-CTS-R (ma-
genta; C), or GMII-CTS-R (magenta; E) in the
Golgi. The histograms (B, D, and F) at right show
the average lifetimes of the indicated donors and
donor-acceptor combinations. The measurements
and analysis were performed as described for
Figure 3, H to J. For the full data set, see Table VII.
Bars = 10 um.

GALT1-CTS-G+GMII-CTS-R

several mammalian N-glycan processing enzymes
(Hassinen et al., 2010) and some plant cell wall bio-
synthetic enzymes such as GAUT1/GAUT7 (Atmodjo
et al., 2011), ARAD1/ARAD?2 (Harholt et al., 2012), or
XXT2/XXT5 (Chou et al., 2012), where the catalytic
domain is the key determinant. However, we cannot
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exclude the possibility that the catalytic domain might
play a role in a potential complex formation between
medial- and trans-Golgi enzymes. This possibility
could not be tested in detail, as the relevant enzymes
like the full-length GALT1-GFP did not show any de-
tectable fluorescence when expressed in leaf cells.

Table VII. Fluorescence lifetimes of medial- and trans-Golgi enzyme pairs

Abbreviations are as in Table II.

Donor Acceptor T £ sD o ~ Tpa E Range 7 n P
ns %
GALT1-CTS-G 2.4 *0.1 2.2-2.6 361
GALT1-CTS-G FUT13-R 2.4 0.1 0.05 2.04 2225 292 =0.0001
GALT1-CTS-G 2.4 = 0.1 2.2-2.6 361
GALT1-CTS-G XyIT-CTS-R 2.3 £ 0.1 0.14 5.78 2.1-25 301 =0.0001
GALT1-CTS-G 2.4 *0.1 2.2-2.6 361
GALT1-CTS-G GMII-CTS-R 2.1 £ 0.1 0.31 12.89 1.9-2.3 290 =0.0001
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It is noteworthy that the existence of N-glycan pro-
cessing enzyme complexes in Golgi membranes needs
reconciliation with the dynamic behavior of these
particular enzymes. Fluorescence recovery after pho-
tobleaching experiments performed with processing
enzymes such as GnTI, GALT1, and ST revealed a
rapid recovery of GFP-tagged CTS clones after the
photobleaching event (Brandizzi et al., 2002; Schoberer
et al., 2009). Few or no immobile protein fractions were
found, which suggests an unhindered mobility of these
enzymes in the Golgi membranes of live cells. In the
context of our results, it is possible that a complex
formation does not lead to the immobilization of these
integral Golgi membrane proteins. Based on the dy-
namic nature of Golgi enzyme localization, it is possible
that these enzymes, instead of being stable components
of individual Golgi cisternae, may associate transiently
with the organelle by undergoing iterative rounds of
recycling between different Golgi subcompartments
and the ER, possibly in the form of multienzyme com-
plexes. Enzyme complexation could represent an organi-
zational tool that facilitates the recycling and maintenance
of the steady-state location of N-glycan processing en-
zymes within the Golgi stack, which ultimately may en-
able efficient N-glycan processing.

CONCLUSION

Using the noninvasive 2P-FRET-FLIM biophysical
method, we show that several cis- and medial-Golgi
enzymes, namely MNS1, GnTI, GMII, and XylT, are
able to assemble into homodimers and heterodimers
with the participation of their N-terminal CTS Golgi-
targeting domains. Among the late-acting enzymes
GALT1, FUT13, and ST (a nonplant Golgi marker),
only the CTS region of GALT1 was found to interact
with GMII-CTS. The determination of specific inter-
acting domains or sequence motifs therein as well as
the assessment of the functional relevance of homo-
merization and heteromerization of Golgi N-glycan
processing enzymes will be of future interest. In this
study, we confirm that the determination of FRET by
measuring the decrease in donor fluorescence lifetime
by means of 2P-FLIM has the potential to become a gold
standard for screening protein-protein interactions in
planta, as it enables direct access to interactions in their
natural environment inside live cells and by doing so
overcomes the limitations of other methods, many of
them performed by invasive cell disruption assays. Ul-
timately, the employment of live-cell multifluorophore
FRET-FLIM (Sun et al., 2010) to investigate interactions
among several proteins will be desirable.

MATERIALS AND METHODS
Fluorescent Protein Fusion Constructs

Some of the plasmid constructs used in this study have been published
previously: GnTI-G, GnTI-CTS-G, and GnTI-CTS-R (Schoberer et al., 2009);
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MNS1-CTS-G (Liebminger et al., 2009); GALT1-CTS-GFP (Strasser et al., 2007);
ST-CTS-G (Boevink et al., 1998); and ST-CTS-R (Renna et al., 2005). The
remaining constructs were generated as follows. To create the plasmid for the
expression of GnTI-R, the full-length coding region of Nicotiana tabacum GnTI
was excised from the GnTI-GFP-expressing binary vector p20F (Schoberer
et al., 2009) using Xbal and BamHI and cloned into Xbal/BamHI-digested
vector p31 (Hiittner et al., 2012). To generate the MNS1-G and MNSI-R ex-
pression constructs, the full-length Arabidopsis (Arabidopsis thaliana) MINS1
coding sequence (Liebminger et al., 2009) was amplified by PCR using primers
At1g51590-12F/-18R (for primer sequences, see Supplemental Table S1),
digested with Nhel/BamHI, and ligated into Xbal/BamHI-digested p20F and
p31, respectively. The plasmids for the expression of GMII-G and GMII-R
were generated by ligation of the Xbal fragment containing the full-length
Arabidopsis GMII coding sequence derived from vector pPT8:MII (Strasser
et al., 2006) into Xbal-digested vectors p20F and p31, respectively. For the
expression of GMII-CTS-G, the GMII-CTS-GFP sequence was amplified from a
tobacco mosaic virus-based expression vector (Strasser et al., 2006) using
primers Ath-MII-21 and GFP1. The resulting PCR product was Xbal/BamHI
digested and cloned into expression vector pPT2 (Strasser et al., 2007). The
plasmid for the expression of GMII-CTS-R was generated by ligation of the
GMII-CTS region into Xbal/BamHI-digested vector p31. For this purpose,
the GMII-CTS region was amplified with primers Ath-MII-21/-44 and subcl-
oned using the ZERO Blunt TOPO PCR cloning kit (Invitrogen). The GMII-
CTS sequence was then removed by Xbal/BamHI digestion and cloned into
Xbal/BamHI-digested p31. The sequence coding for the Arabidopsis XylT-CTS
region was amplified from plasmid pVL1319 (Strasser et al., 2000) using
primers Ara-XT_19 and Ara-XT_23. The PCR product was Xbal and BamHI
digested and cloned into Xbal/BamHI-digested vectors p20 and p31. To gen-
erate the plasmid for the expression of FUT13-R, the FUT13 coding sequence
was amplified from Arabidopsis complementary DNA using primers AthFTC-
2F and AthFTC-7R and subcloned as described above. The resulting plasmid
served as a template for the PCR amplification of the full-length coding region
with primers Ath-FTC2 and Ath_FUT13_8R. The FUT13 PCR product was
Xbal and BgIII digested and cloned into the Xbal/BamHI site of p31. For a
detailed description of the fluorescent protein fusion constructs used in this
study, see Supplemental Table S2.

Plant Material and Transient Expression of Fluorescent
Fusion Proteins

Transient expression of fluorescent protein fusions in tobacco (Nicotiana
spp.) leaf epidermal cells was performed using the Agrobacterium tumefaciens
(strains UIA143 or GV3101)-mediated infiltration technique (Sparkes et al., 2006;
Schoberer et al., 2009). N. tabacum ‘Petit Havana SR1” was grown throughout the
year in a greenhouse at 21°C with a 14-h-light/10-h-dark photoperiod, and a few
days before/after infiltration it was kept in a growth cabinet at 18°C with a 12-h-
light/12-h-dark photoperiod. Nicotiana benthamiana plants were grown in a
growth chamber at 22°C with a 16-h-light/8-h-dark photoperiod. Plants were
used for infiltration after 4 to 6 weeks. The final optical density at 600 nm (ODy,)
of agrobacterial suspensions containing the constructs of interest are listed in
Supplemental Table S3.

Subcellular Localization of Fluorescent Fusion Proteins

Small segments of infiltrated leaf tissue (approximately 3 X 3 mm)
expressing the protein fusion(s) of interest were analyzed 2 to 4 d after infil-
tration. Prior to image acquisition, leaf segments were treated for 45 to 60 min
with the actin-depolymerizing agent latrunculin B (Calbiochem; stock solution
at 1 mm in dimethyl sulfoxide) at a concentration of 25 um to inhibit Golgi
movement (Brandizzi et al., 2002; Schoberer et al., 2009). High-resolution
images were obtained on an inverted Zeiss LSM 510 or an upright Leica TCS
SP2 confocal laser scanning microscope as described previously (Schoberer
et al.,, 2009). Postacquisition image processing was performed in Adobe
Photoshop CS.

FRET-FLIM Data Acquisition and Analysis

Infiltrated leaf samples were excised and treated with latrunculin B as
described above. 2P-FRET-FLIM data capture was performed as described
(Sparkes et al., 2010) using a 2P microscope at the Central Laser Facility of the
Rutherford Appleton Laboratory. Briefly, a two-photon microscope was
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constructed around a Nikon TE2000-U inverted microscope using custom-
made XY galvanometers (GSI Lumonics) for the scanning system. Laser
light at a wavelength of 920 = 5 nm was obtained from a mode-locked tita-
nium sapphire laser (Mira; Coherent Lasers), producing 180-fs pulses at 75
MHz, pumped by a solid-state continuous-wave 532-nm laser (Verdi V18;
Coherent Lasers). 2P at 920 nm was chosen to allow reduced autofluorescence
emission from chloroplast and guard cells. The laser beam was focused to a
diffraction-limited spot through a water-immersion objective (Nikon VC X 60;
numerical aperture of 1.2), and specimens were illuminated on the microscope
stage. Fluorescence emission was collected without descanning, bypassing the
scanning system, and passed through a BG39 (Comar) filter to block the near-
infrared laser light. Line, frame, and pixel clock signals were generated and
synchronized with an external fast microchannel plate photomultiplier tube
(Hamamatsu; R3809U) used as the detector. These were linked via a time-
correlated single-photon-counting personal computer module SPC830
(Becker and Hickl) to generate the raw FLIM data. Prior to FLIM data col-
lection, the GFP and mRFP expression levels in the plant specimens within the
region of interest were confirmed using a Nikon eC1 confocal microscope with
excitation at 488 and 543 nm, respectively. A 633-nm interference filter was
used to minimize further the contaminating effect of chlorophyll auto-
fluorescence emission that would otherwise obscure the mRFP emission. FLIM
images were analyzed by obtaining excited-state lifetime values of a single
cell, and calculations together with image processing were made using the
SPC image-analysis software (Becker and Hickl). When analyzing GFP and
mRFP combinations, we ideally selected cells with similar expression levels of
both fluorophores to obtain approximately equal levels of interaction partners
within the cell. Lifetime values were collected on a single-pixel basis from the
center of individual Golgi bodies, and lifetimes were recorded in Microsoft
Excel. Decay curves of a single point highlight an optimal single exponential
fit when x? values are 1 (points with y* from 0.9 to 1.4 were taken). The col-
lected data values were used to generate histograms depicting the distribution
of lifetime values of all data points within the samples. Results are from two
independent experiments (10-12 cells in total).

An observed protein-protein interaction is described by the decrease of the
donor fluorescence lifetime (quenching) due to energy transfer to the acceptor
(Gadella and Jovin, 1995; Lakowicz et al., 1999; Krishnan et al., 2003), which
can be calculated by measuring the fluorescence lifetime of the donor in the
presence and absence of the acceptor (Bastiaens and Squire, 1999; Pepperkok
etal.,, 1999) and can be expressed as a percentage of the donor lifetime, a value
referred to as “energy transfer efficiency” (E). The percentage efficiency can be
calculated using Equation 1:

E= [1 - (%)] X100 )

where 7, and 7, are the mean pixel-by-pixel excited-state lifetimes of the
donor in the presence and absence of the acceptor determined for each pixel.
Quenching of average donor lifetimes by a minimum of 0.2 ns or 8% in the
presence of the acceptor was considered relevant to indicate protein-protein
interaction (Sun et al., 2011). Since the instrument response in our setup is
determined to be less than 60 ps, there was no need to deconvolute the in-
strument response function from the sample data decay curves. Thus, lifetime
differences of larger than 100 ps can be easily resolved. Lifetime values of
donor controls and donor-acceptor combinations were subjected to probability
testing using a two-tailed Student’s t test (P < 0.05). As controls for the system,
we measured the donor lifetimes of the Golgi-targeted combinations ST-GFP/
ST-mRFP, which do not interact (negative control), and AtGRIP/mRFP-ARL1,
which demonstrate significant interaction (positive control; Osterrieder et al.,
2009).

co-IP Assays Using GFP-Trap-A

Transient expression of fluorescent protein fusions in N. benthamiana was
performed by infiltration of leaves as described previously (Schoberer et al.,
2009). For coexpression experiments, resuspended agrobacteria were diluted
to an ODy, of 0.3 for the constructs MNS1-G and MNS1-R or 0.05 for GnTI-G
and GnTI-R. As controls, the above-mentioned GFP and mRFP fusion proteins
were infiltrated alone. A total of 800 mg of infiltrated leaf material was har-
vested, ground in liquid nitrogen, and resuspended in 2 mL of lysis buffer
containing 10 mm Tris-HCI, pH 7.6, 150 mm NaCl, 0.5 mm EDTA, 1% (v/v)
Nonidet P-40, 1 mm phenylmethylsulfonyl fluoride (PMSF), and 1% (v/v)
protease inhibitor cocktail (Sigma). The tubes were placed on ice for 30 min
with mixing every 10 min. The samples were centrifuged at 9,000 rpm for 10
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min at 4°C, and the supernatant was centrifuged again for 5 min at 9,000 rpm
at 4°C. The resulting pellet was discarded, and the clear supernatant was di-
luted with 1.5 mL of dilution buffer containing 10 mm Tris-HCl, pH 7.6, 150
mm NaCl, 0.5 mm EDTA, 1 mm PMSF, and 1% (v/v) protease inhibitor
cocktail. To equilibrate the GFP-Trap-A beads (Chromotek), 20 uL of beads
slurry was resuspended in ice-cold dilution buffer and spun down at 4,500
rpm for 2 min at 4°C. The supernatant was discarded, and the washing step
was repeated twice. The beads were resuspended with 500 uL of ice-cold
dilution buffer and added to the protein extracts followed by an incubation
step with end-over-end mixing for 90 min at 4°C. The samples were centri-
fuged at 4,500 rpm for 5 min at 4°C. The beads were washed twice with wash
buffer containing 10 mm Tris-HCI, pH 7.6, 150 mm NaCl, 0.5 mm EDTA, and
1 mm PMSF. In a third wash step, the salt concentration was increased to 250
mM NaCl. The beads were resuspended in 1.5X sample buffer, loaded onto
Micro Bio-Spin chromatography columns (Bio-Rad), and boiled for 10 min at
98°C. To elute the dissociated immunocomplexes, the samples were centri-
fuged at 4,500 rpm for 2 min. Eluted proteins (referred to as bound) were
subjected to SDS-PAGE and immunoblot analysis. For the detection of GFP
fusion proteins, anti-GFP antibodies (2,000-fold diluted; anti-GFP-horseradish
peroxidase antibodies; MACS Miltenyi Biotec), and for mRFP-tagged fusion
proteins, anti-mRFP (2,000-fold diluted; 5F8; Chromotek) were used. To verify
that no unspecific binding of mRFP-tagged fusion proteins to GFP-Trap-A
beads had occurred, the respective constructs were infiltrated alone and
treated as mentioned above.

Sequence data from this article can be found in the GenBank/EMBL data Li-
braries under the following accession numbers: Arabidopsis Golgi a-mannosidase
I (At1g51590; AEE32686.1), N. tabacum B1,2-N-acetylglucosaminyltransferase I
(CAB53347.1), Arabidopsis Golgi a-mannosidase II (At5g14950; AED92095.1),
Arabidopsis 81,2-xylosyltransferase (At5g55500; Q9LDHO.1), Arabidopsis 81,3-
galactosyltransferasel (At1g26810; ABR58858.1), Arabidopsis a14-fucosyltransferase
(At1g71990; Q9C8W3.2), and Rattus norvegicus a2,6-sialyltransferase (AAA41196.1).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table S1. Primer sequences for the generation of fluorescent
protein fusion constructs used in this study.

Supplemental Table S2. Full description of the fluorescent protein fusion
constructs used in this study.

Supplemental Table S3. Final ODy, for infiltrated agrobacterial suspen-
sions containing the fluorescent protein fusion constructs used for 2P-
FRET-FLIM.
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