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SYNOPSIS 
 

1. Introduction: 

 

One of the fundamental properties of eukaryotic cell is their ability to maintain organelle size, 

shape, and number that are appropriate for different growth and differentiation states[1]. 

Organelles are specialized organization to perform different regulatory or biochemical processes 

with distinct morphologies. For example, single spherical nucleus, reticulated networks of 

endoplasmic reticulum, mitochondria, Golgi apparatus etc. Cell possesses an active mechanism to 

build and maintain such structures. Altered organelle size and shape leads to improper cell 

function. It is likely that metabolism and/or signaling get affected by organelle size. One 

approach of reprogramming organelle size and shape can result into reprogramming cellular state 

or behavior. Here comes the concept of organelle directed medicine to cure diseased cells[2, 3]. 

We are interested in studying the process that controls and maintains the size and shape of 

intracellular organelles, such as the Golgi apparatus. This Golgi apparatus lies at the heart of the 
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secretory pathway and performs numerous functions including modification of secretory cargoes, 

their sorting and delivery to various destinations, which may be inside or outside the cell[4]. The 

Golgi apparatus has a characteristic structure comprising flattened membrane discs called 

cisternae that is conserved amongst nearly all eukaryotes[5]. In most cells, these cisternae are 

present in ordered stacks. Newly synthesized proteins arrive at the cis face of the stack, pass 

through medial cisternae, and then arrive at the trans face of the stack. During this time, 

glycoproteins are processed by an ordered sequence of resident Golgi enzymes. These enzymes 

show a polarized distribution in which early-acting enzymes are concentrated in cis cisternae 

while late-acting enzymes are concentrated in trans cisternae. Finally, the fully processed proteins 

are sorted into transport carriers at the trans-Golgi network (TGN).  

Mostly the basic structure of Golgi apparatus is conserved, the structural organization of 

stacking differs between species. For example, in plant cells, the cisternae are arranged together 

to form stacks whereas in mammalian cells these stacks are linked by tubules forming the Golgi 

ribbon structures. The cisternae in S.cerevisiae cells are dispersed throughout the cell and not 

stacked, whereas those in another budding yeast Pichia pastoris cells are stacked[6]. The Golgi 

cisternae in most eukaryotes are organized into stacks, but the mechanisms that generate this 

organization have not been clear. Golgi stacks can be converted to individual cisternae by 

protease treatment, suggesting that protein cross-bridges hold the cisternae together[7]. The Golgi 

apparatus undergoes disassembly and reassembly process during the cell cycle, which is regulated 

by phosphorylation of the GRASP proteins, suggesting GRASPs as a stacking factor[8]. 

Mammalian cells contain two GRASP proteins GRASP65 and GRASP55 localized to early and 

medial Golgi cisternae respectively[9]. Single knockout of any of the GRASPs results in a minor 

effect on Golgi morphology. However double depletion of GRASP55+GRASP65 disperses Golgi 
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ribbon structure in individual cisternae and tubule-vesicular structures[10]. During cell cycle 

when cells exit mitosis, GRASP proteins are dephosphorylated after Cdk1 inactivation, enabling 

GRASPs to oligomerize and Golgi stacks to reform. GRASPs are peripheral membrane proteins 

on the cytoplasmic face of the Golgi cisternae that form trans-oligomers through their N-terminal 

GRASP domain, and thereby function as adhesiveforce to stick adjacent cisternae together into a 

stack and to link Golgi stacks into a ribbon, suggesting oligomerization as a mechanism of 

cisternal stacking. These studies suggest GRASPs as a major cisternal stacking factor.  

Although GRASPs are associated with Golgi and pre-Golgi compartments in many 

organisms, cisternal stacking is unlikely to be the sole function of these proteins. Higher plants 

contain prominent Golgi stacks but no detectable GRASP homologs. Even in mammalian cells, 

GRASPs have been implicated in processes distinct from Golgi stacking. Morphological studies 

uncovered requirements for GRASP65, GM130, and GRASP55 in the lateral fusion of 

mammalian Golgi stacks into a Golgi ribbon. Moreover, GRASPs seem to have non-structural 

roles in secretion. GRASP65 and GRASP55 bind to the cytosolic tails of certain cargo proteins 

and facilitate their transport through the secretory pathway. GRASP homologs in Dictyostelium 

and Drosophila were shown to be important for unconventional secretory pathways that bypass 

the Golgi. These findings suggest that the activities of GRASPs have diversified during evolution, 

and they highlight the importance of defining the primary, conserved function of the GRASP 

family. 

If GRASPs are considered as major cisternal stacking factor, their structural role should 

be conserved. In budding yeast Pichia pastoris deletion of GRASP homologue, GRH1 has no 

effect on Golgi stacking and this situation can be extended to plant cells where no GRASP 

homologue is identified[11, 12].  These studies suggest that in case of yeast and plants; where no 
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of the GRASP homolog has been either identified or found to be necessary for Golgi stacking, the 

new adhesive interaction of existing Golgi proteins could potentially mediate cisternal stacking. 

It has been reported that efficient stacking occurs in the absence of GRASP65/55 when either 

Golgin is overexpressed. This result suggests Golgins as an alternative cisternal adhesion 

force[13, 14]. The Golgins are long coiled-coil domain proteins which are shown to be important 

for Golgi structure maintenance and vesicle tethering.  Knockdown of Golgin97, Golgin245, 

GCC185 shown to affect the Golgi structure, suggesting a role of Golgins in Golgi structure 

maintenance [15-17]. 

In our study, we are trying to identify the stacking factor using budding yeast Pichia 

pastoris. Pichia pastoris provides an excellent tool to study cisternal stacking where we can study 

the individual Golgi stack and adhesion between two individual Golgi cisternae. Therefore, the 

key question that remains to be answered is: What is the conserved stacking factor which holds 

these cisternae together in yeast, plant & other eukaryotic system. We have used combination of 

genome wide mutations analysis and directed mutations in yeast system as an approach. 

2. Rationale: 

 

Intracellular membrane trafficking is a coordinated process in the eukaryotic cell. Cargo 

carrying vesicles transport ER synthesized proteins and lipids to compartments where 

modifications occur, deliver them to their final destinations (Glick & Nakano, 2009). The 

Golgi apparatus plays a central role in the processing, sorting, and secretion of various cargo 

molecules destined for various intracellular and extracellular destinations. The Golgi 

apparatus basically consists of cisternae which are flat membrane sacs of discoid shape. The 

Golgi cisternae display variable shape in different species: from dispersed cisternae in 

S.cerevisiae to stacked cisternal structure in Pichia pastoris and to laterally connected ribbon 
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of cisternal stacks in metazoans, but the mechanisms that generate this organization have been 

not clear. Understanding the cisternal stacking mechanism may lend insight into the 

significance of cisternal stacking in cellular physiology. 

3. Aim and Objectives: 

3.1. Investigation of cisternal Stacking mechanism in Golgi apparatus  

3.1.1. To develop an assay system to monitor cisternal stacking 

3.1.2. To isolate and characterize temperature sensitive mutant of budding yeast showing     

cisternal unstacking phenotype and functional complementation  

3.1.3. Identification of stacking gene by Restriction enzyme mediated integration (REMI) 

3.1.4. Directed mutagenesis 

 

3.2.  Characterization of physiological significance of cisternal stacking   

3.2.1. To check the effect of cisternal unstacking on cell growth  

3.2.2. To check effect of cisternal unstacking on transport  

 

 

4. Materials and methods: 

4.1. Yeast strains and Plasmids 

 

Experiments with Pichia pastoris were carried out using the prototrophic wild-type strain 

PPY12 and its derivatives. General methods for growth and transformation of P. pastoris 

have been described previously [18].  Yeast cells were grown at 30°C at 200 rpm. Pichia 

pastoris transformation was performed using electroporation method (Ref). Gene 

sequences were obtained from NCBI database. 

We have used pUC19 backbone vectors (pUC19-His4, pUC19-Arg4, pUG6, pUC19-

Hygro, pIB1, pIB2, pIB4) for genomic integrant and expression studies.   
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4.2. Preparation of ultra-competent cells 

 

E.coli strain DH5α MCR was made ultra-competent for the transformation of ligated DNA 

or plasmid vectors. A single colony was inoculated in 250 ml SOB broth and incubated at 

18°C /250 rpm till O.D.600 reached ~0.4. The cells were harvested by pelleting down at 

4°C and re-suspended in80 ml of Transformation buffer (TB) followed by incubation on 

ice for 10 min and centrifugation. The cell pellet was re-suspended in 18.6 ml TB. 1.4 ml 

(7%) DMSO was added to the cells and mixed completely. 200μl aliquots of the cells were 

made in sterile microfuge tubes and snap frozen in liquid nitrogen followed by storage at - 

80°C. 

4.3. Genomic DNA isolation from yeast cells 

 

10ml yeast culture was grown overnight. The culture was spun for 5min, 3000 rpm. R.T. 

Supernatant was removed & pellet was resuspended in 0.5 ml MQ. Again cells were spun 

at room temperature and supernatant was removed carefully. The pellet was disrupted by 

vortexing briefly. Cells were re-suspended in 200 μl breaking buffer (2% Triton X-100, 

1% SDS, 100mM NaCl, 10mM Tris-Cl pH8, 1mM EDTA, pH 8). 0.3 g (200μl in vol.) 

glass beads and 200 μl phenol (cold)/chloroform was added. The mixture is vortexed at 

highest speed for 3min. 200 μl T.E buffer is added, vortexed briefly. Micro centrifuged for 

5 min, highest speed/R.T. The aqueous layer is transferred to fresh tube. 1 ml 100% 

ethanol (ice cold) is added, mixed by inversion. The vials centrifuged for 3 min at high 

speed at room temperature. Supernatant is removed and re-suspended pellet in 0.4 ml 1 

XT.E. Buffer. 3 μl of 1mg/ml DNase-free RNase A is added, mixed and incubated 5 min 

at 37°C. 10 μl of 4M Ammonium acetate and 1ml of 100% ethanol is added. The contents 

of vials were mixed by inversion, again incubated at -20°C & centrifuged 10-15 min, 
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room temperature. Supernatant is discarded and pellet is allowed to air dry. DNA is 

dissolved in 100 μl TE buffer and stored in -20°C. 

4.4. Pichia Pastoris transformation protocol 

 

Pick a single colony of your Pichia strain to grow in 10 ml YPD overnight at 30C in a 100 

ml sterile flask. Inoculate 50mL YPD in a 250 mL flask with 0.1-0.5 ml of the overnight 

culture. Grow overnight again to an O.D. of 1-1.5. Add 1ml of 1MDTT and 1M HEPES 

and keep it at 30 degree shaker for 15 mins. Centrifuge the cells at 3000rpm for 3 minutes 

at 4o C. Resuspend the pellet with 50 mL of ice cold, sterile water. Centrifuge the cells as 

in step 3, and then resuspend the pellets in 50 mL of ice-cold, sterile water. Centrifuge the 

cells again, then resuspend in 20 ml of ice-cold 1M sorbitol. Centrifuge the cells again, the 

resuspend the pellet inn 200 ul of ice-cold 1M sorbitol. Keep the cells on ice, mix 40 µL 

of the cells and add linearized DNA prepared and then transfer to an ice-cold 0.2 cm 

electroporation cuvette. Be sure to tap the cells down to the bottom of the cuvette. Pulse 

the cells Pichia (25 uF, 200 ohm, 2000 V).Immediately add 1 ml of ice-cold 1M sorbitol to 

the cuvette. Transfer the cuvette contents to a sterile 1ml tube. Centrifuge at 5000rpm for 

1 min. Remove 800ul of contents from tube and plate remaining on selection plates.  

4.5. Live cell imaging yeast mutants in laser confocal microscope 

 

Confocal imaging was performed with either a Leica SP5 or a Zeiss LSM 780 for 4D 

imaging, or a Zeiss LSM 510 META or LSM 710 for single time-point measurements, 

equipped with 100X or 63X 1.4 NA objectives. Cells grown to log phase at 25°C or 30°C 

in nonfluorescent or minimally fluorescent SD medium were immobilized on glass 

bottomed dishes (Cell E&G, Houston, TX, USA) using Concanavalin A (Sigma-Aldrich) 

as previously described [8], and were imaged at room temperature. Single- or dual-color 
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data sets were obtained using separate excitation and capture of red and green signals, 

with a pinhole of 1.0–1.2 AU and with line averaging of 4 to improve the signal-to-noise 

ratio. The pixel size was 70–90 nm. Optical sections were 0.25–0.40 mm apart, and, 15–

20 optical sections were collected to span an entire cell. Zstacks were collected at intervals 

of 2–4 seconds. To limit photo damage, laser illumination was minimized and confocal 

scans were carried out as quickly as possible. 

 

5. Results: 

5.1. To develop an Assay system to monitor cisternal stacking 

To monitor the cisternal stacking in yeast we have used Pichia pastoris as model system 

which has stacked Golgi. To study the cisternal stacking in live cell condition under high 

end microscopes, the first necessity was to develop proper early Golgi and late Golgi 

marker tagged with different fluorescent proteins. For this purpose Vig4 as early Golgi 

marker and Sec7 as late Golgi marker were selected. Different Fluorescent proteins were 

tagged with either of them to make the final construct. We have tagged early Golgi protein 

Vig4 with msGFP (msGFP-Vig4) and late Golgi protein Sec7 with 6xDsRed (Sec7-

6xDsRed), which shows green and red spots next to each other with overlapping yellow 

region.  

5.2. Golgin PpIMH1 Knockout affects cisternal stacking 

 

Golgin PpImh1 deletion results in an increase in intercisternal distance. This result 

suggested a slight alteration in the Golgi cisternal stacking, which was confirmed by 

electron microscopy of PpImh1 knockout cells. In PpImh1knockout cells, there was an 

increase in intercisternal distance between medial and trans-Golgi. Furthermore, the total 
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area cover by the entire Golgi stack and intercisternal angle were perturbed. These 

experiments define that Imh1 depletion affects cisternal stacking between medial and 

Trans Golgi. 

5.3. Coiled-coil domain of PpIMH1 is essential for cisternal stacking function PpIMH1 

To PpImh1 is Golgin, Golgi resident proteins containing the N-terminal head domain, 

Golgi localizing C-terminal GRIP domain and long central coiled-coil domains. As a 

starting point of analysis, we tested whether full-length PpImh1 can rescue the unstacking 

phenotype or not. The additional deletion constructs PpImh1(150-1100)∆ was generated 

for the individual domain. Full-length PpImh1 was fully competent to rescue the 

unstacking phenotype. But PpImh1 (150-1100) ∆ was not able to rescue the unstacking 

phenotype. PpImh1 (150-1100) residues show high predictability to form the coiled coil. 

To further refine precise determinants needed for cisternal Stacking, deletion of coiled-coil 

domain 150–1100 within the context of the full-length protein yielded a construct that was 

showing the cisternal unstacking phenotype. These results suggest that PpImh1 (150-

1100) domains, which has shown high probability to form coiled-coil domain are crucial 

for cisternal stacking. 

5.4. Overexpression of GRIP domain results in cisternal unstacking phenotype 

The GRIP domain of TGN Golgin acts as Golgi localizing signal. Expression of GRIP 

domain tagged with GFP in cells shown that it localizes to the TGN. Furthermore, it can 

act as a dominant negative mutant by competing with endogenous GRIP domain-

containing proteins for binding to Arl1. To test whether overexpression of coiled-coil 

domain and GRIP domain in Pichia pastoris cells, we expressed GRIP domain and 

PpCCdomain under the methanol inducible AOX1 promoter. Overexpression of coiled-
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coil does not show any effect on cisternal stacking, but GRIP domain overexpression 

resulted in cisternal unstacking phenotype.  

5.5. Arl1 and Arl3 knockout display cisternal unstacking phenotype 

Deletion of both the PpArl3 and PpArl1 in Pichia pastoris cells results in cisternal 

unstacking phenotype. These results lead us to propose a model in which the nucleotide 

cycle of Arl3p regulates Golgi localization of Arl1p, which, when activated by nucleotide 

exchange, recruits Imh1p to the Golgi via its GRIP domain.  

5.6. Golgi Localization of PpImh1 

The hallmarks of GRIP domain Golgins is to their localization to TGN. To test what is the 

exact localization of PpImh1, we tagged the PpImh1 with GFP & check its localization 

with respect to early and late Golgi.GFP-PpImh1 was showing overlapped with both cis 

Golgi and trans-Golgi marker. Upon measuring the percent of the green spot on the red 

spot, we confirmed that it’s co-localizing with both cis and trans-Golgi.  These results 

suggest us that Imh1 could be localized to the medial compartment as it mediates the 

stacking between medial & trans-Golgi. 

5.7. Sequence alignment and characterization of GRIP domain of PpImh1 

With sequence alignment studies of Pichia pastoris using PSI-BLAST, we identified the 

single GRIP domain containing protein in Pichia pastoris, PpImh1. To examine the 

whether or not PpImh1 GRIP domain is capable of localizing to the Golgi, we tagged the 

GRIP domain with mGFP and expressed it in Pichia pastoris cells. We found that PpImh1 

forms a punctate pattern which mostly corresponds to the Golgi. 
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5.8. Expression, Purification and Analysis of purified His6-tagged PpImh1  

To understand the structural properties of PpImh1, we overexpressed His-tagged PpImh1 

in Rosetta2DE3 cells and purified it using Nickel affinity chromatography and gel 

filtration. We confirmed the purified protein using mass spectrometry analysis and western 

blot against His-tagged PpImh1. CD spectroscopy suggests that imh1 contains 85% α-

helical structure. To further understand the nature of the alpha-helical structure, coils 

analysis showed the probability of coiled-coil formation. This prediction asserts that 

PpImh1 has a domain that comprises a coiled-coil structure. 

5.9. Yeast Two-Hybrid analysis and DLS analysis indicates PpImh1 forms parallel 

homodimer  

 

To determine whether PpImh1 forms oligomer or not, we performed yeast two-hybrid 

assay. A strong interaction was observed between the full-length PpImh1 constructs, 

PpImh1-pGAD and PpImh1-pGBDU, confirming that PpImh1 forms oligomer. We further 

confirm it by Native-PAGE and DLS. 

5.10. EM data suggests that PpImh1 forms parallel homodimer with splayed N terminus 

 

To further elucidate the nature of the dimer, we visualized purified PpImh1 under 

transmission electron microscope. We observed that the PpImh1 particles exhibit two 

profiles, either a ‘Y’ shaped or a clustered form. Majority of individual PpImh1 particles 

seemed to form a ‘Y’ shaped structure which appeared at a significant frequency of 24 %. 

The clustered or network-like profiles may represent assemblies of the ‘Y’ shaped forms 

of PpImh1 or other differently folded forms of PpImh1. 

5.11. Imh1 knockout affects the cell growth and endosome to TGN transport  

 
 We first want to check whether deletion of Imh1 has any effect on the growth of wild 
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type Pichia pastoris cells, we checked the growth of IMH1 knockout cell and Wild type 

cells. Growth curve analysis suggest us that imh1 knockout delay the growth of Pichia 

pastoris cell. Mammalian homologue of Imh1 regulates the endosome to TGN 

transport. Therefore we wanted to check whether Pichia pastoris Imh1 perform 

similar function or not. The status of cargo protein which shuttle between endosome 

to TGN was validated in Ppimh1∆ strain .To test this we tag one of the cargo proteins 

Tlg1 with GFP and check its localization status in imh1 deletion cells and in wild type 

Pichia cells. We observed that in case of wild type cargo protein was localized to Trans 

Golgi, protein Sec7 but upon Imh1 del Tlg1-GFP was not localized to the Golgi. It 

shows that imh1 regulates the transport between TGN and endosomes. A short well-

conserved region at the N-terminus of TGN Golgin has been shown to be necessary and 

sufficient to nucleate the capture of endosome-to-Golgi carriers (Wong et al., 2017). To 

validate whether similar region of PpImh1 is functionally conserved or not, we deleted 

the N terminal 100Amino acids residues of endogenous PpImh1. We observed that in 

such strain fails Tlg1 fails to localize in Golgi, suggesting that endosome to Golgi 

vesicle capturing function is compromised. These results further confirm that the 

deletion of only 1-100 amino acids residues of endogenous PpImh1 is sufficient to 

abolish vesicle capture function of PpImh1. 

6. Summary and significance of the study: 

 

a. Imh1 deletion strains display cisternal unstacking between medial and trans Golgi 

b. Coiled coil domain of Imh1 is essential for cisternal stacking  

c. Arl1 and Arl3 deletion strains results in cisternal unstacking phenotype 

d. PpImh1 co-localize with both early and late Golgi marker. 

e. Imh1 knockout strain affects transport between endosome and TGN 
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f. GRIP domain of PpImh1 is important for Golgi localization 

g. PpImh1 comprised of high degree of alpha helical coiled coil domain 

h. PpImh1 form parallel homodimer and has splayed N terminus. 

In conclusion, our study mostly supports our hypothesis that the long coiled-coil domain 

could potentially mediate dimerization of Golgin molecules residing on two different Golgi 

Cisterna and multiple such dimerized Golgin pairs can bring two Golgi cisternae together 

to form a stack. PpImh1coiled-coil domain form parallel homodimer. Our data suggest that 

PpImh1 mediates the cisternal stacking of TGN and medial Golgi. We also have shown 

that PpImh1 has two distinct functions, cisternal stacking and vesicle capturing function. It 

appears that its cisternal stacking function is independent of the vesicle capturing function 

since deletion of vesicle capture domain (Imh1 (1-100) has no effect on cisternal stacking. 

But the deletion of the coiled-coil domain which is essential for cisternal stacking affect 

vesicle capture functions. That further suggests that stacking is indispensable for vesicle 

capture.  
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1.1 Background of thesis 

The fundamental features of a cell such as a number, polarity, size, shape, and dynamics of 

intracellular organelles are precisely controlled by a complex mechanism [1]. However, the 

mechanism that controls the sizes & shapes of the organelles are poorly understood. These 

mechanisms are possibly different for different organelles. 

Intracellular membrane trafficking is a coordinated process in the eukaryotic cell. Cargo carrying 

vesicles transport ER synthesized proteins and lipids to compartments where modifications occur, 

deliver them to their final destinations [2]. The Golgi apparatus plays a central role in the 

processing, sorting, and secretion of various cargo molecules destined for various intracellular and 

extracellular destinations [3]. Our focus is to study the mechanisms that control the shape, and 

morphology of the Golgi apparatus. 

One of the fundamental unanswered question regarding the exotic nature of Golgi shape is: how 

the Golgi cisterna are held together? The Golgi apparatus basically consists of cisternae which are 

flat membrane sacs of discoid shape. This cisterna primarily forms a stack in most of the species 

from budding yeast Pichia pastoris to metazoans with few exceptions as in S.cerevisiae where the 

Golgi apparatus display dispersed cisternae. However, the mechanism the regulate the stacked 

cisternal structure in Pichia pastoris or fine-tune the laterally connected ribbon of cisternal stacks 

in metazoans is still poorly understood [4]. 
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Figure 1.1 Golgi organization varies among different cells and species [5]. 

In S. cerevisiae, individual Golgi cisternae present throughout the cytoplasm. Pichia. pastoris, cisternae are 

aligned in parallel to generate the Golgi stack. In case of mammalian cells, more than few  Golgi cisternal 

stacks are connected together to form a Golgi ribbon-shaped structure. 

Moreover, alterations in the shape of the Golgi apparatus are observed during different 

physiological conditions as well as in many diseases. Golgi fragmentation has been observed in 

neurological disorders like Alzheimer’s and specific tumor types [6-8]. Almost nothing is known 

about the significance of such alterations 

Although few groups have shown the involvement of certain factors which maintain the specific 

shape and size of the Golgi apparatus, the complete regulation mechanism is still not clear. Despite 

years of research it remains poorly understood how Golgi shape, and organization is regulated.   

Our aim is to understand what are the factors which mediate cisternal stacking of the Golgi 

apparatus.  

1.2 Hypothesis  

The Golgi apparatus attribute typical structure that is conserved in almost all eukaryotes consists of 

flattened membrane discs called cisternae that are layered on top of each other to generate the 

Golgi stack. Smaller eukaryotic organisms contain one or more isolated Golgi stacks per cell, 

while invertebrates the stacks are connected to form the Golgi ribbon [4]. Despite such long 

research and understanding with the Golgi apparatus, there remain many questions regarding how 

this organelle is organized and how it carries out its diverse functions. It suggests the existence of 

an active mechanism that controls the cisternal stacking of Golgi apparatus. If indeed such a 

mechanism exists, what are the factors which maintain the specific organization of Golgi 

apparatus? And what is the physiological significance of cisternal stacking?  Our hypothesis is that 

we will use budding yeast Pichia pastoris as a model system which contains 2-3 stacked Golgi 
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units per cell. With the use of different methods, we will try to identify the factor which plays role 

in Golgi cisternal stacking.  

1.3 Objectives  

I. Investigation of cisternal stacking mechanism in Golgi apparatus 

II. Characterization of physiological significance of cisternal stacking 

Detailed objectives  

I. Investigation of cisternal stacking mechanism in Golgi apparatus 

A. To develop an assay system to monitor cisternal stacking 

B. Identification of cisternal stacking factor  

II. Characterization of the physiological significance of cisternal stacking 

A. To check the effect of cisternal unstacking on transport 

B. To check the effect of cisternal unstacking on cell growth 

1.4 Work done 

The results and discussion of the work carried out under above-mentioned objectives are presented 

as two chapters with the following headings: 

Chapter 5- Identification and characterization of GRIP domain Golgin PpImh1 of Pichia pastoris 

Chapter 6- Golgin PpImh1 mediate cisternal stacking of Golgi apparatus in budding yeast Pichia 

pastoris 
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2.1: Organelles 

An organelle is one of the several structures with specialized functions and shape bounded by a 

membrane and suspended in the cytoplasm of a eukaryotic cell. Eukaryotes have the most 

structurally complex cell type and consist of many smaller interior compartments, most of which is 

also enclosed by lipid membranes that resemble the outermost cell membrane. The examples of 

organelles are Nucleus, Mitochondria, Golgi apparatus, Lysosome, Endoplasmic reticulum, 

chloroplast etc. [1]. 

Organelles always optimize their structures to their functions. Different biochemical and 

regulatory functions are performed among different organelles, for example, the elongation steps 

of fatty acid biosynthesis occur inside the Endoplasmic reticulum (ER) but fatty acid beta-

oxidation occurs within mitochondria. The size, shape, and number also vary for different 

organelle; the nucleus is mostly spherical, while ER is the reticulated network. Size, shape, and 

numbers of different organelles are well maintained and their alterations are often associated with 

different pathophysiological conditions. For example, the enlarged vacuole in fab1 mutants of 

budding yeast leads to improper karyogamy and fitness defects. Mitotic spindle length defects can 

result in faulty chromosome separation. Cilia and flagella that are too long or short result in 

defective motility [1, 9]. 

2.2: Biological importance of organelle size and shape control mechanism 

Organelles are reaction vessels of the cell where different biological reactions take place. For an 

effective manufacturing process, the size and shape of the reaction vessel are equally important as 

reactants and products. Likewise, organelle size inside the cell would influence the rates of 

biochemical reactions [9]. It can be speculated that metabolism is also influenced by size of 
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organelles, as in certain cells size of organelles are increased compared to other cell types like in 

case of secretory cells, the requisite for a high rate of flux of secreted proteins is met by  

overproliferation of ER and Golgi apparatus, enlarged lipid droplets in adipose cells, and also 

increase the number of mitochondria as a function of respiratory state [10] .  

 

Figure 2.1 Concept of Organelle Directed Medicine [9] 

 

If we hypothesize that organelle size and shape influence metabolism and cellular signaling, then 

change of organelle size and shape can scale back the altered organelle and can be used as a novel 

strategy for reprogramming metabolism and signaling pathway as a direct application in medicine 

[10]. The concept of organelle directed medicine can be extrapolated to shape of the organelle as 

well probably. 
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2.3: The secretory pathway 

George Palade initiated the documentation of the ultra-structural perspective to understand how 

cargo proteins are secreted and membranes are assembled in the eukaryotic cells by using 

transmission electron microscopy that preserves membranes for ultrastructural analysis. George 

Palade used the technique of pulse-chase autoradiographic tracing of newly synthesized zymogen 

proteins. He observed the labeled proteins moving progressively from the endoplasmic reticulum 

(ER) through the Golgi complex and storage granules to the cell surface [11]. In every cell, the 

proteins, once synthesized on the ribosomes on rough ER, enter into the Golgi apparatus for post-

translational modifications steps before they can be sorted to their final destination and become 

functionally active. To achieve this goal, cells use the secretory pathway, which involves the 

transport of newly synthesized proteins through a series of cellular compartments and subsequent 

sorting of them via different type of transport vesicles to their destination. Once synthesized, these 

proteins enter the lumen of ER. Proteins that enter the secretory pathway have an N-terminus ER 

signal sequence. This sequence guides the proteins being synthesized to the rough ER. Newly 

synthesized proteins in the ER are incorporated into small transport vesicles emerging from 

specialized sub-domains of ER called ER exit sites (ERES). The vesicles that carry newly 

synthesized proteins from the ER to the Golgi apparatus are COPII coated vesicles. Transport 

between ER & Golgi apparatus is bidirectional. Transport from ER to Golgi is called anterograde 

transport & the traffic from Golgi to ER is called retrograde transport. An important complex 

involved in the retrograde transport is the COPI coated vesicles. From the cis-Golgi, certain 

proteins, mainly ER-localized proteins, are retrieved to the ER via COPI vesicles. COPI vesicles 

are also important in intra-Golgi transport in a retrograde direction. 
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Figure 2.2 The secretory pathway 

The schematic diagram explaining secretory pathway inside a cell. (Adopted from Molecular cell biology 

by Lodish H, BerkA,Zipursky SL, et al.) 

Transport between ER & Golgi apparatus is bidirectional. Transport from ER to Golgi is called 

anterograde transport & the traffic from Golgi to ER is called retrograde transport. An important 

complex involved in the retrograde transport is the COPI coated vesicles. From the cis-Golgi, 

certain proteins, mainly ER-localized proteins, are retrieved to the ER via COPI vesicles. COPI 

vesicles are also important in intra-Golgi transport in a retrograde direction. A cargo protein once 
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arrives at cis cisterna travels towards the trans face of Golgi apparatus through various post-

translational modification steps. At the trans-Golgi network, they are sorted & packaged into a 

different type of transport vesicles depending on destination. The cargo proteins are then delivered 

to their respective location within the cell or plasma membrane or are secreted outside the cell. In 

all cell types, at least some of the secretory proteins are secreted continuously. Examples of such 

constitutive (or continuous) secretion include collagen secretion by fibroblasts and secretion of 

serum proteins by hepatocytes [11, 12]. 

2.4: The Golgi apparatus 

In 1898 Camillo Golgi was the first to visualize, describe, and ultimately name the Golgi complex. 

Using a histochemical impregnation method, involving the reduction and deposition of silver, he 

defined the Golgi in neuronal cells as a reticular apparatus stained by the “black reaction” (Golgi 

1898)[13]. In the many years of ultrastructural research that have followed, the visualization of the 

Golgi has gone hand-in-hand with the developing EM techniques [14]. The function of this 

organelle as important organelle for glycosylation & protein secretion was uncovered by Neutra 

and Leblond and Palade, Jamieson, and coworkers in 1966, 1967. Compartmentalization of Golgi 

resident enzymes was reported by Novikoff and Goldfischer in 1961 from classic histochemistry 

data. Erik Fries & Rothman reconstituted the vesicle transport in cell-free extracts of tissue culture 

cells for the first time in 1980. Reconstitution in vitro of ER-to-Golgi transport was done by 

Becker and Balch in 1987. Dunphy& Rothman discovered that glycosylation pathway is 

compartmentalized within the Golgi stack in the cis to trans direction in1983. Purification of 

cytosolic components required for the cell-free transport reaction yielded NSF, soluble NSF 

attachment proteins (SNAPs), Soluble NSF Attachment Protein receptor (SNAREs) by Rothman 

and colleagues. These experiments also resulted in discovering COPI vesicles 1986 by Orci and 
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Glick. Orci established that COPI vesicles carry the VSV-G protein between Golgi stacks. The 

process of retrograde transport from Golgi to ER was discovered by Munro and Pelham in 1987. 

Pierre Cosson and Francois Letourneur discovered that retrograde traffic is carried by COPI 

vesicles. This lead to confusion about the exact function of COPI vesicles. ER-Golgi intermediate 

compartment (ERGIC) was isolated by Schweizer et al in 1988. COPII coat was discovered in 

1994 by Barlow et al. Lippincott-Schwartz & colleagues for the first time in 1990, made use of 

BrefeldinA, a fungal metabolite to study ER to Golgi transport& revealed that Golgi resident 

glycosyltransferases are not statically localized to Golgi. In 2006 direct pieces of evidence to 

support cisternal maturation came from two groups simultaneously [15, 16]. Even after these 

reports, many modifications of vesicular transport & cisternal maturation models are being 

proposed till now. Despite these many observations, a generalized acceptance of any particular 

model for Golgi biogenesis is still lacking; however, a majority of the researchers presently accept 

the cisternal maturation model [15, 16]. 

2.5: Transport through the Golgi apparatus 

The Golgi cisternae contain enzymes that process sequentially protein and lipid glycosylation. 

There are a different model by which cargo transport to the Golgi stack, the well-accepted model is 

cisternal maturation. In cisternal maturation model, cargo is retained inside the Golgi cisternae that 

gradually mature to newer cisternae in a cis to trans direction [15, 16].  
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Figure 2.3 Model of Golgi transports [17] 

 

Cisternae mature by the continual recycling of Golgi enzymes in retrograde vesicles that bud from 

the rims of ‘later 'cisternae and fuse with adjacent ‘earlier’ cisternae. Another model for transport 

is by tubular connectivity between different cisternae in the Golgi stack. Even though the support 

for these transport mechanisms are not yet clear, it is possible that certain cargo transported by this 

mechanism. Regardless of how cargo passage through the Golgi stack, it is clear that active 

mechanisms exist to maintain the cisternal identity [18]. 

 

 

 



32 
 

2.6: Cisternal stacking 

The Golgi apparatus plays a central role in the processing, sorting, and secretion of various cargo 

molecules destined for various intracellular and extracellular destinations The Golgi display 

variable shape in different species: from dispersed cisternae in S. cerevisiae to stacked cisternal 

structure in Pichia pastoris and to laterally connected ribbon of cisternal stacks in metazoans. But 

the mechanisms that regulate such exotic organizations have not been clear [4].  

Earlier reports showed the presence of proteinaceous bridge holding Golgi cisternae together [19]. 

Candidates bridging proteins are the GRASPs (Golgi Reassembly and Stacking Proteins) 

GRASP65 and 55, that localize to cis and medial Golgi cisternae respectively [20]. In lower 

eukaryotic cells like budding yeast possess single GRASP protein [21].  It was established that 

both GRASP65 and 55 mediate cisternal stacking by in vitro assay for post-mitotic assembly of rat 

liver Golgi stacks, suggesting a role as Golgi stacking factors [20, 22, 23]. Single knockout of 

GRASP65 has partial loss of stacking. Double knockout of GRASP65 and 55 seems to have a 

minor effect on Golgi stacking, but it affects Golgi ribbon formation suggesting that GRASPs 

laterally link adjacent cisternae in the Golgi ribbon [24, 25]. A recent study using high-resolution 

quantitative electron microscopy has tried to resolve this discrepancy. Knockdown of any of 

GRASP alone results in a slight but consistent reduction in the number of cisternae within a stack, 

while double knockdown of both GRASPs completely disrupts stack formation, resulting in 

vesiculation of Golgi cisternae. These experimental results robustly hold up that GRASPs have 

essential roles in Golgi cisternal stacking. 
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2.7: Role of GRASPs in Golgi cisternal stacking 

GRASP55 & GRASP65 were identified by in vitro cisternal stacking during the cell cycle. 

GRASPs are 400 amino acid long protein containing N terminal and C terminal domain [20, 22]. 

The N terminal domain is comprised of PDZs domain which has the ability of oligomerization.  

This PDZ domain is conserved in most of the species [26, 27]. GRASPs are localized to Golgi 

membrane via myristoylation of a glycine at position 2[28, 29]. The Golgin 45 is thought to be the 

receptor for GRASP55 [30], whereas the GM130 recruits GRASP65 [31, 32]. The GM130 C-

terminus contains a characteristic PDZ-ligand that interacts with the binding pocket of PDZ2 in 

GRASP65[28]. Knockout of either GRASP55 or 65 has a minor effect on Golgi stacking but 

double knockout of GRASPs disperse the Golgi ribbon structure in single Golgi cisternae, 

suggesting GRASPs as major stacking factor[24].  GRASPs protein mediate cisternal stacking by 

mode of trans oligomerization of PDZ domain [33, 34].GRASPs has been also involved in other 

function then cisternal stacking, in Dictyostelium and yeast they are involved in the 

unconventional secretory pathway for transport of AcbA upon starvation condition [35-37].  It has 

been shown that using yeast genetics, the pathway has been dissected and involves the formation 

of starvation-dependent specialized autophagosomes called CUPS (compartment for 

unconventional protein secretion) near ER exit sites (ERES). CUPS are enriched in 

autophagosomal markers and they require both autophagy and ESCRT machinery for their 

formation [38]. Grh1 is also required for CUPS formation where it is enriched and where it could 

act to tether these structures to the plasma membrane [36]. Indeed, unlike classical 

autophagosomes, which fuse with endosomes/lysosomes, CUPS are thought to fuse with the 

plasma membrane [39]. Mammalian GRASPs appear to have a role to play in N-linked 

glycosylation, not only at the Golgi but also at the initial steps of the process in the ER. Through a 
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thorough analysis of the N-glycans by mass spectrometry, depletion of GRASP55 (but not 

GRASP65) was shown to result in an extensive decrease in N-linked glycans borne by 

glycoproteins [40].GRASPs also involved in sorting of integrins from the ER in follicle cells 

covering the oocyte in Drosophila ovaries [41]. 

2.8: Effect of Golgi fragmentation on Protein trafficking, Protein and lipid glycosylation, and 

cargo sorting  

The Golgi in S. cerevisiae does not form a cisternal stack; that suggest cisternal stacking is not 

essential for cell survival. But in higher eukaryotes, Golgi cisternae are arranged in a stack and 

also form a Golgi ribbon. In spite of very early observation of such exotic morphology of Golgi, 

the biological reason for such cisternal stacking remains poorly understood. 

Double knockout of GRASPs (55+65) results into the disorganization of the Golgi cisternal 

stack but does not have any effect on cell death, confirming that it’s not essential for cell survival 

[24, 40]. Disruption of cisternal stacking results in an increase trafficking of the integrins, VSVG, 

and cathepsin D. Golgi fragmentation increases the speed and effectiveness of COPI vesicle 

formation in vitro [70]. Golgi cisternal unstacking results in missorting of the cathepsin D 

precursor to the extracellular space, suggesting that cisternal stacking make sure that cargo sorting 

occurs when cargo reaches TGN [40]. 

Double depletion of GRASPs decreases glycoprotein glycosylation and glycan complexity but 

there was no effect on expression and localization of Golgi enzymes. It also results in decreases N-

linked oligosaccharides on the cell surface, with a reduction in both high-mannose and complex-

type glycans. GRASP depletion also affectsglobal N-linked glycoprotein glycosylation. These 

reports suggest that possibly the formation of Golgi stack is important to ensure a proper flux for 

protein trafficking and accurate glycosylation [24, 40]. 
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2.9: Yeast Golgi apparatus 

The yeast Golgi apparatus came into limelight by the very first discovery of identification of 23 

complementation groups important for a secretory pathway in S.cerevisiae [71]. Like all other 

eukaryotes, yeast Golgi can be divided into functionallydifferent cis, medial & trans cisternae 

which carry out different steps of posttranslational modification.  

 

Figure 2.4 Yeast Golgi apparatus 

Early acting enzymes like α-1,6-mannosyltransferases (Och1, Mnn9) localize to cis cisternae. 

Also, Golgi-ER retrieval enzymes like Erd2, Rer1 localize to early cisternae. Later acting enzymes 

such as -1,2-mannosyltransferases (Mnn2) and α-1,3-mannosyltransferases (Mnn1) define 

medial& trans cisternae. Many yeast species like Pichia pastoris [72, 73], Schizosaccharomyces 

pombe show stacked Golgi cisternae like higher eukaryotes. But S. cerevisiae shows a unique 

Golgi structure in which the Golgi cisternae are unstacked & they are seen floating throughout the 

cytoplasm [74].  
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2.10: Golgins  

Golgins are Golgi localized long coiled-coil domain protein. Golgins proteins form coiled-coil 

structure and their C terminal domain mediates Golgi localization. These proteins are well 

conserved throughout the evolution [75]. The term “Golgins” as defined by being a protein that is 

found on the Golgi and predicted to form a homodimeric parallel coiled-coil over most of its 

length. Golgins were initially identified as Golgi localized antigens recognized by antibody from 

patients suffering from the autoimmune disease [76]. Golgin coiled-coil proteins are found on the 

cis-face of the Golgi, around the rims of the stack and on the trans-face of the Golgi.GM130, p115, 

and GMAP-210 localize to the cis-Golgi, the GRIP domain Golgins (golgin-97, golgin-245) 

localize to trans-Golgi, and TMF, CASP, golgin-84, and giantin are present on Golgi rims [77]. C-

terminal domains of most Golgins interact with activated small Rab GTPases, allowing recruitment 

to specific regions of the Golgi [78, 79]. They are predicted to form parallel homodimeric coiled-

coils over most of their length, and this elongated ‘rod-like’ structure would allow them to extend 

up to 300 nm away from the surface of the Golgi, thus making them ideal candidates to mediate 

the contact with incoming vesicles [80, 81]. 
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Table 2.1The canonical Human Golgins and orthologues[75] 

Single knockdown of Golgin affects Golgi structure suggesting their role in Golgi structure 

maintenance [82-84]. Recently electron microscopy study suggests that in double depleted 

GRASPs cells expression of Golgin rescue the Golgi ribbon formation, suggesting a role of 

Golgins as a stacking factor in the organism which does not have GRAPs homolog [85].  

 

2.11: Vig4-GDP-mannose transporter 

Vig4 is a Golgi membrane protein containing multiple transmembrane domains. Vig4 of Pichia 

pastoris is a homolog of Vrg4 of S. cerevisiae. The function of this protein is to transport GDP-

mannose inside the Golgi lumen. The mutations in Vrg4 cause defects in N-linked, O-linked 

glycosylation of proteins &mannosylation of sphingolipids[86].Vrg4 also perform other functions 

like to retrieve ER-localized BiP from Golgi & maintaining normal membrane morphology [87]. 

Vig4 localizes to the early Golgi membrane with help of several transmembrane domains. Vrg4 is 
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present as an oligomer. C terminal domain of Vrg4 is required for its assembly into oligomers. The 

Vrg4 lacking N-terminal domain is stable and multimerize but is mislocalized to ER. This 

suggested that the N-terminal domain is important for correct localization of the protein to Golgi 

membranes. Golgi mannosyltransferases are type II membrane proteins having a short cytosolic N-

terminal domain followed by a transmembrane domain to anchor the enzymes to the Golgi 

membrane [88]. The transmembrane domain is followed by a non-conserved stem and a more 

conserved C-terminal globular catalytic domain. To label Vig4 with fluorescent protein like GFP, 

GFP is often attached to N terminus of Vig4 so as to achieve proper folding of GFP which is much 

better in cytosol than in Golgi lumen [15, 89, 90]. 

2.12: Sec7- SECretory protein  

Sec7 is Guanine nucleotide exchange factor (GEF) for ADP ribosylation factors (Arfs). It is a very 

large size protein of 226 kDa. Sec7 was identified through a mutation that causes a defect in 

secretion or protein transport [71]. Sec7 is essential for proliferation of Golgi and vegetative 

growth of cells. The catalytic activity of Sec7 resides in 200 amino acid residues domain called the 

Sec7 domain [91]. The sec7 domain contains “glutamic finger “which is important for its activity 

[92]. This domain is conserved throughout the evolution.  Sec7 is sensitive to Brefeldin A 

treatment. Sec7 localizes to Golgi membranes via its HDS1 domain by interaction with activated 

Arf1, forming a positive feedback loop & stabilizing its localization. Also, the autoinhibition 

caused by Sec7 C-terminus is relieved after its stable recruitment to the membrane [93]. Arf1, 

Arl1, Ypt1 affect the membrane localization of Sec7 & ypt31/32 can stimulate the GEF activity of 

Sec7 [94]. Sec7 localizes to late Golgi cisternae [95]. Sec7 is peripheral membrane protein 

abundantly present on the late Golgi membrane. Sec7 was used as a marker to label late Golgi in 

many studies. Late Golgi cisternae can be labeled with Sec7-GFP or Sec7-mcherry [15, 73, 96]. 
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2.13: Imh1- Integrin’s and Myosin’s significant Homology 

(Shares with Integrin’s and Myosin’s significant Homology) [97].  Imh1 is Yeast homolog of 

GRIP domain Golgins. Golgins are Golgi localized proteins which function in Golgi structure 

maintenance and vesicle tethering. Imh1 was first identified as a suppressor of YPT6 null mutant.  

It was able to rescue the temperature-sensitive growth phenotype and missorting of 

carboxypeptidase [97]. Imh1 contains High alpha helical repeats. Imh1 contains C terminal Golgi 

localizing GRIP domain [98].  GRIP domains contain conserved tyrosine residue. Mutation of 

conserved tyrosine to alanine abolishes localization of GRIP domain Golgin from Golgi [99]. 

GRIP domain Golgins are recruited to the Golgi via ARF-like GTPases Arl1 and Arl3. Cells 

lacking either of two, Arl1p and Arl3p GRIP domain does not localize to the Golgi.  In vitro 

binding experiments demonstrated that activated Arl1p-GTP binds specifically and directly to the 

Imh1p GRIP domain. Arl1p Colocalizes with Imh1p-GRIP at the Golgi and Golgi localization of 

Arl1p was regulated by the GTPase cycle of Arl3p. These results suggest a cascade in which the 

GTPase cycle of Arl3p regulates Golgi localization of Arl1p, which in turn binds to the GRIP 

domain of Imh1p and recruits it to the Golgi [100]. The imh1 central region contains High alpha 

helical repeats which form a coiled-coil domain. 

 

2.14: ARL – (ADP-Ribosylation factor-Like)  

Arl1 and Arl3 are Ras family small GTPases [101]. Arl1 is localized to the TGN. In budding yeast, 

arl1 and arl3 null mutants are viable and have minor defects in protein sorting in the TGN [33, 34, 

35, 36]. The plasma membrane of yeast arl1 null mutant cells is hyperpolarized, leading to defects 

in ion homeostasis, suggesting that Arl1 regulates the localization or activities of ion transporters 

[37, 38, 39]. 
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GRIP domain binds to Arl1–GTP and GRIP domains proteins shown to be both necessary and 

sufficient for their localization to the Golgi[100]. GRIP domain Golgins regulates endosome-to-

Golgi transport via tethering of endosome-derived vesicles to the TGN [84]. Arl3 and Arl1 

sequentially work in cascade and Arl3 activate Arl1 which recruits Imh1 to the Golgi [100, 102]. 

2.15: GRIP domain 

GRIP domain is a conserved protein domain. The GRIP (golgin-97, RanBP2alpha, Imh1p,and 

p230/golgin-245) domain is found in different Golgi localized Golgin proteins. GRIP domain is C 

terminal region present on the majority of Golgin molecule which mediates targeting of the 

proteins to the Golgi [99].  

2.16: Coy1 (CASP of Yeast): 

COY1 encodes a protein that is the homolog of mammalian CASP in S. cerevisiae. It also belongs 

to the conserved family of coiled-coil proteins. COY1 deletion in S.cerevisiae does not affect the 

viability of cells, but strikingly restores normal growth of those cells that lack the Golgi soluble 

NSF attachment protein receptor Gos1p. Besides the extensive coiled-coil region in the cytosolic N 

terminus, Coy1 has got a C Terminal Transmembrane Domain (TMD). There are conserved 

Histidine and Tyrosine residues in the middle of TMD. The conserved histidine is necessary for 

Coy1p’s activity in cells lacking Gos1p while the conserved Tyrosine is necessary for the Golgi 

targeting of the particular protein [103].  Coy1 plays an indirect role in the retrograde transport 

between the early Golgi compartments. It regulates the COG-complex dependent fusion of COPI 

vesicles in the retrograde pathway [104]. 

2.17: Sgm1 (Slow growth on Galactose and Mannose): 

Sgm1 was first identified in yeast as a protein with extensive coiled-coil motifs that interacts to the 

GTP bound form of Rab-6 like GTPase Ypt6 [105]. Sgm1 has got a similar overall structure across 
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different species. This structure consists of a large coiled-coil region, flanked by short non-coil 

domains, with a separate short coiled-coil region at the C terminus. The human protein with the 

strongest similarity to this structure is TMF, TATA element modulatory factor [106]. Sgm1 is 

known to be recruited to the Golgi membranes by Ypt6. The C terminal coiled-coil domain of 

Sgm1 has got the site for interaction with Ypt6 and is necessary for the localization of the protein 

to the Golgi membrane [106]. 

2.18: Rud3 (Relieves Uso1-1 transport Defect) 

The coiled-coil protein Rud3p has been found to be on the cis-Golgi. Rud3p was identified as a 

suppressor of temperature-sensitive mutations in Uso1p (the yeast homolog of the p115) and 

Sec34p (a subunit of the COG complex)[107]. Deletion of Rud3p results in defects in the Golgi 

processing of N-linked glycans. Rud3 localizes to early Golgi. Rud3 is a mammalian homolog of 

GMAP-210. C terminal domain of Rud3 GRAB domain is important for Golgi targeting. This 

recruitment is mediated by the combined action of the GTP-binding protein Arf1p and the 

membrane protein Erv14p [108]. 
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   3. Materials and Methods 
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3.1: Molecular biology methods 

Host strain: E. coli DH5α 

Luria-Bertani (LB) (HI Media) medium: Luria Broth powder (20g) was dissolved in 800 ml 

deionized milliQ (D/W) and the volume was adjusted to 1 liter with milliQ and sterilized by 

autoclaving. For making LB-agar plates, 20g bacteriological grade agar powder was dissolved and 

sterilized by autoclaving and poured in 90 mm sterile plates. 

Antibiotics: 

Final Concentrations for Ampicillin and Kanamycin are 50μg/ml and 30μg/ml respectively. 

3.1.1: Preparation of ultra-competent E. coli: 

Higher competency is very important to ensure high transformation efficiency that often helps in 

cloning. DH5α was made ultra-competent for the transformation of recombinant/routine plasmid 

vectors. 

Super-optimal broth (SOB): Dissolve all the following ingredients in millQ, 2% Bactopeptone 

(HI media), 0.5% yeast extract (HI media), 10mM NaCl (Merck), 2.5mM KCL (Merck), 10mM 

MgCl2, 10mM MgSO4 and autoclave to sterilize. 

Super-optimal catabolite (SOC) media: To 98ml of sterile SOB, add filter sterilized 2M glucose 

and autoclaved 2M MgCl2. 

Transformation buffer (TB): 100 ml of D/W; 10 mM PIPES(Sigma), 15 mM CaCl2, 250 

mMKCl, adjusted pH to 6.7 with 5N KOH, 55 mM MnCl2, filter sterilized through 0.2 μ 

membrane filter. 
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Protocol: E. coli DH5α cells were streaked on LB agar plate and incubated overnight at 37
0
C. A 

single colony is inoculated in 250 ml SOB medium and incubated on refrigerated shaker incubator 

with 200 RPM at 18
o
C until OD600 reaches to 0.6. Incubate the flask on ice for 10 minutes and 

spin the culture at 2500g (3500 RPM) for 10 minutes at 4
o
C. Resuspend the cells very gently in 80 

ml of ice cold transformation buffer and again keep on ice for another 10 minutes. Spin the 

mixture at 2500 x g (3500 RPM) for 10 minutes at 4
o
C. Resuspend the cells gently in 20 ml of ice 

cold transformation buffer. Incubate on ice for 10 minutes. Add DMSO to a final concentration of 

7% (1.4 ml) and mix by pipetting up and down. Aliquot 100μL of cells in a tube and freeze the vial 

in liquid nitrogen and stored at -80
o
C. 

3.1.2: Bacterial Transformation[109] 

Ultra-competent cells (100μL aliquots) were taken out from -80˚C and thawed on ice. 10μl (50-

100 ng) of DNA added to 100μl thawed competent cells (avoid disturbing cells by pipetting rather 

tap the tube gently). Cells were incubated on ice for 10 minutes. Heat shock was given to the vial 

by keeping in 42
o
C water-bath for 45 seconds. The cells were placed on ice immediately for 5 

minutes. After 5 mins 200μl of ice cold SOC medium was added to the vial aseptically and 

incubated at 37
o
C with shaking at 180 RPM for 20 minutes. The cells were plated on appropriate 

antibiotic-containing LB agar plate and incubated at 37
0
C for 12-16 hours for colonies to appear. 

3.1.3: Plasmid DNA isolation 

Plasmid DNA was isolated by various methods. 

3.1.3.1: QIAprep Spin Miniprep method 

Reagent- Qiagen miniprep kit, as per the manufacturer’s protocol. 
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QIAprep Spin Columns contain a unique silica membrane that binds up to 20 μg DNA in the 

presence of a high concentration of chaotropic salt and allows elution in a small volume of low-salt 

buffer. 

A single colony was inoculated in 10ml of LB-amp/ LB-kan media and incubate at 37
o
C for 12-16 

hours at 180 RPM bacterial shaker incubator. The bacterial culture was transferred in a 15ml tube 

and spin at room temperature for 5 minutes at 5000 RPM. The pellet was vortexed briefly and then 

resuspend in 250μl of Buffer P1 and transfer to a microcentrifuge tube (Ensure RNase A has been 

added to Buffer P1). Add 250μl of buffer P2 and invert the tube 4–6 times. Immediately add 350μl 

of buffer N3 and again invert the tube 4–6 times. Spin the lysate at 13,000RPM for 10 minutes. 

Add the clear supernatant very carefully to the QIAprep spin column. Spin the column for 30–60 

seconds and discard the flow through. Add 600μl of buffer PE to wash the QIAprep spin column 

and again spin for 30–60 seconds. Discard the flow through. Wipe the column from outside so as 

to remove any residual buffer PE. Then place the column in a dry tube and spin at 13000 RPM for 

2 minutes to remove any residual wash buffer. Now, place the QIAprep column in a clean 1.5 ml 

microcentrifuge tube. Add 50μl Buffer EB (pre-warmed at 65˚C) to the center of the QIAprep spin 

column, let it stand for 2 minutes. Centrifuge for 2 minutes at 14000 RPM to elute Plasmid DNA. 

3.1.3.2: Plasmid DNA isolation using TELT buffer 

This is a quick and cost-effective protocol for preparing plasmid DNA which was mainly used 

during regular screening for positive clones in all the cloning experiments. 

TELT buffer [50mM Tris-Cl (Sigma) pH7.5, 62.5mM EDTA (Fischer Scientific) pH8, 0.4% 

Triton X100(Sigma), 2.5M LiCl (Sigma)], Lysozyme (Sigma) (50mg/ml), 70% ethanol, Absolute 

alcohol (Merck), TE buffer. 
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The bacterial culture was inoculated in 1.5ml LB-antibiotic (Amp/Kan) media and incubated at 

37
o
C, for 12-16 hours at 200 RPM. Cells were pellet down at 14000 RPM for 1 minute at 4

o
C . 

The supernatant was discarded and the pellet was resuspended in 150μl TELT buffer and vortex 

briefly. Add 5.7μl lysozyme (Stock 50mg/ml) to the same and mix well. Incubate the vial on ice 

for 1 minute. Incubate the vial in boiling water bath for 1 minute. Immediately place the vial on ice 

for 10 minutes. Spin at 4
o
C at 15000 RPM for 10 minutes and collect supernatant in a new vial. 

Add 330μl chilled absolute alcohol and incubate at 80
o
C for 30 minutes. Spin at 4

o
C at 15000 

RPM for 10 minutes. Add 200μl chilled 70% ethanol for washing the DNA pellet and again 

centrifuge at 15000 RPM at 4
o
C for 5min. Dry the pellet so as to remove all remaining alcohol and 

re-suspend in 20μl TE buffer. 

3.1.4: Agarose gel electrophoresis 

Agarose gel electrophoresis is a routinely used method for the analysis and preparation of DNA 

molecules. Various size DNA fragments can be separated on agarose gels using different 

concentrations of agarose.  

Ethidium bromide 0.5 μg/ml 

6X Gel loading dye: 1.2ml glycerol, 1.2ml 0.3mM EDTA, 300μl of 20% SDS, 160 μl of 0.5% 

Bromophenol blue stock, nuclease free water to make up volume to 10ml. 

Sodium Borate (SB) buffer: 10mM NaOH pH 8.5 adjusted with boric acid for 1X SB buffer. 

Agarose powder was weighted as per requirement of percentage of gels (depends on the size of 

DNA fragments), for example, to make a 0.8% agarose gel, add 0.48g of agarose powder in a glass 

flask, to which add 60ml of 1X sodium borate (SB) buffer. The mixture was microwaved for 2 
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minutes so that agarose powder melts and the gel dissolves. Boiling mixture was allowed to cool 

down so as to add ethidium bromide (to visualize DNA) at a final concentration of 1μg/ml (stock 

10mg/ml) and mixed well without creating bubbles and pour the mixture into the gel tray, place 

comb to create wells. Once the gel is solidified, remove the comb. Pour 1X SB buffer (running 

buffer) to the tank containing agarose gel. Dilute DNA sample (Plasmid DNA, PCR fragments, 

restriction digestion fragments, ligated DNA) with 6X gel loading dye (to make a final 

concentration of 1X). Standard 1Kb or 100bp ladders were run in parallel to understand the size of 

DNA fragments being analyzed. DNA bands were visualized using gel documentation system. 

3.1.5: Polymerase chain reaction (PCR) 

The PCR technique provides specific DNA amplification of the sequence of interest from a 

template (yeast genomic DNA / plasmid DNA /cDNA) with the help of two oligonucleotide 

primers that bind to opposite strands in a sequence-specific manner. A thermostable DNA 

polymerase is used for extension of the primers at 3’ end. Phusion high fidelity DNA polymerase 

was used for PCR amplification. 

1. A typical mixture of a PCR reaction includes the following additive 

                   Components Final concentration 

1                          H2O To make up the volume 

2 5X buffer HF/GC 1X 

3 10mM dNTP mixture 200µM 

4 Forward primer 0.5µM 

5 Reverse primer 0.5µM 



48 
 

 

 

 

Table 3.1 Contents of PCR reaction 

2.Thaw all the samples on ice and add all the reagents as per the order stated in the table above, 

followed by a short spin of the PCR tube after addition of all the components. Transfer quickly to 

the thermocycler preheated to the denaturation temperature (98°C) so as to start the reaction. 

 

Typical PCR cycle: 

 

Table 3.2 Typical PCR cycle 

Check the PCR product on an agarose gel. 

 

 

6 Template DNA 50ng (Plasmid DNA)100ng (Genomic DNA or 

cDNA) 

7 DNA polymerases 0.02 U/µl 
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3.1.6: Quick change mutagenesis[110] 

Quick change mutagenesis was used to introduce either point mutation or insertion or 

deletion of a few bases in a gene of interest with the help of high fidelity PfuTurbo 

polymerase. Prepare an oligo mix by mixing 5µl of each forward and reverse primer (from 

100µM stock) and 40µl of ddH2O(1:10dilution). Template concentration should be between 

40-60ng/µl. 

The reaction was set up as follows: 

 

Components Volume(µl) 

H2O 15.3 

10X buffer for PfuTurbo 2 

10mM dNTPs 0.4 

Primer mix(1:10dilution) 0.4 

Template DNA(40ng/µl) 1 

PfuTurbo polymerases 0.4 (20U) 

Table 3.3 Contents of PCR reaction for site-directed mutagenesis 

Cycling conditions for quick change mutagenesis: 
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Table 3.4 Cycling conditions for PCR for site-directed mutagenesis 

3.1.7: Gene Cloning[111] 

In gene cloning, plasmid DNA is cleaved with one or more RE in order to get blunt/cohesive ends 

and then foreign DNA fragment of variable sizes with compatible ends are ligated. The ligated 

heterogeneous mix is then transformed into a suitable bacterial host to propagate the clones. The 

resulting transformed recombinant clones are then screened by RE digestion to confirm the 

recombinant clone. Different strategies are used to clone a fragment of DNA in a plasmid vector, 

for example, PCR based cloning, sticky end based directional cloning etc. 

 

3.1.7.1: Restriction Digestion 

Restriction enzymes or restriction endonucleases cut at a specific site in the template DNA. The 

components of preparative and analytical restriction digestion reaction were as follows: 
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Components Preparative Analytical 

Plasmid DNA 1 µg 100ng 

H2O To make up the volume to 

50µl 

To make up the volume to 

volumeto10µl 10X buffer 5µl 1µl 

BSA If required If required 

Enzyme 5U (1µl) 1U (0.2µl) 

 

Table 3.5 Content of PCR reaction 

1. Add all the components in a microcentrifuge tube. 

2. Add the enzyme in the end. 

3. Briefly vortex the tube followed by short spinning the tube. 

4. Incubate the tube at 37˚C for 2-4 hours in a water bath (or, at any other temperature if 

mentioned specifically for a particular enzyme). 

5. For any vector preparation in a cloning method, add1µl alkaline phosphatase (FastAP) 

(NEB) in the reaction tube and incubate for another 1 hour (Alkaline Phosphatase removes 

the 5'-phosphate groups of DNA from both the termini of the digested vector so as to avoid 

the self-ligation of the vector). 

6. Analyze the digested DNA fragment on an agarose gel. 

3.1.7.2: Purification of restriction digested DNA or PCR product 

For cloning of digested DNA fragments (either vector or insert), it is very important to purify them 

to remove nucleotides, primers, enzymes, mineral oil, salts, agarose, ethidium bromide, and other 

impurities from DNA samples before setting up ligation reaction. 
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Nucleotide removal kit (Qiagen), Gel extraction kit (Sigma) 

QIA quick Nucleotide Removal Kit was used to remove DNA impurities during all cloning 

procedures. Columns contain a silica membrane assembly for binding of DNA in high-salt buffer 

and elution with prewarmed water. The protocol is as follows- 

Add 5 volumes of Buffer PN to 1 volume of the reaction sample and mix them homogeneously. 

Transfer the mixture in a QIA quick spin column, placed in the 2ml collection tube. Centrifuge the 

tube for 1 min at 6000 RPM, discard the flow-through. Add 600μl of buffer PE to the column and 

centrifuge for 1 min at 6000 RPM. Discard the flow through. Wipe the column from outside so as 

to remove any residual buffer PE. Then place the column in a dry tube and spin at 13000 RPM for 

2 minutes to remove any residual wash buffer. Now, place the column in a clean 1.5 ml 

microcentrifuge tube. Add 50μl pre-warmed (at 50˚C) autoclaved water to the center of the 

column, let it stand for 2 minutes, and centrifuge for 2 minutes at 14000 RPM to elute pure DNA. 

To increase the concentration of the pure DNA, freeze the DNA by keeping the Eppendorf tube at 

-80˚C for 20 minutes, once frozen, then concentrate the DNA in a Speed-Vac at 4˚C until the 

volume reduces] 

3.1.7.3: Purification of DNA fragments from agarose gel 

For cloning of digested DNA fragments (either vector or insert) or to get any pure PCR product, 

sometimes DNA bands of specific size had to be cut from agarose gel followed by removal of 

agarose from DNA samples before setting up ligation reaction. GenElute Gel Extraction Kit 

(Sigma) was used to purify DNA fragment from agarose gels. Place the agarose gel containing 

DNA band of interest in a gel doc machine under UV light to visualize DNA. Cut the DNA band 

from the gel using sharp scalpel pre-sterilized with 70% alcohol (Remove as much as excess 
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agarose to increase the yield). Make small pieces of the DNA band and place them in an 

Eppendorf. Add 3 volume of the Gel Solubilization Solution to the gel slice. (For every 100mg of 

agarose gel, added 300 ml of Gel Solubilization Solution). Incubate the gel mixture at 60°C for 10-

15 minutes with intermittent vortexing. In the meantime, add 500 ml of the column preparation 

solution to the binding column and centrifuged for 1 minute. Discard the flow through. Add 1 gel 

volume of 100% isopropanol and mix homogeneously. The solubilized gel solution mixture was 

then added to the binding column and centrifuged for 1 minute at 6000rpm. The flow-through 

liquid was discarded. Add 600μl of buffer PE to the column and centrifuge for 1 min at 6000 

RPM. Discard the flow through, Wipe the column from outside so as to remove any residual buffer 

PE. Place the column in a dry tube and spin at 13000 RPM for 2 minutes to remove any residual 

wash buffer. Now, place the QIAprep column in a clean 1.5 ml microcentrifuge tube. Add 50μl 

pre-warmed (at 50˚C) autoclaved water to the center of the column, let it stand for 2 minutes, and 

centrifuge for 2 minutes at 14000 RPM to elute pure DNA. [To increase the concentration of the 

pure DNA, freeze the DNA by keeping the Eppendorf tube at -80˚C for 20 minutes, once frozen, 

then concentrate the DNA in a SpeedVac at 4˚C until the volume reduces] 

 

3.1.7.4: Ligation reaction 

 

DNA ligase enzyme creates a phosphodiester bond between a 5’- phosphate termini and a 3’- 

hydroxyl group of two different DNA fragments and ligates the vector and insert DNA. 

Method- 
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Components Molar 

ratio 

Concentration(μg/

μL) 

Length (in base 

pair) 

Max Volume 

Vector 1 xμg/μL Size in bp Available vol. 

Insert 3 yμg/μL Size in bp Available vol. 

Table 3.6 Typical Ligation Reaction Calculation 

Measure the concentration of purified vector and insert DNA fragments. The typical ratio of 

vector: insert used was 1:3 which can vary depends on the size of either vector or insert. Calculate 

the amount of vector and insert fragment required to achieve 1:3 molar ratio as per the 

following table in any insilico ligation calculator. Add the components of the ligation reaction as 

mentioned in the following table- 

Components of the ligation 

reaction 

Total volume (10μL) 

Nuclease-free water To make up the volume 

10X T4DNAligase buffer 1 μL 

Vector As calculated from the above table 

Insert As calculated from the above table 

T4 DNA Ligase 200U 

                                         Table 3.7 Component of Ligation reaction 

Always set up a positive control (any plasmid DNA of same concentration without vector and 

insert, to check if transformation worked) and a negative control (another ligation mixture without 

insert fragment). Incubate the reactions at 22°C for 2-4 hours or at 16°C for overnight. Transform 

all the three-reaction mixture in E. coli cells and check for positive clones. 
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3.1.7.5: Screening of recombinant bacterial clones 

Clones have to be screened for the presence of the specific insert. If the test plate contains more 

colonies compare to the negative control plate, then only proceed for clone screening. 

Ideally, in the negative control plate, there should not be any colonies. 

Method- 

Replica plate transformants on LB-Amp or LB-Kan plates and inoculate in 1.5ml antibiotic 

containing LB broth. Incubate Eppendorf tubes at 37
0
C for 12-16 hours at 200 RPM. (Each 

clone was given a specific miniprep number for documentation). Following day, isolate 

plasmid DNA using TELT buffer protocol. Set up restriction digestion for the clones along 

with vector control DNA in which one restriction enzyme present in the vector DNA and 

another enzyme is present in the insert DNA to confirm t h e  presence of a n  insert in the 

final clone. Analyze the digested fragment in agarose gel electrophoresis. 

 

3.2 Microscopy& Image Processing[115] 

3.2.1: Preparing the Cells 

A yeast culture was inoculated from a healthy preculture and grown overnight in 5 mL non-

fluorescent minimal medium (NSD) in a 50-mL baffled flask. Aim to image the cells at an OD600 

of ~0.5. Use a MatTek dish with a high precision 0.170 mm cover glass bottom. Prepare the dish 

with ConA: pipette 250 µL ConA onto the dish, wait for 15 mins, wash thoroughly with dH2O, 

and let it dry. Just before imaging, adhere cells to the dish: pipette 250 µL from your culture onto 

the dish, wait for 10 mins and rinse gently several times with NSD by pipetting. Leave 2-3 mL of 

fresh NSD in the dish. 
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3.2.2: Imaging Parameters 

Following parameters were used for the live cell imaging using Leica SP8 imaging platform.  

• 100x objective (NA=1.4 or higher) 

• Frame size: 256 x 128 (width x height) 

• Zoom: 7 

• Pixel size: 60-70 nm 

• XY scan direction: bidirectional, phase = 3.15,  

• Pinhole: 1.2 AU 

• Line averaging: 8 

• Slice thickness: approximately 0.3 µm 

• Bit depth: 8-bit is almost always adequate 

• Laser settings for green and red fluorescence channels:  

- 488: 3-10%, HyD, collection window = 495-550 nm, gain = 400-500 

- 561: 3-10%, HyD, collection window = 575-750 nm, gain = 400-500 

• PMT for bright field, gain = 300-350; store in blue channel of RGB images 
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3.2.3:  Deconvolution 

Images were deconvoluted using Huygens professionals. First raw Lif file was opened by Huygens 

professionals, then we have to go to > Parameter wizard. In the case of raw Lif file, it will provide 

the NA (1.35), excitation/emission, pixel size, step size, and wavelengths. After that click the 

“Next” arrows to proceed through the wizard. The images were cropped using cropper then click 

“Next” for the background, try “Auto” first, and click “Accept”. Leave the values for maximum 

iterations, etc., but change the signal-to-noise ratio to 10. Once all the parameters are set we have 

to click “Deconvolve. If the deconvolved image is satisfactory click “Accept, to next channel. We 

will repeat for the other fluorescence channel. When we reach the bright field channel, click “All 

done.” We have to select appropriately deconvolved or original image, and click “Next”. We have 

to choose the red as Ch-0, green as Ch-1, and bright field as Ch-2 and then click “Done”. The 

deconvolved image will be saved as Tiff 8 bit to decon folder. 

3.2.4: ImageJ 

In ImageJ, we have to process the deconvoluted images.  We will open the images using File > 

Import > Image Sequence, select your “decon” folder. We have to select Image >Hyperstacks> 

Stack to Hyperstack, choose order “XYZ” and input the appropriate number of channels, slices per 

stack, and frames. We have to select mode as grey scale and click “OK”. Then split the merge 

channels and select C2 for C1 and C1 for C2, keep C3 for C3 and save as tiff file. Then we have to 

convert each channel from 8 bit to 16 bit.  After that, we will select choose Process > Math > 

multiply and multiplication factor will be 256. To adjust the brightness we will select Image > 

Adjust > Brightness/Contrast. For each of the three channels, in turn, press the Auto button in the 

B&C window.  
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3.2.5: Average Project 

To project the Z project, select Image > Stacks > Z Project and choose “Average Intensity” and 

press OK. Wait for the projection to finish. If desired, adjust the brightness and contrast of the 

individual channels as described above. We will save the individual channel in the PNG format 

and merged image in TIFF file format.  

 

3.3 Basic Yeast Techniques[116] 

3.3.1: Yeast strain: PPY12 (his4, arg4) 

Media preparation: Media were prepared as indicated on the bottles by dissolving t h e  

powder in distilled water & autoclaved for sterilization. Drop out media were prepared for 

selection of clones after transformation. These were prepared by adding yeast nitrogen base, 

glucose, CSM without a particular amino acid for selection in a proportion as indicated on 

media bottles. They were sterilized by autoclaving. (YPD ready mix powder, synthetic complete 

media powder SD, Yeast nitrogen base, glucose, complete supplementary mixture, CSM without 

URA/ TRP/ LEU). 

3.3.2: Retrieving strains from the yeast collection 

To retrieve the yeast strain from the freeze down, first UV sterilizes the laminar hood and keep a 

YPD plate / auxotrophic dropout plate in the hood. Then identify the appropriate vial (Labelled 

location number) from -80°C. Remove the vial from -80°C and keep it on ice. We will use a sterile 

toothpick to take small amount of the frozen cell and streak on YPD plate or auxotrophic dropout 

plate (only for strains containing episomal plasmids). Incubate at 30°C for 2days. 
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3.3.3: Growing yeast log phase culture 

To grow yeast cells, A single colony was inoculated from the plate in 5ml YPD broth or dropout 

broth in a preculture tube.  Preculture tube will be incubated at 30° C, 200rpm for 48hrs. The 

saturated pre-culture (Cells should be settled at the bottom of the tube, and t h e  whole bottom 

of the tube should be filled with cells). We will inoculate the 0.1% from saturated pre-culture 

for a log phase culture in the baffled flask (No other than this flask so as to maintain proper 

aeration and further good results). 

3.3.4: Freezing Yeast 

We have used 15% glycerol prepared in distilled water sterilized by autoclaving  

Method- 

Yeast cells were inoculated in pre-culture tube overnight until the culture is saturated. Once the 

culture is saturated, we will plate 400µl cell suspension from saturated pre-culture on 2 YPD plates 

or plates of selection medium. YPD Plates will be incubated at the appropriate temperature until 

lawn growth appeared. For each strain, two cryovials were prepared by placing 1.5ml sterile 15% 

Glycerol in each vial. A location number for freeze down of the strain was obtained by making a 

new entry in the Filemaker yeast database of the lab. Each vial was labeled with this location 

number on the top. The details of the strain were written on the side of cryovials. We will use a 

small sterilized tip, about a third of the lawn (YPD plates) or an entire lawn (selective plates) was 

scraped off and re-suspend in one of the vials. The similar procedure will be repeated for the 

second vial. The vials will be kept in the respective yeast freeze down box in the -80
o
C freezer. 

One vial was placed in standard collection, and an identical vial was kept in the backup collection. 
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The Complete information about the strain has to be entered in the Filemaker yeast database of 

the lab. 

3.3.5: Yeast transformation[117] 

Pichia pastoris cells were transformed by the high-efficiency electroporation method. A single 

colony of  Pichia strain was grown in 6 ml YPD overnight at 30C, 200rpm. Once the saturated 

growth is attained the growth, inoculate the 0.1 percent of the culture in 50mL YPD in a 250 mL 

flask with 0.1-0.5 ml of the overnight culture. The culture was allowed to grow overnight again to 

an O.D. of 1-1.5. Once it reaches 1.0 OD, add 1ml of 1M DTT and 1M HEPES and keep it at 30-

degree shaker for 15 mins.  After 15 mins centrifuge the cells at 3000 rpm for 3 minutes at 4°C. The 

pellet will be resuspended with 50 mL of ice-cold, sterile water and centrifuge the cells. The similar 

step will be repeated and resuspend the pellet in 50 mL of ice-cold, sterile water. After that 

centrifuge the cells again, and resuspended in 20 ml of ice-cold 1M sorbitol.  Cells will be washed 

with 1M sorbitol and then resuspend the pellet in 200 ul of ice-cold 1M sorbitol. We will keep the 

cells on ice and take 40 μL of the cells and add linearized DNA prepared and then transfer to an ice-

cold 0.2 cm electroporation cuvette, tap the cells down to the bottom of the cuvette. Now cells are 

ready for the electroporation, we will pulse the Pichia cells (25 uF, 200-ohm, 2000 V). Immediately, 

after the pulse adds 1 ml of ice-cold 1M sorbitol to the cuvette. We have to transfer the cuvette 

contents to a sterile 1ml tube and centrifuge at 5000rpm for 1 min. Remove 800ul of contents from 

tube and plate the remaining amount on selection plates. 

3.3.7: Replica plating for screening transformants 

The replica plating was performed to select the transformants on the selective plate. For that grids 

and lines were made on a fresh plate and put numbers on the plate. We can replica plate as much as 
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a colony from transformation plate (after colony appears) in a new plate to screen for positive 

transformants. Replica plate will be incubated at the 30ºC incubator for 24 hours. 

3.3.8: Genomic DNA isolation [118, 119] 

Breaking buffer: 2 % (v/v) Triton X-100, 1% (v/v) SDS, 100 mM NaCl, 10 mM Tris- Cl, pH 

8.0 1 mM EDTA, pH 8.0, Distilled H20(sterile) 

Method- 
 

A single colony was inoculated from a replica plate in preculture tube (5-6 ml)/ Eppendorf tube 

(1ml). It will be allowed to grow overnight at 30ºC 200 RPM. Overnight  cul ture  wi l l  be  

Spin for 5 minutes at 3000 RPM at room temperature. T h e  supernatant w i l l  b e  

d i s c a r d e d  and wash pellet (resuspend, spin and discard the supernatant) with 0.5mL 

MQ. C e l l  p e l l e t  w i l l  b e  vortex briefly a n d  add 200µl of freshly prepared breaking 

buffer and resuspend cells. We will add 0.3 g (200 µl in vol.) small glass beads and 200 µl 

phenol (cold)/chloroform. The mixture is vortexed at highest speed for 3min to achieve cell 

lysis. O n c e  t h e  c e l l  i s  l y s e d  w e  w i l l  add 200 µl 1X TE buffer and give a brief 

vortex. Ce l l s  w i l l  be  centrifuge at highest speed for 5 min, at room temperature and the 

aqueous layer will be transferred to a fresh tube.  We have to add 1ml 100% ethanol (ice cold), 

mix by inverting tubes and incubate tubes at -20ºC for 1 hour for DNA precipitation. A g a i n ,  

we will centrifuge tubes for 5-10 minutes at t h e  highest speed at room temperature and 

resuspend pellet in 0.4 ml in 1X TE Buffer. To  degrade  RNA,  3µl RNaseA (Stock l0 

mg/ml) will be added, mix and incubate for 5 min at 37
o
C to remove RNA contamination. 

After that add 10 µl of 4M Ammonium acetate and 1ml of 100% ethanol mix by inversion 

and incubate at -20 º C for 1 hour. Finally, centrifuge tube at room temperature for 10-15 min 

at 14000 RPM and air- d r y  pellet. Resuspend DNA pellet in 20µl TE buffer. Store at -20ºC. 
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3.3.9: Checking in an upright microscope for screening 

To check whether our desired strain is showing fluorescence signal, small amount of colony will, 

be taken from replica plate and resuspend in 20µl of SD media. The slides & coverslips will 

be cleaned with Colin and air-dried. The cell suspension will be put on on t h e  slide and the 

coverslip placed from the top on this suspension. W e  w i l l  seal the coverslips with transparent 

nail polish and put a drop of immersion oil on the coverslip and slide was placed on t h e  

microscope stage for observation. Cells were focused in t h e  bright field & then fluorescence 

was checked by selecting an appropriate fluorescent filter. 

3.3.10: Manipulating Yeast Genome 

Gene targeting by homologous recombination is one of the most powerful and important 

techniques available for studies in yeast. A gene at its normal chromosomal location can be 

removed or replaced with an allele created in vitro, such that the only genetic difference between 

the initial strain and the final strain is that particular allele. Therefore, phenotypes conferred by 

null mutations or any other types of mutations can be analyzed. Genes can also be modified to 

be fused to the coding sequence for fluorescent proteins, such as green fluorescent protein 

(GFP). Because the epitope tag or fusion is made in the genomic context, the tagged gene is 

subject to native regulation. The properties of a strain containing the epitope tag or fusion 

can be compared to an isogenic wild-type strain that lacks the tag to study gene function, 

localization and regulation. 
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3.3.10.1: Gene deletion strategy[24] 

Principle 

Deletion of an entire open-reading frame (ORF) of a gene deletion creates a null mutation, 

allowing for the analysis of loss-of-function phenotypes. To generate a deletion, the gene 

sequence from start to stop codon is removed and is generally replaced with a selectable 

marker (Kanmax) 

The vectors used for gene deletion was pUG6 (KanMXmarker). The open reading frame of P. 

pastoris IMH1 was deleted as follows. 1-kb sequences flanking the IMH1 coding sequence were 

amplified from genomic DNA using the primers IMH1NdeIFw and IMH1SalIRv (upstream) or 

IMH1XhoIFw and IMH1HpaIRv (downstream). The amplified fragments were digested with 

NdeI and SalI (for the upstream fragment) and XhoI and HpaI (for the downstream fragment). 

Upstream fragment was ligated with a pUC19Kanmax vector that had  
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Fig3.1 Pichia pastoris gene deletion strategy 

been digested with NdeI and SalI. The resulting plasmid was cut with XhoI and HpaI to ligate 

downstream fragment that results in pUC19-PpIMH1:: Kanmax. Finally, a 3.2-kb NdeI-HpaI 

fragment was excised from this plasmid and transformed into PPY12 cells. G418 positive 

transformants were screened by PCR to confirm that IMH1 had been deleted. 

 

3.3.11: Yeast Live Cell Imaging 

For Yeast cell imaging: ConcanavalinA was dissolved in distilled water to the concentration of 

2mg/ml&100µl aliquots were made & stored at-20°C 

Method- 

In case of live cell imaging first, clean the glass bottom plate with Colin. Af t e r  t ha t  treat the 

glass bottom plate with a  200µl aliquot of concanavalin-A for 15 minutes. Concanavalin-A 

wi l l  be  removed the using a  pipette and rinse the plate with milli-Q water. T h e  p l a t e  

w i l l  b e  air d r i e d  t h e n  add 200µl log phase yeast culture (OD600 0.5-0.6) to Con-A 

coated glass surface and incubate for 12 minutes at room temperature. After 12 mins remove 

the culture and wash gently with SD media so as to remove all unattached cells and add  1.5 ml 

of SD media for imaging. 

3.3.12: Electron microscopy of yeast [99] 

The cells were grown in a 50-ml yeast culture to an OD600 of about 0.5. Once the cell  

reaches the 0.5OD filter the cells slowly on a 0.22 µM bottle-top filter down to a volume of 

about 5 ml. Af te r  tha t  add 40 ml of ice-cold 50 mM KPi (pH 6.8), 1 mM MgCl2, 2% 

glutaraldehyde and the fix it for 1 hr. on ice. T h e  fixed cells w i l l  b e  Spin for  3 min at 
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3000 rpm at 4°. The pellet will be resuspended by vortexing in 25 ml ice-cold 50 mM KPi (pH 

6.8). The same step will be repeated twice more, for a total of three washes. A f t e r  

c o mp l e t i o n  o f  last wash resuspend the pellet in 1 ml 50 mM KPi (pH 6.8) and transfer the 

cell mixture to an Eppendorf tube. The remaining steps until resin polymerization are all 

done at room temperature. The cells will be resuspended in 0.75 ml freshly prepared 4% KMnO4 

and mix end-over-end for 30 min. [Note: KMnO4 takes a while to dissolve with vigorous 

vortexing. This solution is a potent oxidizing agent, so use caution: wear gloves and safety 

glasses, and dispose of the waste in the container of the caustic liquid.] Again spin the cells for 1 

min at 5000 rpm and resuspend the cells in 0.75 ml H2O. The same step will be repeated twice 

more a n d  resuspend the cells in 0.75 ml 2% uranyl acetate. (Sterile filter the uranyl acetate 

solution and store it at room temperature in the dark. If a precipitate form, discard the solution and 

prepare it fresh.) Cells will be mix end-over-end for 1 hr and Wash four times with H2O. 

Meanwhi le ,  we  wi l l  prepare normal spurrs resin according to the formula given in the kit 

instructions. It is convenient to mix the resin components in a disposable plastic beaker placed 

on a balance in the hood. Mixing can be done with a glass rod. The cells w i l l  b e  

dehydrated in the following graded series of EtOH solutions. After each spin (1 min at 5000 

rpm) and resuspension, mix the cells end-over-end for 5 min. Start with a fresh, unopened 

bottle of water-free EtOH. 50%, 70%, 80%, 85%, 90%, 95%,100%, 100%,100%, 100%. Place 

the rack with the capsules in a vacuum desiccator, and degas for 15 min. After washing place 

the rack on a block of Styrofoam in an accurate temperature-controlled oven set at 68°C and  

allow the resin to polymerize for 36-48 hrs. The samples are now ready for sectioning and 

staining with lead citrate. Ultrathin sections were cut on ultra-microtome (Leica UC7, 

Germany) and collected on copper grids. Finally, sections contrasted with uranyl acetate and 
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lead citrate and micrographs were taken on Jeol 1400 plus Transmission Electron Microscopy 

(Japan) at 120 KeV to capture images in bright field mode. 

3.4: Statistical tests 

For every experiment, datasets are incorporated in Graph Pad Prism 6 software. Datasets are first 

checked for normal distribution by column statistics. If the distribution of the datasets were 

found to be not normal, then we performed t h e  non-parametric  test, which is a  Mann-

Whitney test. (In all mammalian results, mostly we performed Mann-Whitney Tests since the 

datasets were found to have a not normal distribution). Thus, significance tests were performed. 

If the distribution of the datasets were found to be normal, then we performed the unpaired 

student t-test. Graphs were plotted in column type mean with standard error mean or with range. 

3.5: Protein expression and purification protocol [120, 121] 

3.5.1: Cloning, expression, and purification of PpImh1 

Full length PpImh1 was amplified using primers, PpImh1NdeIFw and PpImh1NotIRv. The 

amplified fragment was cloned in pET28a between NdeI and NotI sites. The resultant plasmid was 

then transformed into Rosetta2DE3 strain for expression. Transformed cells were grown in LB 

media containing Kanamycin (50ug/mL) and Chloramphenicol (34ug/mL). When the culture 

OD600 reached 0.6, it was induced with 0.4mM IPTG and grown overnight at 22°C, 180 rpm. 

Pellet from two-litre culture was re-suspended in 30mL of Buffer A (10mM HEPES, 300mM 

NaCl, 5% Glycerol, 0.1% Triton X-100, pH 8.5) and sonicated 6 times (60% amplitude, 1minute, 

50% pulse) till clear suspension was obtained. This suspension was centrifuged at 14,000 rpm for 

40 mins and the supernatant was allowed to bind the Ni-NTA beads (4mL, pre-equilibrated with 

buffer A) for 1 hour followed by washing with ten-bed volumes of wash buffer (10mM Imidazole 
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+ Buffer A). The bound protein was eluted (3mL) using elution buffer (200mM Imidazole + Buffer 

A). Elution fractions from affinity purification were loaded on 8% SDS Gel. The affinity eluted 

fraction was then concentrated to 1mL using 30kDa cutoff centricon (Amicon Ultra-15 Centrifugal 

Filter Units) and injected into the Gel filtration column for obtaining pure protein fractions. 

 

3.5.2: Biophysical studies of purified protein 

3.5.2.1: Circular Dichroism Spectroscopy 

The secondary structure of the purified PpImh1 protein was characterized using Jasco J-810 

(Japan), Circular Dichroism (CD) polarimeter. Far-UV CD scan of protein (30uM PpImh1 in 

2.5mM HEPES pH 8.5, 50mM NaCl buffer) was collected in the 200–240 nm wavelength range at 

20°C.  

3.5.2.2: Dynamic Light Scattering 

Dynamic Light Scattering (DLS) was performed using 70µl of FPLC purified fraction. The 

hydrodynamic radius of PpImh1 protein was calculated using DynaProNanoStar, Wyatt 

Technology. Before the DLS experiment, all the samples were filtered with 0.45 µm filter. 

3.5.2.3: Negative staining to visualize purified PpImh1 [122] 

Purified native PpImh1 was diluted to 10µM using distilled water, adsorbed to a 400-mesh 

formvar-coated copper grid (Nisshin EM Co, Ltd., Tokyo, Japan) and placed in 1% uranyl acetate 

solution for 10s. After drying, the samples were observed using a transmission electron microscope 

(JEM- 1400Plus; JEOL Ltd., Tokyo, Japan) at an acceleration voltage of 120 kV 
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3.5.3: SDS PAGE and Western Blotting: 

3.5.3.1: Protein Estimation 

Protein estimation was done using Bradford’s reagent as per manufacturer’s protocol using 

BSA (1mg/ml stock) 

We have to add 1ml (1:4 diluted) Bradford reagent to each reaction and incubate samples for 10 

minutes at room temperature. The optical density of the samples was measured at 595nm along 

with blank and standard curve is plotted. We have used 5µl of lysate for determination of protein 

concentration with reference to standards. 

3.5.3.2: SDS-PAGE[123] 

SDS-PAGE enables to separate proteins on the basis of their size and charge. 

30% Acrylamide solution: 29g Acrylamide and 1g Bis-acrylamide(USB) were dissolved in 

distilled water on a magnetic stirrer overnight (O/N) at room temperature; The volume was made 

up to 100 ml and filtered through 0.45 μm filter and stored in a dark bottle at 4
o
C. 

6X sample loading buffer: 50mM Tris.Cl (pH 6.8), 10% glycerol, 2% SDS, 1% β- mercapto-

ethanol (BME) 0.1 % bromophenol blue. 

Electrophoresis buffer: 25mM Tris base, 250 mM Glycine (pH 8.3) and 0.1% SDS Method: The 

resolving gel of 10% and 18% was made according to the following table 

Component Volume 

for8ml(10

%) 

Volume for 

8ml(18%) H2O 3.2 ml 1 ml 

30% Acrylamide mix 2.67 ml 4.8 ml 

1.5M Tris pH 8.8 2 ml 2 ml 

10%SDS 80 µl 80 µl 
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10%APS 80 µl 80 µl 

TEMED 8µl 8µl 

Table 3.8 Reaction mixture of resolving gel of SDS PAGE 

 

Component Volume for5ml (4%) 

H2O 3ml 

30% Acrylamide mix 0.67 ml 

1M Tris pH 6.8 1.25 ml 

10%SDS 50µl 

10%Ammonium persulphate 50µl 

TEMED 5µl 

Table 3.9 Reaction mixture of a stacking SDS-PAGE gel 

 

3.5.3.3: Wet transfer of proteins on PVDF membrane 

The wet transfer method is used to transfer proteins separated on SDS-PAGE onto PVDF 

membrane for further analysis by immunoblotting. 

High Glycine transfer buffer: 0.1M Tris, 0.19M Glycine, 20% methanol, 0.04% SDS. 

 

3.5.3.4: Western Blotting[124] 

Western blotting is an analytical technique which detects the presence of native or denatured 

proteins which are first electro-transferred onto a membrane and are then detected using 

protein-specific antibody. 

Tris-buffered saline (TBS): 150/500 mM NaCl, 20 mM Tris (pH 7.4); Tris-buffered 

saline with Tween20 (TBS-T): 1X TBS + 0.1 % Tween 20; Blocking agent:  5% or 
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3% BSA in 1X TBS; 

The membrane was blocked with either 0.3% BSA in TBST (for β Tubulin) or in 0.5% BSA in 

TBST (for His-Tag antibody) at room temperature for 2-3 hour. incubated with primary 

antibody (diluted in 1% BSA, TBST) for 1 hour [for β Tubulin (1:1000 dilution)] at room 

temperature or for overnight [for His-tag(1:5000 dilutions)] in the slow rocker. The membrane 

w a s  washed 3 times in TBST for 10 minutes each in t h e  high- speed rocker. The 

membrane was incubated with secondary antibody anti-mouse HRP (horseradish peroxidize) of 

1:5000 dilution in 0.5% BSA for 1 hr at room temperature a n d  give 3 washes in TBST for 

10 minutes each in t h e  high- speed rocker. The signal w a s  detected by enhanced 

chemiluminescence (ECL+), by incubating the blot with a  detection reagent for 5 min, followed 

by exposure to X-ray film and development.  

3.6: Yeast Two-hybrid interaction assays[125] 

Protein-protein interactions were tested using the yeast two-hybrid system. Interactions were tested 

between the proteins fused to the Gal4 DNA-binding domain and the Gal4 activation domain. 

PpImh1 (full length), PpImh1 (1-300), PpImh1 (400-765) and PpImh1 (725-1124) were PCR 

amplified from P. pastoris genomic DNA, with XmaI & SalI as the restriction sites. The digested 

amplified fragments were inserted into pGBDU (“bait”) and pGAD(“prey”) vectors digested with 

the same restriction enzymes. Plasmids were transformed into S. cerevisiae strain PJ694A using 

lithium acetate method (Gietz& Woods, 2002). Transformants were selected on SD Leu-Ura 

plates. Interactions were tested by plating the transformants on SD-Leu-Ura-His plates. 
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4. Identification and characterization of 

GRIP domain Golgin PpImh1 from 

Pichia pastoris 
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4.1: Introduction 

The Golgi apparatus, chiefly known to play an important role in the secretory pathway is 

universally present in all eukaryotic system [4]. Endoplasmic Reticulum(ER), serves as the 

primary site for protein synthesis, followed by subsequent folding and packaging into transport 

vesicles which are then delivered to Golgi [123]. There are many types of vesicles that participate 

in the secretory pathways. The cargo proteins that are to be transported via the anterograde 

pathway are usually carried by COPII vesicles or clathrin-coated vesicles. On the other hand, few 

ER resident proteins which are to be brought back to the ER in the retrograde pathway are carried 

by COPI vesicles [124] A class of proteins called ‘Golgins’, are reported to mediate the upstream 

‘tethering’ of any incoming vesicle to Golgi, before their fusion with the Golgi membrane, to form 

initial contacts [125]. Typically, Golgins are large alpha-helical coiled coil domain containing 

proteins that present at different Golgi locations. Golgins like GM130, p115, and GMAP-210 

localize to the cis-Golgi, the GRIP domain Golgins (Golgin-97, Golgin-245, GCC88, and 

GCC185) localize to the trans-Golgi, and the third class of Golgins like TMF, CASP, Golgin-84, 

and Giantin are on Golgi rims [126]. Such specific localization of specific Golgins helps to capture 

the specific class of vesicles. For example, different ER born vesicles are usually captured by 

GM130, p115, and GMAP-210, Intra Golgi vesicles are captured by TMF, CASP, and Golgin-84, 

and vesicles from endosomes are captured by Golgin-97, Golgin-245, GCC88, and GCC185 [77]. 

The last class, previously mentioned, that captures the vesicles coming from endosomes, is a 

family of ‘Golgins’ that are targeted to the trans-Golgi by their C-terminal GRIP domains [99, 

100]. Four such GRIP domain Golgins have been reported, in mammalian cells namely: Golgin97, 

Golgin245, GCC185, and GCC88. GRIP domain sequences have been identified in mammals, 

flies, plants, yeast (Imh1) and parasites [75]. The GRIP domain functions majorly as a TGN 
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targeting signal. TGN Golgins contain a high percentage (75–85%) of α-helical coiled coils. 

Golgins, such as GCC185 and Golgin97 form parallel homodimer. Recent studies using Atomic 

Force Microscopy suggested that GCC185 N terminus end forms a splayed end or Y shaped 

structure, which has an affinity for vesicle coming from the endosomes [127]. 

Pichia pastoris, a type of budding yeast happens to share structural and molecular similarities in 

secretory pathways to that of mammalian systems. Unlike Saccharomyces cerevisiae, Pichia is 

well-known for its highly efficient extracellular protein secretion, while displaying a stacked Golgi 

apparatus [73]. Moreover, most of the powerful yeast genetic manipulation tools are well 

established in Pichia. For all the above advantageous reasons, we decided to study the functional 

role of ‘Golgins’ in Pichia pastoris.  

In the present study, we have identified and characterized the GRIP domain Golgin of Pichia 

pastoris, PpImh1. We have demonstrated that PpImh1 contains the conserved GRIP domain. 

Biophysical studies & electron microscopy results suggest that PpImh1 forms a parallel 

homodimer and a ‘Y’ shaped structure. 

4. 2: Results  

4.2.1: Identification and characterization of GRIP domain of PpImh1 

The GRIP domain, whether expressed in mammalian cells or in budding yeast S. cerevisiae, 

always localizes to the Golgi. Also, overexpression of GRIP domain saturates the binding sites of 

endogenous GRIP domain proteins on the Golgi. These data suggest that the GRIP domain helps 

the Golgin to localize to Golgi. S. cerevisiae encodes a single GRIP domain containing protein, 

Imh1 which localizes to the Golgi [99, 100]. With sequence alignment studies of Pichia pastoris 

using PSI-BLAST, we identified the single GRIP domain containing protein in Pichia pastoris, 
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PpImh1. We compared the sequence of C terminal domain of different GRIP domain containing 

proteins (Human GCC185, HumanGCC88, Human Golgin97, Human Golgin245, S. cerevisiae 

Imh1 and Pichia pastoris Imh1) using PSI-BLAST (Fig 4.1A). 

To examine whether PpImh1 GRIP domain is capable of localizing to the Golgi, we tagged the 

GRIP domain with mGFP and expressed it in Pichia pastoris cells. We found that PpImh1 forms a 

punctate pattern which mostly corresponds to the Golgi (Fig4.1B). When co-expressed along-with 

Sec7-DsRed, a trans-Golgi marker protein, mGFP tagged PpImh1 GRIP domain co-localized with 

Sec7-DsRed (Fig 4.1C).  

 

Figure 4.1 GRIP domain of PpImh1 is important for Golgi targeting 

(A) Alignment of the carboxy-terminal portions of the indicated proteins. C terminal domain of Golgins 

was aligned using PSI-BLAST Tool. (Human GCC185, Human GCC88, Human Golgin97, Human Golgin 

245, S. cerevisiae Imh1, Pichia pastoris Imh1). The tyrosine conserved Residues that are identical (yellow) 

sequences are shaded. (B) Fluorescence confocal image of live Wild-type Pichia pastoris cells expressing 

GFP fused to the GRIP domain of the PpImh1 protein. The fusions contained the carboxy-terminal (1030-
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1125) residues of PpImh1. Scale bar 1µm.  (C) Green fluorescent protein (GFP)-PpImh1p-GRIP fusion 

(encoding amino acids 1030-1125) was expressed in wild-type strains PPY12 expressing Sec7-6XDsRed 

which localize to Golgi compartments. Colocalization can be observed as yellow in the panels. Scale bar 

1µm. 

 

These results display agreement with previous studies that showed that GRIP domain containing 

protein localizes to the trans-Golgi/TGN. The conserved tyrosine residue of GRIP domain is 

essential for Golgi targeting (140). Our studies confirm, mutation of this conserved tyrosine aborts 

the Golgi targeting of PpImh1 (Fig 4.2).  

 

Figure 4.2 The Conserved residue of GRIP domain is essential for Golgi targeting  

The Conserved residue of GRIP domain is essential for Golgi targeting. GRIP domain conserved residue 

tyrosine was replaced by alanine. Live cell imaging showed that GRIP domain protein doesn’t localize to 

Golgi. Scale Bar 1 um. 

 

It has been reported that Arl1 binds to the GRIP domain Golgins and recruits them to the TGN 

[128]. In order to check its role in the recruitment of PpImh1 to the Golgi, we deleted ARL1from a 

Pichia pastoris strain expressing GFP-PpImh1. In an arl1∆ strain, GFP-PpImh1 fails to localize to 

the Golgi and thus appears cytosolic (Fig 5.7).  
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4.2.2: Protein Expression, Purification and biochemical analysis of purified His6-tagged 

PpImh1 

To understand the structural properties of PpImh1, we overexpressed His-tagged PpImh1 in 

Rosetta2DE3 cells and purified it using nickel affinity chromatography (Fig 4.3A) and gel 

filtration (Fig4.3B). We confirmed the purified protein using mass spectrometry analysis 

(Table4.1) and western blot against His-tagged PpImh1 (Fig4.3C). We also performed CD 

spectroscopy of purified recombinant His-tagged PpImh1 to determine the nature of the secondary 

structure. The data plotted as ellipticity versus wavelength is shown in Figure 4.3D. The CD 

spectrum of Golgin PpImh1 shows double minima at approximately 208 and 220 nm, which is a 

characteristic of the α-helical structure. This result was confirmed by non-linear least-squares 

analysis using the program K2D2, which yielded a best-fit to 85% α-helical structure. 

 

Figure 4.3 Biophysical Characterization of PpImh1 
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(A) Purified His6-tagged Imh1 analyzed by SDS/PAGE (8%) and stained with Coomassie Blue. Fractions 

obtained after affinity purification were loaded; Gel A 1 1-Beads after washing, 2-Protein Marker,3 to 8- 

Affinity Elution fraction. Marked protein band at 130 kDa was excised from the gel and processed for In-

Gel digestion and given for Mass spectrometry (Q-TOF 5600 Triple TOF AbSciex). The raw data was 

processed using Protein Pilot 4.5 and was aligned to FASTA of P.pastoris (Taxon ID- 4922, as on 21st June 

2017) from UniProt. (B) The elution fraction was concentrated to 1ml and resolved for further purity using 

Sephadex 200 FPLC column; Gel 1-Concentrated affinity fraction, 2- Protein Marker, 3 to 6- FPLC elution. 

(C) Immunoblot using Anti-His antibody against His tagged PpImh1. (D) CD spectrum of purified His6-

tagged PpImh1 (30µM). Ellipticity is plotted as a function of wavelength (nm) for PpImh1 (30µM)). The 

data are superimposed with the non-linear best-fit using the K2D2 program, yielding 85% α-helix, 1.24% β-

strand. (E) Predicted probability of each amino acid in the sequences of the PpImh1 to form coiled-coil 

using structure secondary structure prediction tool Coils. 

Protein Group 1 Vesicular transport protein OS= Komagataella phaffii 

 (Strain ATCC 76273/CBS 7435 /CECT11047/NRRL Y-11430/Wegner 21-1) GN=IMH1 PE=4 SV=1 

N Unused Total %COV Accession#  Name Species Peptides (95%) 

1 290.64 290.64 91.8 trlF2QN57l 

F2QN57_KOMPC 

Vesicular transport protein OS= Komagataella phaffii (strain 

ATCC 76273/CBS 7435 /CECT11047/NRRL Y-11430/Wegner 

21-1) GN=IMH1 PE=4 SV=1 

KOMPC 526 

Protein sequence coverage - Vesicular transport protein OS= 

Komagataella phaffii (strain ATCC 76273/CBS 7435 /CECT11047/NRRL Y-11430/Wegner 21-1) GN=IMH1 PE=4 SV=1 

Table 4.1 Mass spectrometry analysis 

 

To further understand the nature of the alpha-helical structure, coils analysis [129]showed the 

probability of coiled-coil formation (Fig 4.3E). This prediction asserts that PpImh1 has a domain 

that comprises a coiled-coil structure. 

4.2.3: PpImh1 forms parallel homodimer 

To determine whether PpImh1 forms oligomer or not, we performed yeast two-hybrid assay in 

which full-length PpImh1 was cloned into bait and prey vector. The two-hybrid assay strain 

PJ694A was transformed with bait and prey constructs and subsequently grown on the selective 

medium as described in the methods section. Interactions between PpImh1 proteins were 

monitored by the ability of transformed yeast cells to grow in a medium lacking histidine. A strong 
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interaction was observed between the full-length PpImh1 constructs, PpImh1-pGAD and PpImh1-

pGBDU, confirming that PpImh1 forms oligomer (fig 4.4A). 

 

 

Figure 4.4 PpImh1 forms parallel dimer 

(A) To test whether PpImh1 form dimer or monomer we used Yeast two-hybrid analysis. The “prey” vector 

encoded the full length of PpImh1, and the “bait” vector encoded the full-length PpImh1 protein. Both 

vectors were transformed into S. cerevisiae tester strain. Growth on plates lacking histidine reflects an 

interaction. (B) Oligomeric status of PpImh1. Purified His tagged PpImh1 was analyzed on Native PAGE, 

then transfer to nitrocellulose membrane for immunoblot using Anti His antibody. (C) DLS Data 1. 

Correlation function plot between intensity and time(us) 2. Intensity distribution plot between Percent 

Intensity and Radius(um). Plot showing multimodal polydisperse population with around 99% mass 

contributed by molecules estimated to have molecular weight ~260kDa. (D) To test whether PpImh1 form 

parallel dimer or antiparallel dimer, we cloned PpImh1 (1-300), PpImh1 (400-765), PpImh1 (725-1125) 
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fragments in bait and prey vector. Both the constructs were transformed into S. cerevisiae tester strain. 

Growth on plates lacking histidine reflects an interaction. 

To investigate the oligomeric nature further, we analyzed the behavior of PpImh1 using DLS. The 

correlation graph and fast decay time suggest that the mean radius of the particles is within the 

expected range for proteins which is usually between 1 to 100 µs. It showed the estimated 

molecular weight of the PpImh1 dimer to be around 260kDa, which is precisely double of the 

molecular weight of its monomeric form i.e., 130kDa (Fig 4.4C). We observed that polydispersity 

is high, which can be attributed to the multiple oligomeric states present in the protein sample. 

Such native dimeric state was also confirmed through native gel followed by western blot using an 

antibody against the His-tagged PpImh1, where it showed band around 260kDa (Fig 4.4B).  

According to the results obtained through the above experiments, it can be concluded that PpImh1 

probably forms a homodimer.  However, a dimer may be orientated in a parallel (head-to-head) or 

anti-parallel (head-to-tail) fashion. To distinguish between these possibilities, we utilized the yeast 

two-hybrid assay to analyze interactions between various N- and C-terminal truncated constructs. 

Strong self-interaction was observed between the coiled-coil regions and C-terminal [GAD-

PpImh1 (725-1124) with GBDU-PpImh1 (725-1124) and GAD-PpImh1 (400-765) & GBDU-

PpImh1 (400-765) (Fig 4.4D). However, no self-interaction was detected between N-terminal (1-

300) regions. Neither any interaction was detected between C-terminal (725-1124) and N-terminal 

region (1-300). This result indicates, PpImh1 probably dimerizes through the self-interactive 

central coiled-coil regions and C-terminal regions. However, the N-terminal domain does not 

mediate such dimerization either through self-interaction or interaction with the C-terminal region. 

All of these results together suggest that PpImh1 forms parallel homodimers. 
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4.2.4: Electron microscopy data suggest that PpImh1 forms parallel homodimer with splayed 

N terminus 

To further elucidate the nature of the dimer, we visualized purified PpImh1 under transmission 

electron microscope. We observed that the PpImh1 particles exhibit two profiles: either a ‘Y’ 

shaped or a clustered form (Fig4.5A). Majority of individual PpImh1 particles seemed to form a 

‘Y’ shaped structure which appeared at a significant frequency of 24 % (Table 4.2). The clustered 

or network-like profiles may represent assemblies of the ‘Y’ shaped forms of PpImh1 or other 

differently folded forms of PpImh1. Some particles had no head or short head which may be 

because of proteolysis or restricted conformation. The most biologically accepted form as per the 

function of Golgins would be a ‘Y’ shaped conformation as it favours the capturing of the vesicle 

by the N terminal splayed end. Yeast two-hybrid results indicate that the N-terminal region of 

PpImh1 is monomeric and that the C-terminal region is dimeric (Fig. 4.5C).  

 

Figure 4.5 Negative-stain EM of purified PpImh1 
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(A) Purified PpImh1 & control buffer sample was absorbed on the grid and stained with 1% uranyl acetate 

and observed using TEM (JEOL 1400 plus 120kV, USA) transmission electron microscopy at 

magnification 5000X. Representative images are shown. Y- Y-shaped profile is marked. Scale bar -

500nm.(B) Magnified representative image of Y-shaped profiles of PpImh1 and Outline of predicted 

PpImh1structure. Scale Bar- 100nm (C) Measurement of length of each branch of Y shaped conformation 

of PpImh1 using iTEM analysis software. The branch lengths were classified as Y1 (rod) & branches Y2 & 

Y3. The values are statically significant (P<0.0001, Paired t-test).  

 

Profile Number Ratio (%) 

Y shaped 48 24 

Cluster 154 76 

Total 200 100 

Table 4.2- Quantification of PpImh1 profiles by electron microscopy 

It is most probable that the ‘Y’ Shaped profile represents a parallel dimer with two branched 

monomeric N-terminal regions and a single dimeric C-terminal region. In the ‘Y’ shaped structure, 

the stalk represents the self-interacting coiled-coil domain. The splayed end represents N terminal 

domain which does not appear to self-interact or form dimer. The length of each branch of the ‘Y’ 

shaped profile was measured. The branch lengths were categorized as lower rods (Y1) and upper 

arms (Y2 and Y3) (Fig4.5B). The average lengths were 76, 86 and 161nm for Y3, Y2, and Y1 

respectively. The difference in length between Y1 & Y2 or Y1&Y3 was significant; however, 

there was no significant length difference between the branches Y2&Y3, suggesting that one 

branch is significantly longer than the other two branches (Fig4.5C). It is to be noted that the 

combined size of self-interacting central and C-terminal domains of PpImh1 is almost double to 

that for its non-interacting N-terminal domains. This quantification strengthens the fact that the ‘Y’ 

shaped structure represents a dimer of PpImh1. Lack of splayed structure on both sides of the 
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dimer further emphasizes the fact that PpImh1 indeed forms parallel dimers, but not the anti-

parallel dimers.  

4.3: Discussion 

We have identified the sole GRIP domain Golgin of Pichia pastoris. Arl1 binds to the GRIP 

domain and recruits Golgins to TGN. A conserved tyrosine residue of GRIP domain is essential for 

Arl1 interaction and subsequent Golgi targeting [99, 128]. In the case of mammalian cells, 

mutation of this tyrosine residue to alanine affects the localization of Golgin 97 &Golgin 245[98]. 

PpImh1 fails to localize to the Golgi when this corresponding tyrosine of its GRIP domain is 

mutated to alanine. This result indicates that sequence-specific interaction of GRIP domain is 

essential for Golgi targeting of GRIP domain protein.  

Apart from the GRIP domain, TGN Golgins have a long coiled-coil domain and an N 

terminal head domain. TGN Golgins capture the vesicles of recycling endosomes through the N 

terminal head domain [130]. Their long coiled-coil domain possibly functions as a spacer to extend 

the vesicle capture domain [81, 127]. We have demonstrated that PpImh1 also contains higher 

grade alpha-helical coiled coil domain which possibly performs the similar function. 

Mammalian TGN Golgins such as GCC185, Golgin97 have been shown to form a parallel 

homodimer. Moreover, GCC185 also has been shown to form the ‘Y’ shaped dimeric structure 

with its N terminus forming a splayed end, which has an affinity to bind vesicles[127]. No such 

study has been reported yet on the capabilities of yeast Golgins to form such structures. Our yeast 

two-hybrid analysis suggests that PpImh1 possibly forms a parallel homodimer. In addition, EM 

data confirms that PpImh1 displays such ‘Y’ shaped structures. Golgin97, the mammalian 
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homolog of PpImh1 captures the vesicles which shuttle between endosomes and TGN. However, 

whether PpImh1 exhibits the same function requires further investigation. 
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5. Golgin PpImh1 mediate cisternal 

stacking of Golgi apparatus in budding 

yeast Pichia pastoris 
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5.1: Introduction 

Intracellular protein trafficking is a coordinated process in the eukaryotic cell. Vesicles carry cargo 

proteins from the ER to compartments where modifications occur and deliver them to their final 

destinations [2]. The Golgi apparatus plays a central role in the processing, sorting, and secretion 

of various cargo molecules destined for various intracellular and extracellular destinations [3]. The 

Golgi apparatus basically consists of cisternae which are flat membrane sacs of discoid shape 

[134]. The Golgi cisternae display variable shape in different species: from dispersed cisternae in 

S.cerevisiae to stacked cisternal structure in Pichia pastoris and to laterally connected ribbon of 

cisternal stacks in metazoans, but the mechanisms that generate this organization have been not 

clear [4, 77]. The Golgi stacks can be converted to individual cisternae by protease treatment, 

suggesting that protein bridges hold cisternae together [22]. The Golgi apparatus undergoes 

disassembly and reassembly process during the cell cycle, which is regulated by phosphorylation 

of the GRASP proteins, suggesting GRASPs as a stacking factor [135]. Mammalian cells contain 

two GRASP protein GRASP65 and GRASP55 localized to early and medial Golgi cisternae 

respectively [136]. Single knockout of any of the GRASPs results in a minor effect on Golgi 

morphology. However, double depletion of GRASP55+GRASP65 disperses the Golgi ribbon 

structure in individual cisternae and tubulovesicular structures [27]. During the cell cycle, Golgi 

structure undergoes fragmentation when cells exit mitosis, GRASP proteins undergo 

dephosphorylation after Cdk1 inactivation, enabling GRASPs to oligomerize and Golgi stacks to 

reform. GRASPs are peripheral membrane proteins on the cytoplasmic face of the Golgi cisternae 

that form trans-oligomers through their N-terminal GRASP domain, and thereby function as the 

“biological adhesive” to stick adjacent cisternae together into a stack and to link Golgi stacks into 
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a ribbon, suggesting oligomerization as a mechanism of cisternal stacking [136]. These studies 

suggest GRASPs as a major cisternal stacking factor.   

So, if GRASPs are considered as major cisternal stacking factors, their structural role should be 

conserved. In budding yeast Pichia pastoris deletion of GRASP homolog, GRH1 has no effect on 

Golgi stacking and this situation can be extended to plant cells where no GRASP homolog is 

identified [20, 24].  These studies suggest that in case of yeast and plants, where no of the GRASP 

homolog has been either identified or found to be necessary for Golgi stacking, an yet unidentified 

adhesive interaction of existing Golgi proteins could potentially mediate cisternal stacking. 

A simple cisternal adhesion model has been proposed which suggests that adhesive energy that 

binds cisternae to each other at physiological equilibrium can be generated by many different 

combinations of Golgins+GRASPs or even in the absence of GRASPs. According to the report, 

efficient stacking occurs in the absence of GRASP65/55 when either Golgin is overexpressed [88]. 

This result suggests Golgins could be the alternative cisternal adhesion force. The Golgins are long 

coiled-coil domain proteins which are shown to be important for Golgi structure maintenance and 

vesicle tethering [137].  Knockdown of Golgin97, Golgin245, GCC185 shown to affect the Golgi 

structure, suggesting a role of Golgins in Golgi structure maintenance [85, 87, 138].  

In our study, we have tested the role of GRIP domain Golgin PpImh1p in the Golgi structure using 

budding yeast Pichia pastoris. Pichia pastoris provides an excellent tool to study cisternal stacking 

where we can study the individual Golgi stack and adhesion between two individual Golgi 

cisternae. 
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5.2: Results 

5.2.1: Assay system to monitor cisternal stacking in Pichia Pastoris 

To study cisternal stacking, we have created an assay system in which early Golgi protein Vig4 is 

tagged with msGFP, and trans-Golgi protein Sec7 is tagged with 6XDsred. Live cells were imaged 

by fluorescence confocal microscopy. Golgi cisternae were visualized both with 2D projections 

and with 3D rendering for quantitative measurements. In wild-type cells, we observe that VIG-

GFP and SEC7-6xDsRed.M1 forms elongated green and red signal representing early and late 

cisterna stacked in close proximity resulting in a ‘traffic light’ type of juxtaposed signal (Fig 5.1). 

The green and red signals are very close and almost located on the top of each other. 

Figure 5.1 Two color Pichia pastoris strain (early Golgi msGFP-VIG4, Sec7-6xDsRed.M1) 

Pichia pastoris Cells expressing msGFP-VIG4 and SEC7 DsRed.M1x6. Cells were grown in YPD media to 

log phase and imaged in Zeiss780 imaging system. Optical sections were collected every 200nm. Images 

were processed using ImageJ. The representative cell is shown. Scale bar: 1 µm. 

 

5.2.2: Deletion of Golgin PpIMH1 in Pichia pastoris dual color strain results in a cisternal 

unstacking phenotype  

We wanted to investigate the potential roles of GRIP domain containing Golgins in mediating 

cisternal stacking in budding yeast. In budding yeast Pichia pastoris, the only GRIP domain 
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containing Golgin is PpImh1[139]. So, we wanted to test whether the deletion of PpImh1 has any 

effect on cisternal stacking or not.  

 

Figure 5.2 Inter-cisternal distance is significantly increased in the case of Ppimh1∆ cells. 

(A) PpIMH1 was deleted in Pichia pastoris Cells expressing msGFP-VIG4 and SEC7-DsRed.M1x6. Cells 

were grown in YPD media to log phase and imaged under a Zeiss LSM780 confocal microscope. Optical 

sections of 200nmthickness were collected for the entire volume of cells. Image hyper stack were 

deconvoluted using Huygens Pro and further filtered and Z-projected using ImageJ. Representative cells are 

shown. Scale bar: 1 µm. (B)The distance between the green and red spot was measured using Imarisx64 

8.0.1 Biplane. To quantitate the inter-cisternal distance, images were opened in Imaris, the surface was 

filled using 3D rendering for a specific channel, then the individual surface was considered as a solid object, 

and center point was selected. By using pointer distance between one green and one red spot was measured. 

Values represent mean±SEM (60cells) student t-test ***P<0.0006. (C)To capture thin section electron 

micrograph of Pichia pastoris PPY12 wild-type and Ppimh1∆strain, wild-type &Ppimh1Δ Cells were 

grown for log phase till 0.5 OD, concentrated using vacuum filter, fixed and resuspended in 0.75 ml 4% 
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KMnO4 and mixed for one hr at room temperature. The cells were then washed and resuspended in 0.75 ml 

2% uranyl acetate and mixed for one hr at room temperature. Finally, the cells were embedded in Spurr's 

resin; 50 ml of yeast culture yielded enough cells for three BEEM capsules. The resin was polymerized for 

two days at 68°C; sections were stained with uranyl acetate and viewed under an electron microscope (100 

CXII; JEOL U.S.A. Inc.). The representative cells are shown; scale bar represents100nm. (D) Quantitative 

data from thin section electrograph. Quantitative data from thin section electrograph were measure using 

iTEM software (i) Maximum inter-cisternal distance between two cisternae was measured by drawing the 

line between medial Golgi and TGN, (ii) Total area covered by entire Golgi stack, measured by drawing the 

entire Golgi stack area (iv) Angle between two cisternae, measured using drawing line on medial Golgi & 

TGN and angle between two lines were measured. Values represent mean±SEM (45 cells) student t-test 

***P<0.0006. 

 

In wild-type cells, we observe that Vig-GFP and Sec7-DsRed forms elongated green and red signal 

representing early and late cisterna stacked in close proximity. The green and red signals are very 

close and almost located on the top of each other. However, Golgin PpImh1 depletion results in 

clear separation of these green and red signals allowing each cisterna to be visualized distinctly 

with no apparent overlap (Fig5.2A). This result suggests that PpImh1 depletion causes a slight 

separation between Golgi cisternal stacks, which was confirmed by quantitative measurements 

from distance between the center of green and red spots through 3D rendering (Fig 5.2B). 

To gain further insight of structural details, we resorted to electron microscopy of PpImh1 deleted 

cells along with wild-type cells as a control. Electron microscopy data suggest that clearly there is 

an increase in inter-cisternal distance between medial and trans-Golgi in PpImh1 depleted cells. 

Furthermore, it appears that TGN is positioned at an angle to the rest of the stack while one end in 

many cases is attached to the rest of the stack (Figure 5.2C). To quantitatively characterize this 

mutant phenotype, we have measured several parameters from the EM micrographs. We found that 

the inter-cisternal angle between TGN and medial Golgi was increased in PpImh1 deletion strain 

as compared to the wild-type. Moreover, the total area covered by the entire Golgi stack was also 
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increased.  These experiments indicate that PpImh1 depletion affects cisternal stacking between 

medial and trans-Golgi. (Fig 5.2D) 

5.2.3: WT Full-lengthPpIMH1 could rescue the Ppimh1∆ deletion phenotype, but a version 

PpImh1 lacking the coiled-coil domain fails to rescue such phenotype. 

PpImh1 contains an N-terminal head domain, Golgi localizing C-terminal GRIP domain and long 

central coiled-coil domains. The long coiled-coil domains could potentially mediate dimerization 

of Golgin molecules residing on two different Golgi Cisterna and multiple such dimerized Golgin 

pairs can bring Golgi Cisternae together to form a stack.  To test this hypothesis, we need to test 

whether the coiled-coil is essential for cisternal stacking or not. According to coiled-coil domain 

analysis (fig 5.3), the central region of PpImh1 (150-1100) residues shows high predictability to 

form the coiled coil. Full-length PpImh1 was fully competent to rescue the unstacking phenotype, 

but PpImh1 (150-1070) ∆ was not able to rescue the unstacking phenotype (Fig5.4A). 

 

Figure 5.3 Schematic representation of PpImh1 (Based on coiled-coil analysis) 
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Figure 5.4 Full-length PpIMH1 could rescue the Ppimh1∆ deletion phenotype 

(A).Thin section electron micrograph of thePpimh1Δ cells transformed with (i) Full-length PpIMH1 (ii) 

PpImh1∆ (150-1070). The Ppimh1Δ strain was transformed with full-length PpIMH1andPpImh1∆ (150-

1070) as a second copy. All the strains were grown until log phase then cells were concentrated, fixed and 

stained. Cells were embedded in Spurr's resin then sections were taken and observed under an electron 

microscope (100 CXII; JEOL U.S.A. Inc.) The representative cells are shown. Scale bar - 100nm. (B). 

Quantitative data from thin section electrograph were measured using iTEM analysis software (i)Maximum 

inter-cisternal distance between two cisternae, (ii) Area covered by the entire Golgi stack (iii) Angle 

between two cisternae. Values represent mean±SEM (45cells) student t-test ***P<0.003) 

 

We also found that the Inter-cisternal distance, area cover by the entire Golgi stack and inter-

cisternal angle increase in the PPY12-PpImh1 (150-1070) ∆ rescue strain (Fig5.4B). These results 
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suggest that PpImh1 (150-1070) domain, which has shown high probability to form coiled-coil 

domain is essential for cisternal stacking function of PpImh1. 

5.2.4: Overexpression of PpImh1GRIP domain alone can cause unstacking phenotype while 

overexpression of only PpImh1 Coiled-coil domain alone causes no such effect. 

The GRIP domain of TGN Golgin acts as Golgi localizing signal. Expression of GRIP domain 

tagged with GFP in cells shown that it localizes to the TGN. Furthermore, it can act as a dominant 

negative mutant by competing with endogenous GRIP domain-containing proteins for binding to 

Arl1. If PpImh1 is mediating the cisternal stacking through dimerization of coiled-coil regions, 

then it is conceivable that the overexpression of GRIP domains will saturate all the binding sites of 

PpImh1. Accordingly, such over-expression in Pichia pastoris cells may cause cisternal 

unstacking as dominant negative like phenotype as most of the endogenous PpImh1 will not be 

localized to the Golgi. When we overexpressed GRIP domain under the methanol inducible AOX1 

promoter, it resulted in cisternal unstacking phenotype (Fig 5.5A). We observed that GRIP domain 

overexpression results in an increase in inter-cisternal distance, the area cover by the entire Golgi 

stack and inter-cisternal angle (Fig 5.5B). However, similar overexpression of coiled-coil domain 

does not show any effect on cisternal stacking (Fig 5.5A, 5.5B).  
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Figure 5.5 Overexpression of PpImh1GRIP domain alone can cause unstacking phenotype while 

overexpression of only PpImh1 Coiled-coil domain alone causes no such effect. 

(A). Thin section electron micrograph of Pichia pastoris wild-type cell overexpressed with PpIMH1GRIP 

domain and PpIMH1CC. PpIMH1GRIP and PpIMH1CC were cloned in a pIB4 vector under the control of 

methanol inducible promoter AOX1. Cells were grown till log phase in SYG (Glycerol) and induced by 1% 

methanol. Cells were concentrated, fixed and processed for thin section electron micrograph. Sections were 

observed under an electron microscope (100 CXII; JEOL U.S.A. Inc.) The representative cells are shown. 

Scale bar – 100nm) (B). Quantitative data from thin section electrograph were measured using iTEM 

analysis software (i) Maximum inter-cisternal distance between two cisternae, (ii) Area covered by the 

entire Golgi stack (iii) Angle between two cisternae. Values represent mean±SEM (45cells) student t-test 

***P<0.005). 
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To further understand these results, we tagged PpIMH1GRIP domain and PpIMH1CC domain 

with GFP expressed under the AOX1 promoter. We observed that PpIMH1GRIP domain 

overexpression shows a typical punctate Golgi pattern, while PpIMH1CC overexpression which 

lacks GRIP domain, fails to localize to the Golgi (Fig 5.6). That, in turn, results in cytosolic 

accumulation of the coiled-coil domain and no effect on cisternal stacking. 

 

Figure 5.6 Localization of GFP-Imh1GRIP and iGFPImh1CC in Pichia pastoris cells. 

(A). GFP-Imh1GRIP and GFPImh1CC were cloned into a pIB4 vector under the control of a methanol 

inducible AOX1 promoter. Constructs were integrated into the Pichia pastoris at His4 locus. Cells were 

grown to log phase in YPD and imaged in Leica SP8 imaging system. Optical sections were collected every 

200nm. Images were processed and projected using Image J. Representative cell are shown. Scale bar: 1 

µm. B. Overexpression of Imh1GRIP and Imh1CC was analyzed on SDS PAGE, then transfer to 

nitrocellulose membrane for immunoblot using Anti His antibody.    

 

5.2.5: Arl1 and Arl3 knockout display cisternal unstacking phenotype 

Arl1p and Arl3p are divergent members of the ARF family of GTPases, referred to as ARF-like or 

ARL GTPases, and they are highly conserved with the human ARL1 and ARF-related protein 

(ARP) GTPases, respectively. Arl1-GTP interacts with the GRIP domain, and this interaction 

regulates the Golgi recruitment of Golgin-97[131].Arl1-Arl3 works in cascade, in which the 

GTPase cycle of Arl3p regulates Golgi localization of Arl1p, which in turn binds to the GRIP 

domain of Imh1p and recruits it to the Golgi. Arl3 and Arl1 are the reported to be receptors for the 
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GRIP domain proteins. To validate this in Pichia pastoris, we tagged the chromosomal copy of 

PpIMH1 with GFP and transformed into arl3∆, arl1∆ strains. GFP-Imh1 was found to be localized 

throughout the cytoplasm in case of arl3∆, arl1∆ compare to the wild-type where it was localized 

to the Golgi (Fig 5.7). This suggests that both Arl3 and Arl1 are functionally conserved. 

 

Figure 5.7 Localization of GFP-Imh1 in arl1∆ and arl3∆ knockout cells. 

GFP-Imh1 was transformed into PPY12, arl1∆, and arl3∆ strains. Cells were grown to log phase in YPD 

and imaged in Leica SP8 imaging system. Optical sections were collected every 200nm. Images were 

processed using Image J. Representative Cells are shown. Scale bar: 1 µm. 
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Figure 5.8 Inter-cisternal distance was increased in arl3∆ and arl1∆ cells 

(A).Pichia pastoris strain expressing msGFP-VIG4 and SEC7-DsRed.M1x6 was deleted for arl3Δ&arl1Δ. 

Cells were grown to log phase and imaged under a Leica SP8 confocal imaging system. Optical sections of 

200nm thickness were collected for the entire volume of cells. Image hyper stacks were deconvoluted using 

Huygens Pro and further filtered and Z-projected using ImageJ. Representative cells are shown. Scale bar: 1 

µm. (B). Thin section electron micrograph of Pichia pastoris PPY12 wild-type, arl3∆, and arl1∆ cells. 

Pichia pastoris WT, arl3Δ, and arl1Δ cells were grown until log phase. Cells were concentrated, fixed & 

stained. Sections were observed under an electron microscope (100 CXII; JEOL U.S.A. Inc.) The 

representative cell is shown. Scale bar – 100nm)  (C). The distance between the green and red spot was 

measured using Imarisx64 8.0.1 Biplane. To quantitate the inter-cisternal distance, images were opened in 
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Imaris, the surface was filled using 3D rendering for a specific channel, then the individual surface was 

considered as the solid object, and center point was selected. By using pointer distance between one green 

and one red spot was measured. Values represent mean±SEM (60cells) student t-test ***P<0.0002. 

Quantitative data from thin section electrograph were measured using iTEM analysis software (i) Maximum 

inter-cisternal distance between two cisternae,(ii) Area covered by the entire Golgi stack (iii) Angle 

between two cisternae. Values represent mean±SEM (45cells) student t-test ***P<0.0002).  

 

Since PpImh1’s recruitment to Golgi is dependent on Arl3-Arl1 function, we may hypothesize that 

depletion of both the Arl3 and Arl1 in Pichia pastoris cells should result in a cisternal unstacking 

phenotype. To test that, we created Arl3 and Arl1 knock out strain in wild-type two color Golgi 

strain. Indeed, we observed a cisternal unstacking phenotype in both the strains both through light 

microscopy and electron microscopy (Fig 5.8A, B). There was an increase in inter-cisternal 

distance, area cover by the entire Golgi stack and inter-cisternal angle (Fig 5.8C). These results 

once again strengthen our hypothesis that PpImh1 indeed mediating the cisternal stacking of 

Golgi. 

5.2.6: Golgi Localization of PpImh1 

The hallmarks of GRIP domain Golgins is to their localization to TGN. The Golgin-97-GRIP 

domain is sufficient for the recruitment of Golgin-97 to TGN [131, 140]. To test what is the exact 

localization of PpImh1, we tagged the PpImh1 with GFP & check its localization with respect to 

early and late Golgi.GFP-PpImh1 was showing overlapped with both cis Golgi and trans-Golgi 

marker (Fig 5.9A). Upon measuring the percent of the green spot on the red spot, we confirmed 

that it’s co-localizing with both cis and trans-Golgi (Fig 5.9B).  These results suggest to us that 

PpImh1 could be localized to the medial compartment. This result also fits well with our 

hypothesis that PpImh1 mediates the stacking between medial & trans-Golgi. 
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Figure 5.9 Localization of PpImh1 to the Golgi 

  (A). Cells expressing GFP-PpIMH1 were transformed with cis Golgi marker mcherry-VIG4 and trans-

Golgi marker SEC7-DsRed.M1x6.Resulting strain (GFP-PpIMH1 mcherry-VIG4) & (GFP-PpIMH1, 

SEC7DsRed.M1x6) were grown till log phase; images were taken under Leica SP8 confocal imaging 

system. Optical sections of 200nm thickness were collected for the entire volume of cells. Image hyper 

stack were deconvoluted using Huygens Pro and further filtered and Z-projected using ImageJ. 

Representative cells are shown. Scale bar: 1 µm. (B). The overlap between two differently labeled punctate 

compartments was quantified.  Colocalization for each pair was measured as the percentage of the GFP 

signal that overlapped with a mask created from the mCherry-Vig4, and Sec7-6xDsRed.M1 signal 

Colocalization of the two markers was determined using ImageJ (60 cells). Values represent mean±SEM 

(60cells). 

 

5.2.7: PpImh1 is required for endosome to TGN trafficking 

Knockdown of individual mammalian GRIP domain proteins can result in, defects in the 

retrograde traffic of some cargo proteins from endosomes to the TGN [82, 85, 86, 141, 142]. It has 

also been suggested that some GRIP domain proteins are associated with outgoing or incoming 

cargo vesicle trafficking in TGN [142].  Golgin 97, the mammalian homolog of PpImh1 has been 

implicated in recycling endosome trafficking. To test whether depletion of PpImh1 has any effect 
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on endosome to TGN trafficking, we GFP-tagged one of the cargo protein Tlg1which shuttles 

between endosome to TGN. We checked the localization of GFP-Tlg1 in wild-type Pichia pastoris 

cells, which shows that Tlg1 localized to TGN (Fig 5.10). Furthermore, we checked the 

localization of Tlg1in Ppimh1∆, Ppimh1 ∆ (150-1070) cells. In the case of PpImh1∆ as well as 

PpImh1 (150-1070) ∆ cells, Tlg1 was not localized to the TGN. It was showing ‘spotty’ peripheral 

localization which is supposed to be endosome. It suggests that PpImh1 depletion affects the 

endosome to TGN trafficking. 

5.2.8: PpImh1 N terminal is indispensable for vesicle capture function 

A short well-conserved region at the N-terminus of TGN Golgin has been shown to be necessary 

and sufficient to nucleate the capture of endosome-to-Golgi carriers [133].  
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Figure 5.10 N terminal 100 amino acids region of PpImh1 are essential for endosome to Golgi 

transport 

Pichia pastoris cells expressing SEC7-DsRed.M1x6 and iGFP-TLG1 were knocked out with Ppimh1Δ, 

Ppimh1Δ (150-1070) and Ppimh1NΔ (1-100) domain. Cells were grown to log phase and images under 

Leica SP8 system. Optical sections of 200nm thickness were collected for the entire volume of cells. Image 

hyper stack were deconvoluted using Huygens Pro and further filtered and Z-projected using ImageJ. 

Representative cells are shown. Scale bar: 1 µm. 

To validate whether the similar region of PpImh1 is functionally conserved or not, we deleted the 

N terminal 100Amino acids residues of endogenous PpImh1. We observed that in such strain Tlg1 

fails to localize in Golgi, suggesting that endosome to Golgi vesicle capturing function is 

compromised (Fig 5.11). These results further confirm that the deletion of only 1-100 amino acids 

residues of endogenous PpImh1 is sufficient to abolish vesicle capture function of PpImh1. 

Coiled-coil domain deletion of endogenous PpImh1 also has abolished the vesicle capture function 

(Fig 5.11). It suggests that N terminal 1-100 amino acids are necessary for vesicle capture along 

with the coiled-coil domain.   

5.2.9: PpImh1 N terminal is dispensable for cisternal stacking function of PpImh1 

We also tested the effect of N terminal deletion (1-100AA) on cisternal stacking phenotype by 

electron microscopy and light microscopy. Surprisingly such experiment showed no change in 

inter-cisternal distance and other parameters (Fig 5.12A, B, C, D.)  

This result suggests that the cisternal stacking function of PpImh1 is not dependent on its vesicle 

capturing function. However, the vesicle capturing function may be dependent on its stacking 

function as the deletion coiled-coil domain (the essential domain for cisternal stacking function) 

abolishes the vesicle capture function as well. 
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Figure 5.11 Deletion of N-terminal 100 amino acids region of PpImh1 has no effect on Golgi cisternal 

stacking. 

(A). PpImh1N (1-100) domain was deleted in Pichia pastoris cells. WT cells and Ppimh1∆ (1-100) 

expressing msGFP-VIG4 and SEC7-DsRed.M1x6 were grown to log phase and images were captured 

under Leica SP8 system. Optical sections of 200nm thickness were collected for the entire volume of cells. 

Image hyper stack were deconvoluted using Huygens Pro and further filtered and Z-projected using ImageJ. 

Representative cells are shown. Scale bar: 1 µm. (B). The distance between the green and red spot was 

measured using Imaris Biplane. To quantitative the inter-cisternal distance, the distance between the green 

and red spot were measured. Values represent mean±SEM (60cells) student t-test ***P<0.0006). (C). Thin 

section electron micrograph of Pichia pastoris PPY12 wild-type, Ppimh1 N∆ (1-100) cells. Pichia pastoris 

WT and Ppimh1 N∆ (1-100) cells were grown until log phase. Cells were concentrated, fixed & stained. 

Sections were observed under an electron microscope (100 CXII; JEOL U.S.A. Inc.) The representative cell 

is shown. Scale bar –100nm (D). Quantitative data from thin section electrograph were measured using 

iTEM analysis software (i) Maximum inter-cisternal distance between two cisternae, (ii) Area covered by 

the entire Golgi stack (iii) Angle between two cisternae. Values represent mean±SEM (45cells) student t-

test ***P<0.0002).  
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5.3: Discussion  

The discovery of the Golgins coincided with the observation that Golgi membranes could be 

extracted with detergent to leave a proteinaceous matrix that retained the organization of Golgi 

cisternae. Golgins GM130, p115 and Golgin 95 were discovered as matrix proteins which can 

maintain the architecture of Golgi cisternae [140-142]. It was also observed that a single 

knockdown of Golgins results in Golgi fragmentation [82, 84], suggesting a role of Golgins in 

Golgi structure and maintenance. 

Our results suggest that Golgin PpImh1 knockout affect cisternal stacking between medial and 

trans-Golgi. We also showed that the coiled-coil domain of Golgin PpImh1 shown to be essential 

for cisternal stacking. The GRASPs contains PDZs domain which can mediate lateral linking of 

cisternae by oligomerization, suggesting oligomerization a mode of cisternal stacking[26, 28, 33]. 

The Golgin PpImh1 forms parallel homodimer where the central coiled-coil domain remains in the 

dimeric state[136], suggesting that the coiled-coil domain of Golgin PpImh1dimerizes and hold 

cisternae together.  

Our results support our hypothesis that the long coiled-coil domain could potentially mediate 

dimerization of Golgin molecules residing on two different Golgi Cisterna and multiple such 

dimerized Golgin pairs can bring two Golgi cisternae together to form a stack. Our data suggest 

that PpImh1 mediates the cisternal stacking of TGN and medial Golgi.  

The established function of Golgins is to capture vesicle coming from the different region of the 

cells. GRIP domain Golgins GCC185, Golgin 97, Golgin 245 captures the vesicle coming from the 

endosome and transfers it to trans Golgi [82, 84, 139]. Our results support that Golgin PpImh1 

mediates transport between endosome to TGN.  



103 
 

 

 

Figure 5.12 Model depicting the dual function of PpImh1 

GRIP domain Golgins GCC185 forms a Y shaped structure where N terminal domain form 

splayed end and shown to be essential for vesicle capture [81, 130]. Golgin PpImh1 forms a 

parallel homodimer with splayed N terminus[136]. Our data further support that N terminal 

domain of PpImh1 is essential for vesicle capture function of Golgin PpImh1.  

It appears that its cisternal stacking function is independent of the vesicle capturing function since 

deletion of vesicle capture domain (PpImh1 (1-100) has no effect on cisternal stacking. But the 

deletion of the coiled-coil domain which is essential for cisternal stacking affect vesicle capture 

functions. That further suggests that stacking is indispensable for vesicle capture. We hypothesize 

that cisternal stacking is independent of vesicle capturing functions, but the efficacy of the latter 

may be dependent on the former, which possibly enhance the robustness of the secretory function 

of the Golgi apparatus. 
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However, a natural question arises about how PpImh1 accommodate these two separate functions 

simultaneously. To address that, we have hypothesized a potential model (Fig 5.13). For vesicle 

capturing function Y-shaped N terminal dimers of Golgins are a favored structure in which splayed 

N-terminal of dimers are proposed to get hold of the vesicles[81, 130].We have shown that N 

terminal domain of PpImh1 is essential for vesicle capture. The C terminal domain of Golgin 

dimers anchors to the Golgi membrane through Arl1 interaction. The coiled-coil region of PpImh1 

contains certain breaks region which possible form the hinge region which can provide flexibility 

to Golgin molecule to transport vesicle to the Golgi membrane [81, 136] 

For cisternal stacking function, the dimers anchor its two GRIP domain C-terminal tail into two 

different neighboring cisternae and dimerization of coiled-coil domain bring two cisternae together 

and mediate cisternal stacking.  

Our results suggest the possible role of Golgins in Golgi structure maintenance and vesicle capture. 

Golgins could mediate cisternal stacking in lower eukaryotes and organisms lacking GRASPs. 

Golgin potentially could be stacking factor as they are conserved in all the organisms.   
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6. Summary and conclusion 
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6.1: Summary and conclusion 

Budding yeast Pichia pastoris has highly advanced secretory pathways resembling mammalian 

systems, an advantage that makes it a suitable model system to study vesicular trafficking. Golgins 

are large Golgi resident proteins, primarily reported to play role in cargo vesicle capture, but 

details of such mechanisms are yet to be deciphered. Golgins that localize to the Golgi via their 

GRIP domain, a C-terminal Golgi anchoring domain, are known as GRIP domain Golgins. We 

have identified and a functionally characterized homolog of one such GRIP domain Golgin 

protein, Imh1, from the budding yeast Pichia pastoris. We have demonstrated that the GRIP 

domain present at C-terminal of Pichia pastoris Imh1 (PpImh1) functions as its Golgi-targeting 

sequence. Using a combination of yeast two-hybrid analysis, Dynamic Light Scattering and 

Electron Microscopy, we have shown that PpImh1 can self-associate and form a homodimer. 

Analysis of purified recombinant PpImh1 by CD spectroscopy indicates the presence of 85% α-

helical structure, a characteristic of high content alpha helical coiled-coil sequences normally 

present in other Golgin family proteins. Two-hybrid analysis indicated self-interaction between C-

terminal fragments, yet N terminal fragments do not mediate any such form of self-interaction, 

suggesting that PpImh1 may form a parallel dimer. Electron Microscopy data indicates PpImh1 

forms extended rod-like homo-dimeric molecules with splayed N terminal end which can act as a 

tether for capturing vesicles. Our study, provide the first evidence in support of the dimeric Y 

shaped structure for any Golgin in the budding yeast. 

Shape regulation of dynamic organelles is a basic cell biological problem. Moreover, the 

mechanism that regulates cisternal stacking of Golgi apparatus is still not completely understood 

primarily due to the lack of any cross-species universal factors that may mediate such function. 

Although (GRASPs) has been implicated in cisternal stacking in metazoans, the lack of functional 
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GRASP homolog in budding yeast and plants raises the possibilities of the existence of other 

potential universal factors with similar functions. Golgins represent such likely class of molecules 

that may mediate the adhesive role for cisternal stacking. With their long coiled-coil domains, 

Golgins could potentially mediate dimerization with other Golgin molecules residing on different 

Golgi cisterna and multiple such dimerization events collectively may bring neighboring Golgi 

cisternae together to form a stack. In our present study, we observed that deletion of Pichia 

pastoris Golgin PpIMH1 causes an increase in inter-cisternal distance between medial and late 

Golgi compartment. Although a full-length PpImh1 can rescue such phenotype, butPpImh1 

lacking coiled-coil region failed to rescue the unstacking phenotype. This result suggests that 

PpImh1 may indeed play a role in cisternal stacking through coiled-coil domain dimerization as 

hypothesized. Such a conclusion further strengthened by the fact that an overexpression of only the 

PpImh1 GRIP domain can cause a similar cisternal unstacking. Deletion of the N terminal (1-100) 

amino acid domain abolishes the vesicle capture function of PpImh1, but such deletion does not 

affect cisternal stacking. Our results suggest that PpImh1 mediate the dual function of cisternal 

stacking and vesicle capture via its two different functional domains. We hypothesize that cisternal 

stacking is independent of vesicle capturing functions, but the efficacy of the latter may be 

dependent on the former, which possibly enhance the robustness of the secretory function of the 

Golgi apparatus.  

Following are salient features of this research: 

a. PpImh1 deletion strains display cisternal unstacking between medial and trans-Golgi 

b. Coiled-coil domain of PpImh1 is essential for cisternal stacking  

c. Arl1 and Arl3 deletion strains result in a cisternal unstacking phenotype 

d. PpImh1 co-localize with both early and late Golgi marker. 
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e. PpImh1 knockout strain affects transport between endosome and TGN 

f. GRIP domain of PpImh1 is important for Golgi localization 

g. PpImh1 comprised of a high degree of alpha-helical coiled-coil domain 

h. PpImh1 form parallel homodimer and has splayed N terminus. 

 

6.2: Future Perspectives 

Our study suggests that Golgin PpImh1 perform the dual function of cisternal stacking and vesicle 

capture. We have shown that Golgin PpImh1 contains coiled-coil domain which has the ability to 

form a dimer. For cisternal stacking function, it possibly holds Golgi cisternae by means of Golgi 

localizing GRIP domain and brings two cisternae together by dimerization of coiled-coil domain. 

Furthermore, it would be interesting to understand the force behind the dimerization of the coiled-

coil domain. It will enable us to strengthen the fact that Golgin can mediate cisternal stacking.  

Since the dimerization is a crucial step for cisternal stacking it would be interesting to identify the 

minimal region of Golgin PpImh1 required for cisternal stacking. 

With respect to vesicle capture function, we have shown that PpImh1 contain long coiled-coil 

domain which provides an extended arm to capture the upcoming vesicle. The coiled-coil region 

also contains a certain region which has a very low probability of coiled coil. The possible function 

of these regions may be to provide sufficient physical flexibility to the PpImh1 molecule in order 

to capture vesicle from the distance and bring it to the Golgi cisternae. It would be fascinating to 

study whether these regions function as a hinge to allow the bending of Golgins? What are the 

other factors or forces that are involved in this bending of Golgins? A variety of Rab's has been 

known to bind the Golgins throughout their length. Probably the ability of Golgins to bind multiple 
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Rabs may serve a role in allowing their bending. Hence, we need to know what are the specific 

Rabs responsible for binding to different regions of Golgins and allowing their bending? 

Also, what are the other candidate factors responsible for cisternal stacking? There are 4 different 

Golgins known in P. pastoris. Out of these 4 Golgins, we have shown that Rud3 is not involved in 

cisternal stacking while Imh1 is involved in medial and TGN stacking. There are 2 other Golgins 

that are remained to study, namely Coy1 and Sgm1. Do these Golgins play a similar role in 

cisternal stacking? If yes then how exactly do they perform this function? Is their mechanism of 

stacking similar to that of PpImh1? Is there any functional redundancy among these Golgins? All 

these questions may help us to further explore the mechanism of cisternal stacking. 
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Appendix 1  

1.1 msGFP-VIG4pIB1 
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1.2 Cloning strategy for SEC7-6xDsRed.M1 
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1.3 IMH1pUG6 
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1.4 IMH1pIB1 
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1.5 IMH1GRIPpIB1 
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1.6 IMH1GRIP-pIB4 

 

 

 

 

 

 

 

 



133 
 

1.7 Cloning strategy for IMH1CC-pIB4 
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1.8 GFP-IMH1 
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1.9 GFP-GRIP 
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1.10 GFP-IMH1CC 
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1.11 Arl1pUG 
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1.12 Arl3pUG6 
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1.13 IMH1pET28a 
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1.14 IMH1N(1-100)∆pUC19His 
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1.15 GFP-TLG1pUC19His 
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Appendix 2 List of yeast strains used in the study 

Sr.No Strain Name Genotype 

1 PPY12 his4 arg4 

2 PPY12 msGFP-VIG4  SEC7-DsRed.M1x6 msGFP-

VIG4His4::his4SEC7-DsRed.M1x6 

pUC19Arg::ARG4 

3 PPY12 msGFP-VIG4  SEC7-DsRed.M1x6 imh1∆ msGFP-

VIG4His4::his4SEC7-DsRed.M1x6 

pUC19Arg::ARG4 

IMH1::IMH1Kanmax 

4 PPY12 msGFP-VIG4  SEC7-DsRed.M1x6 imh1∆-

IMH-PIB1 

msGFP-

VIG4::hygroSEC7-DsRed.M1x6 

pUC19Arg::ARG4 

IMH1::IMH1Kanmax /IMH1-pIB1 

5 PPY12 msGFP-VIG4  SEC7-DsRed.M1x6 imh1∆-

IMHGRIP-PIB1 

msGFP-

VIG4::hygroSEC7-DsRed.M1x6 

pUC19Arg::ARG4 

IMH1::IMH1Kanmax /GRIPIMH1-

pIB1 

6 PPY12 msGFP-VIG4  SEC7-DsRed.M1x6 imh1CC∆ msGFP-

VIG4His4::his4SEC7-DsRed.M1x6 

pUC19Arg::ARG4 

IMH1::IMH1CCKanmax 

7 PPY12 msGFPVIG4  SEC7DsRed.M1x6 arl1∆ msGFP-

VIG4His4::his4SEC7-DsRed.M1x6 

pUC19Arg::ARG4 

ARL1::ARL1Kanmax 

8 PPY12 msGFPVIG4  SEC7DsRed.M1x6 arl3∆ msGFP-

VIG4His4::his4SEC7-DsRed.M1x6 

pUC19Arg::ARG4 

ARL3::ARL3Kanmax 

9 PPY12 iGFP-IMH1 iGFP-IMH1His4::his4 

10 PPY12 iGFP-IMH1 SEC7-DsRed.M1x6 iGFP-

IMH1His4::his4SEC7-DsRed.M1x6 

pUC19Arg::ARG4 

11 PPY12 iGFP-IMH1 mcherry-VIG4-bAG32 iGFP-IMH1His4::his4  mcherry-VIG4-
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bAG32 Hygro 

12 PPY12 iGFP-IMH1GRIP-PIB4 GFP-IMH1GRIPpIB4HIS4:: his4 

13 PPY12 iGFP-IMH1CC-PIB4 GFP-IMH1CCpIB4HIS4:: his4 

14 PPY12  iGFP-IMH1  arl1∆ iGFP-IMH1HIS4::his4  

ARL1::arl1Kanmax 

15 PPY12  iGFP-IMH1  arl3∆ iGFP-IMH1HIS4::his4 

ARL3::arl3Kanmax 

16 PPY12 iGFP-TLG1 SEC7DsRed.M1x6 GFP-TLG1HIS4::his4 

SEC7-DsRed.M1x6Arg4::arg4 

17 PPY12 iGFP-TLG1  SEC7DsRed.M1x6 imh1∆ GFP-

TLG1HIS4::his4SEC7-DsRed.M1x6  

M1x6Arg4::arg4IMH1::imh1Kanmax 

18 PPY12 iGFP-TLG1 SEC7DsRed.M1x6 imh1CC∆ GFP-

TLG1HIS4::his4SEC7-DsRed.M1x6  

M1x6Arg4::arg4IMH1::imh1CCKanma

x 

19 PPY12 iGFP-TLG1 SEC7DsRed.M1x6 imh1(1-

100)∆ 

GFP-

TLG1HIS4::his4SEC7-DsRed.M1x6  

M1x6Arg4::arg4IMH1::imh1(1-

100)Kanmax 

20 PPY12 msGFPVIG4  SEC7DsRed.M1x6 imh1(1-

100)∆ 

msGFP-

VIG4His4::his4SEC7-DsRed.M1x6 

pUC19Arg::ARG4 IMH1::IMH1(1-

100)Kanmax 

21 PPY12 GFPGRIPpIB2 his4 arg4  GFP-GRIPpIB2::HIS4 

22 PPY12 GFPGRIP(T-A)pIB2 his4 arg4  GFP-GRIP(Y-A)pIB2::HIS4 

23 PPY12 GFPGRIPpIB2 PpSEC7-DsRed.M1×6 his4 arg4 GFPGRIP:: HIS4 

SEC7-DsRed.M1x6 pUC19Arg::ARG4 

24 PPY12 iGFPImh1 arl1∆ his4 arg4 GFP-PpImh1-

pUC19His::HIS4 PpArl1::Kanmax 
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Appendix 3 List of Constructs used in the study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sr.No Construct Name 

1 msGFP-VIG4-pIB1 

2 SEC7DsRed.M1x6 

3 pUG6-PpIMH1::KanMAX 

4 IMH1-pIB1 

5 GRIPIMH1-pIB1 

6 GFP-GRIPIMH1-pIB4 

7 GFP-CCIMH1-pIB4 

8 pUG6-PpARL3:: KanMAX 

9 pUG6-PpARL1:: KanMAX 

10 iGFP-IMH1-pUC19His 

11 pUG6-PpIMH1CC::KanMAX 

12 iGFP-TLG1-pIB1 

13 IMH1(1-100)∆-pUC19His 

14 mCherry-VIG4-bAG32 

15 GFP-GRIPpIB2 

16 GFP-GRIP(Y-A)pIB2 

17 SEC7-DsRed.M1x6 pUC19Arg 

18 PpImh-pET28a 

19 PpImh1-pGAD 

20 PpImh1-pGBDU 

21 PpImh1(725-1124)-pGAD 

22 PpImh1(725-1124)-pGBDU 

23 PpImh1(1-355)-pGAD 

24 PpImh1(1-355)-pGBDU 

25 pGAD 

26 pGBDU 

27 pUG6-PpArl1::KanMAX 
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Appendix 4 List of primers used in the study 

Sr.No Name of Primer Sequence (5-3) 

1 VIG4EcoRIFw CTATAGAATTCATCTCGTACCTATTCTG 

2 VIG4SphIRv CAATTGCATGCctagctcttgtcagttggta 

3 VIG4BamHI-NotIUP atacttatcatcaaagcaagacatCCGCGGCCGcATTACGGATCCatggctgacaaaggatcggtagcgg 

4 VIG4BamHI-NotIDw ccgctaccgatcctttgtcagccatGGATCCGTAATgCGGCCGCGGatgtcttgctttgatgataagtat 

5 msGFPVig4SacIFw tctacGAGCTCCATCTCGTACCTATTCTG 

6 msGFPVig4SpeIRv cgtacACTAGTCATGCctagctcttgtca 

7 IMH1 U Nde1 Fw cgcggCATATGttattgaagatgaaagtg 

8 IMh1 U Sal1 Rv gttcgGTCGACgttttgagaacatctacc 

9 IMH1 D Xho1 fw tagtaCTCGAGctggtttccttcgggatg 

10 IMH1 D Hpa1 Rv ttagtGTTAACtgattcatccctctgttt 

11 Kamaxintcheckfw ggatgtatgggctaaatg 

12 IMH1GRIP Xho1 fw gtgacCTCGAGcagttgctgaagttcgag 

13 IMH1GRIP HindIIIrv gccggAAGCTTaaccagcttattttaatg 

14 IMH1 XmaIFw ctggcCCCGGGctttaatgttaatagaca 

15 IMH1Nterm100AABamHIRv GctacGGATCCcatctaccttcaaaagaa 

16 IMH1Nterm100AABamHIfw gagcgGGATCCgcgaaatatgagcagaaa 

17 IMH1 Sph1 Rv gtcgtGCATGCttattttaatgagctggc 

18 IMH1 Sph1 Rv gtcgtGCATGCttattttaatgagctggc 

19 IMH1 XmaIFw ctggcCCCGGGctttaatgttaatagaca 

20 IMH1 BamHI fw gcggcGGATCCctttaatgttaatagaca 

21 IMH1 Coiled coil Sph1 Rv catctGCATGCtctacttctcgtattgac 

22 Tlg1 XmaIFw aactaCCCGGGgtcgaatatgactgtcgc 

23 Tlg1 Xho1 rv ggctgCTCGAGataagtgtttgtttacat 

24 TLG3 PIB1 SN UP actcagaaaccttaagaacaaacatCgactagttgactGCGGCCGcatggatccatttaatgatgttta 

25 TLG3 PIB1 SN D taaacatcattaaatggatccatgCGGCCGCagtcaactagtcGatgtttgttcttaaggtttctgagt 

26 ARL3 UP Nde1 Fw tattgCATATGgttatcgtgggaagcggt 

27 ARL3 UP Sal1 Rv gaaggGTCGACggaagagaacaggtgaag 

28 ARL3 Dw SacIIfw gtttaCCGCGGatttggtgtacgttcgct 

29 ARL3 Dw Hpa1 Rv tatgtGTTAACtgtatggctgagcaaggt 

30 Arl1 UP Nde1 Fw tgtagCATATGgatgtggagataatcagt 

31 Arl1UP Sal1Rv agaggGTCGACggagaattgattgaagat 

32 ARL1 Dw ECOrvFw tcgatGATATCtatatgaaacggtatgtt 

33 ARL1 Dw Not1 Rv' agtcgGCGGCCGCgctgaccttaatcctttg 

34 Imh1CCXmaFw ctgtaCCCGGGGGatgttctcaaaactttcc 

35 Imh1CCXhoIRv cgttaCTCGAGattttcatcactccccgc 

36 Imh1GRIPxmaIFw gtccgCCCGGGGCctgaagttcgagagactg 

37 Imh1GRIPXhoIRv gcattCTCGAGttttaatgagctggctaa 

38 PpImh1NdeIFw GTGTACATATGatgttctcaaaactttcc 

39 PpImh1NotIRv GttttGCGGCCGCttttaatgagctggc 

40 PpImh1GRIPXmaIFw gtccgCCCGGGGCctgaagttcgagagactg 

41 PpImh1GRIPXhoIRv gcattCTCGAGttttaatgagctggctaa 

42 GRIP(Y-A)Up aaaatgagagagataaagttgccGCAattaagaacgtccttctaggattt 

43 GRIP(Y-A)Dw aaatcctagaaggacgttcttaatTGCggcaactttatctctctcattttc 

44 PpImh1NtermBamHIFw GCGGATCCGGCAGCTatgttctcaaaactttcc 

45 PpImh1 NtemrSal1Rv cctatGTCGACtatctgtgacttttctcc 

46 PpImh1CtermBamHI GCGGATCCGGCAGCTattgccgaagaaaaagcc 

47 PpImh1CtermSalIRv gctgtGTCGACttttaatgagctggctaa 

48 PpImh1XmaIFw GTGTACCCGGGatgttctcaaaactttcc 

49 PpImh1SalIRv gtgctGTCGACttttaatgagctggctaa 
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Abstract

Budding yeast Pichia pastoris has highly advanced secretory pathways resembling

mammalian systems, an advantage that makes it a suitable model system to study

vesicular trafficking. Golgins are large Golgi‐resident proteins, primarily reported to

play role in cargo vesicle capture, but details of such mechanisms are yet to be

deciphered. Golgins that localize to the Golgi via their GRIP domain, a C‐terminal

Golgi anchoring domain, are known as GRIP domain Golgins. In this present study,

we have identified and functionally characterized a homologue of one such GRIP

domain Golgin protein, Imh1, from the budding yeast P. pastoris. We have demon-

strated that the GRIP domain present at the C‐terminal of P. pastoris Imh1 (PpImh1)

functions as its Golgi‐targeting sequence. Using a combination of yeast two‐hybrid

analysis, dynamic light scattering and electron microscopy, we have shown that

PpImh1 can self‐associate and form a homodimer. Analysis of purified recombinant

PpImh1 by CD spectroscopy indicates the presence of an 85% α‐helical structure, a

characteristic of high‐content α‐helical coiled‐coil sequences normally present in

other Golgin family proteins. Two‐hybrid analysis indicated self‐interaction between

C‐terminal fragments, yet N‐terminal fragments do not mediate any such form of

self‐interaction, suggesting that PpImh1 may form a parallel dimer. Electron micros-

copy data indicates that PpImh1 forms extended rod‐like homo‐dimeric molecules

with splayed N‐terminal end which can act as a tether for capturing vesicles. Our

study provides the first evidence in support of the dimeric Y‐shaped structure for

any Golgin in the budding yeast.

KEYWORDS

Golgi, GRIP domain, Pichia pastoris, PpImh1
1 | INTRODUCTION

The Golgi apparatus, being present in almost all eukaryotic systems,

plays a central role in the secretory pathway (Lowe, 2011). Proteins

are synthesized in the endoplasmic reticulum (ER), folded properly

and finally packaged into transport vesicles, which then delivers them

to the Golgi (Brandizzi & Barlowe, 2013). There are various types of

vesicles that participate in the secretory pathways. COPII vesicles or

clathrin‐coated vesicles usually carry the cargo proteins that are to
yonlinelibrary.com/journal/yea
be transported via the anterograde pathway. Some ER‐resident pro-

teins are brought back to ER in the retrograde pathway via COPI ves-

icles (Papanikou & Glick, 2014). Golgins are reported to mediate the

upstream ‘tethering’ of any incoming vesicle to Golgi, before their

fusion with the Golgi membrane, to form initial contacts (Yu &

Hughson, 2010). Usually Golgins are large α‐helical coiled‐coil domain

proteins present at different Golgi locations. GM130, p115 and

GMAP‐210 localize to the cis‐Golgi, the GRIP domain Golgins

(Golgin‐97, Golgin‐245, GCC88 and GCC185) to the trans‐Golgi,
Copyright © 2018 John Wiley & Sons, Ltd. 1
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and TMF, CASP, Golgin‐84 and Giantin on Golgi rims (Goud &

Gleeson, 2010). Such precise localization of specific Golgins helps to

capture the specific class of vesicles. For example, different ER‐born

vesicles are usually captured by GM130, p115 and GMAP‐210, Intra

Golgi vesicles by TMF, CASP and Golgin‐84, and vesicles from

endosomes by Golgin‐97, Golgin‐245, GCC88 and GCC185 (Gilling-

ham & Munro, 2016).

This last class, which captures the vesicles coming from

endosomes, is a family of Golgins that are targeted to the trans‐Golgi

by their C‐terminal GRIP domains (Munro & Nichols, 1999; Setty, Shin,

Yoshino, Marks, & Burd, 2003). In mammalian cells, four such GRIP

domain Golgins have been reported, namely Golgin97, Golgin245,

GCC185 and GCC88. GRIP domain sequences have been identified in

mammals, flies, plants, yeast (Imh1) and parasites (Munro, 2011). The

GRIP domain functions majorly as aTGN targeting signal. TGN Golgins

contain a high percentage (75–85%) of α‐helical coiled coils. Golgins

such as GCC185 and Golgin97 form parallel homodimer. Recent studies

utilizing atomic force microscopy suggested that the GCC185 N termi-

nus end forms a splayed end or Y‐shaped structure, which has an affin-

ity for vesicles coming from endosomes (Cheung & Pfeffer, 2016).

Pichia pastoris shares structural and molecular similarities in secre-

tory pathways with mammalian systems. Unlike Saccharomyces

cerevisiae, Pichia is well known for its highly efficient extracellular pro-

tein secretion, while it displays a stacked Golgi apparatus (Rossanese

et al., 1999). Moreover, most of the powerful yeast genetic manipula-

tion tools are well established in Pichia. For all the above reasons, we

decided to study the functions of Golgins in P. pastoris.

In the present study, we identified and characterized the GRIP

domain Golgin of P. pastoris, PpImh1. We demonstrated that PpImh1

contains the conserved GRIP domain. Biophysical studies and electron

microscopy results suggest that PpImh1 forms a parallel homodimer

and a Y‐shaped structure.
2 | MATERIALS AND METHODS

All of the plasmids and constructs used in this studies are listed in

Table 1. Experiments with P. pastoris were carried out using the
TABLE 1 List of plasmids used in study

Sample no. Construct name

1 GFP‐GRIPpIB2

2 GFP‐GRIP(Y‐A)pIB2

3 SEC7‐DsRed.M1x6 pUC19Arg

4 PpImh‐pET28a

5 PpImh1‐pGAD

6 PpImh1‐pGBDU

7 PpImh1(725–1124)‐pGAD

8 PpImh1(725–1124)‐pGBDU

9 PpImh1(1–355)‐pGAD

10 PpImh1(1–355)‐pGBDU

11 pGAD

12 pGBDU

13 pUG6‐PpArl1::KanMAX
prototrophic wild‐type strain PPY12 and its derivatives (Table 2). Gen-

eral methods for the growth and transformation of P. pastoris have

been described previously (Sears, O'Connor, Rossanese, & Glick,

1998). Yeast cells were grown at 30°C at 200 rpm. Pichia pastoris

transformation was performed using electroporation method. Gene

sequences for GCC185, GCC88, Golgin97, Golgin245, S. cerevisiae

Imh1, and P. pastoris Imh1, Arl1 were obtained from NCBI database.
2.1 | Construction of GFP‐GRIP and GFP‐GRIP(Y‐A)
strain

GRIP domain of PpImh1 was tagged with Green Fluorescent Protein

(GFP). GRIP domain (1030–1125 residues) of PpImh1 was PCR ampli-

fied using primers, PpImh1GRIPSmaIFw and PpImh1GRIPXhoIRv

(Table 3). The amplified fragment was digested with SmaI and XhoI

and ligated into pIB2, which was also digested with the same enzymes.

In the resulting plasmid, GFP was cloned between EcoRI and KpnI

sites, to get GFP‐GRIP‐pIB2 construct. This construct was linearized

with StuI to integrate at the His4 locus of P. pastoris. Using primers,

GRIP (Y‐A) Up and GRIP (Y‐A) Dw, GFP‐GRIP‐pIB2 plasmid was

mutagenized in the position of tyrosine (1083). Resulting plasmids

were sequenced to confirm the (Y–A) mutation. This construct was lin-

earized with StuI to integrate at the His4 locus of P. pastoris.
2.2 | Construction of SEC7‐DsRed.M1 × 6 strain

Golgi marker protein Sec7 was tagged with a hexa‐DsRed.M1 cassette

by pop‐in gene replacement using the same general strategy as

described above for GRIP. The plasmid pUC19‐ARG4‐Sec7‐DsRed.

M1 × 6 was linearized with XmnI to integrate at the Arg4 locus of P.

pastoris.
2.3 | Cloning, expression and purification of PpImh1

Full‐length PpImh1 was amplified using primers PpImh1NdeIFw and

PpImh1NotIRv. The amplified fragment was cloned in pET28a

between NdeI and NotI sites. The resultant plasmid was then trans-

formed into the Rosetta2DE3 strain for expression. Transformed cells

were grown in LB media containing kanamycin (50 μg/mL) and chlor-

amphenicol (34 μg/mL). When the culture OD600 reached 0.6, it was

induced with 0.4 mM IPTG and grown overnight at 22°C, 180 rpm.

The pellet from a 2 L culture was re‐suspended in 30 mL of buffer A

(10 mM HEPES, 300 mM NaCl, 5% glycerol, 0.1% Triton X‐100,

pH 8.5) and sonicated six times (60% amplitude, 1 min, 50% pulse)

until a clear suspension was obtained. This suspension was centri-

fuged at 14,000 rpm for 40 min and the supernatant was allowed to

bind the Ni‐NTA beads (4 mL, pre‐equilibrated with buffer A) for 1 h

followed by washing with 10‐bed volumes of wash buffer (10 mM

imidazole + buffer A). The bound protein was eluted (3 mL) using elu-

tion buffer (200 mM imidazole + buffer A). Elution fractions from affin-

ity purification were loaded on 8% SDS gel. The affinity eluted fraction

was then concentrated to 1 mL using 30 kDa cutoff centricon (Amicon

Ultra‐15 Centrifugal Filter Units) and injected into a gel filtration col-

umn to obtain pure protein fraction.



TABLE 2 List of yeast strains

Sample no. Strain name Genotype

1 PPY12 his4 arg4

2 PPY12 GFPGRIPpIB2 his4 arg4 GFP‐GRIPpIB2::HIS4

3 PPY12 GFPGRIP(T‐A)pIB2 his4 arg4 GFP‐GRIP(Y‐A)pIB2::HIS4

4 PPY12 GFPGRIPpIB2 PpSEC7‐DsRed.M1 × 6 his4 arg4 GFPGRIP::HIS4 SEC7‐DsRed.M1 × 6 pUC19Arg::ARG4

5 PPY12 GFPImh1 arl1Δ his4 arg4 GFP‐PpImh1‐pUC19His::HIS4 PpArl1::Kanmax

TABLE 3 List of primers used in study

Sample no. Name of the primer Sequence (5′–3′)

1 PpImh1NdeIFw GTGTACATATGatgttctcaaaactttcc

2 PpImh1NotIRv GttttGCGGCCGCttttaatgagctggc

3 PpImh1GRIPXmaIFw gtccgCCCGGGGCctgaagttcgagagactg

4 PpImh1GRIPXhoIRv gcattCTCGAGttttaatgagctggctaa

5 GRIP(Y‐A)Up aaaatgagagagataaagttgccGCAattaagaacgtccttctaggattt

6 GRIP(Y‐A)Dw aaatcctagaaggacgttcttaatTGCggcaactttatctctctcattttc

7 PpImh1NtermBamHIFw GCGGATCCGGCAGCTatgttctcaaaactttcc

8 PpImh1 NtemrSal1Rv cctatGTCGACtatctgtgacttttctcc

9 PpImh1CtermBamHI GCGGATCCGGCAGCTattgccgaagaaaaagcc

10 PpImh1CtermSalIRv gctgtGTCGACttttaatgagctggctaa

11 PpImh1XmaIFw GTGTACCCGGGatgttctcaaaactttcc

12 PpImh1SalIRv gtgctGTCGACttttaatgagctggctaa
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2.4 | Circular dichroism spectroscopy

The secondary structure of purified PpImh1 protein was characterized

using a Jasco J‐810 (Japan), circular dichroism (CD) polarimeter. A far‐

UV CD scan of protein (30 μM PpImh1 in 2.5 mM HEPES pH 8.5,

50 mM NaCl buffer) was collected in the 200–240 nm wavelength

range at 20°C.
2.5 | Dynamic light scattering

Dynamic light scattering (DLS) was performed using 70 μL of FPLC‐

purified fraction. The hydrodynamic radius of PpImh1 protein was cal-

culated using DynaProNanoStar, Wyatt Technology. Before the DLS

experiment, all of the samples were filtered using a 0.45 μm filter.
2.6 | Fluorescence microscopy

Live‐cell confocal imaging was performed for PPY12GFP‐GRIP‐pIB2,

PPY12GFP‐GRIP(Y‐A)‐pIB2 and PPY12GFP‐GRIP‐pIB2, SEC7‐DsRed.

M1 × 6 strains. Cells were attached to the glass cover dish surface,

washed and covered with minimal SD medium. Image capture was

performed using a Leica SP8 confocal microscope. GFP fluorescence

was visualized using 488 nm excitation and 495–550 nm bandpass

emission and DsRed fluorescence was visualized using 561 nm excita-

tion and 580–750 nm bandpass emission. The pixel size was 65 nm,

the pinhole size was 1.2 Airy units, and the interval between optical

sections was 0.3 μm. Twenty optical sections were captured every

1.2 s to span the entire cell thickness. The red and green fluorescence

images were processed by hybrid median filtering followed by average

projection and then merged with blue images of the cells.
2.7 | Yeast two‐hybrid interaction assays

Protein–protein interactions were tested using the yeast two‐hybrid

system (James, 2001). Interactions were tested between the proteins

fused to the Gal4 DNA‐binding domain and the Gal4 activation

domain. PpImh1 (full length), PpImh1 (1–300), PpImh1 (400–765) and

PpImh1 (725–1124) were PCR amplified from P. pastoris genomic

DNA, with XmaI and SalI as the restriction sites. The digested ampli-

fied fragments were inserted into pGBDU (‘bait’) and pGAD (‘prey’)

vectors digested with the same restriction enzymes. Plasmids were

transformed into S. cerevisiae strain PJ694A using the lithium acetate

method (Gietz & Woods, 2002). Transformants were selected on SD

Leu–Ura plates. Interactions were tested by plating the transformants

on SD–Leu–Ura–His plates.
2.8 | Negative staining to visualize purified PpImh1

Purified native PpImh1 was diluted to 10 μM using distilled water,

adsorbed to a 400‐mesh Formvar‐coated copper grid (Nisshin EM

Co. Ltd, Tokyo, Japan) and placed in 1% uranyl acetate solution for

10 s. After drying, the samples were observed using a transmission

electron microscope (JEM‐ 1400Plus; Jeol Ltd, Tokyo, Japan) at an

acceleration voltage of 120 kV (Bhattacharya, Kumar, & Panda,

2017; Ishida et al., 2015).
2.9 | Deletion of Arl1 in P. pastoris cells

Sequences of 1 kb flanking the Arl1 coding sequence were amplified

from genomic DNA using the upstream or downstream primers. The

amplified fragments were digested with NdeI and SalI (for the

upstream fragment) and EcoRV and NotI (for the downstream
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fragment). The upstream fragment was ligated with the pUC19kanmax

vector that had been digested with NdeI and SalI. The resulting plas-

mid was cut with EcoRV and NotI to ligate the downstream fragment

that results in pUC19‐Arl1::Kanmax. Finally, a 3.2 kb NdeI–NotI frag-

ment was excised from this plasmid and transformed into PPY12 cells.

G418‐positive transformants were screened by PCR to confirm that

Arl1 had been deleted.
3 | RESULTS

3.1 | Sequence alignment and characterization of
GRIP domain of PpImh1

The GRIP domain, whether expressed in mammalian cells or in bud-

ding yeast S. cerevisiae, always localizes to the Golgi. Also, overexpres-

sion of GRIP domain saturates the binding sites of endogenous GRIP

domain proteins on the Golgi. These data suggest that the GRIP

domain helps the Golgin to localize to Golgi. S.cerevisiae encodes a sin-

gle GRIP domain‐containing protein, Imh1 which localizes to the Golgi

(Munro & Nichols, 1999; Setty et al., 2003). With sequence alignment

studies of P. pastoris using PSI‐BLAST, we identified the single GRIP

domain‐containing protein in P. pastoris, PpImh1. We compared the

sequence of the C‐terminal domain of different GRIP domain‐contain-

ing proteins (Human GCC185, HumanGCC88, Human Golgin97,

Human Golgin245, S. cerevisiae Imh1 and P. pastoris Imh1) using PSI‐

BLAST (Figure 1a).
FIGURE 1 GRIP domain of PpImh1 is important for Golgi targeting. (a) A
terminal domain of Golgins was aligned using PSI‐BLAST Tool (Human GC
Saccharomyces cerevisiae Imh1, Pichia pastoris Imh1). The tyrosine conserve
Fluorescence confocal image of live P. pastoris cells expressing GFP fused
carboxy‐terminal (1030–1125) residues of PpImh1. Scale bar 1 μm. (c) Gre
acids 1030–1125) was expressed in wild‐type strains PPY12 expressing Se
be observed as yellow in the panels. Scale bar 1 μm [Colour figure can be
To examine whether or not the PpImh1 GRIP domain is capable of

localizing to the Golgi, we tagged the GRIP domain with mGFP and

expressed it in P. pastoris cells. We found that PpImh1 forms a punc-

tate pattern which mostly corresponds to the Golgi (Figure 1b). When

co‐expressed along‐with Sec7‐DsRed, a trans‐Golgi marker protein,

mGFP tagged PpImh1 GRIP domain co‐localized with Sec7‐DsRed

(Figure 1c). These results display agreement with previous studies that

showed that GRIP domain‐containing protein localizes to the trans‐

Golgi/TGN. The conserved tyrosine residue of GRIP domain is essen-

tial for Golgi targeting (Panic, Perisic, Veprintsev, Williams, & Munro,

2003). Our studies conform that mutation of this conserved tyrosine

aborts the Golgi targeting of PpImh1 (Figure S1 in the Supporting

Information). It has been reported that Arl1 binds to the GRIP domain

Golgins and recruits them to the TGN (Lu & Hong, 2003). In order to

check its role in recruitment of PpImh1 to the Golgi, we deleted Arl1

from a P. pastoris strain expressing GFP‐PpImh1. We observed that

GFP‐PpImh1 fails to localize to the Golgi and remains cytosolic in this

strain which lacks Arl1 (Figure S3).
3.2 | Expression, purification and analysis of purified
His6‐tagged PpImh1

To understand the structural properties of PpImh1, we overexpressed

His‐tagged PpImh1 in Rosetta2DE3 cells and purified it using nickel

affinity chromatography (Figure 2a) and gel filtration (Figure 2b). We

confirmed the purified protein using mass spectrometry analysis

(Table 4) and western blot against His‐tagged PpImh1 (Figure 2c).
lignment of the carboxy‐terminal portions of the indicated proteins. C‐
C185, Human GCC88, Human Golgin 97, Human Golgin 245,
d residues that are identical (yellow) sequences are shaded. (b)
to the GRIP domain of the PpImh1 protein. The fusions contained the
en fluorescent protein (GFP)–PpImh1p–GRIP fusion (encoding amino
c7‐6XDsRed which localize to Golgi compartments. Colocalization can
viewed at wileyonlinelibrary.com]
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TABLE 4 Mass spectrometry analysis

N Unused Total Coverage (%) Accession No. Name Species
Peptides
(95%)

1 290.64 290.64 91.8 trlF2QN57l
F2QN57_KOMPC

Vesicular transport protein OS = Komagataella phaffii
(strain ATCC 76273/CBS 7435/CECT11047/NRRL
Y‐11430/Wegner 21–1), GN = IMH1, PE = 4, SV = 1

KOMPC 526

Protein Group 1 Vesicular transport protein OS = Komagataella phaffii (strain ATCC 76273/CBS 7435 /CECT11047/NRRL Y‐11430/Wegner 21–1),
GN = IMH1, PE = 4, SV = 1. Protein sequence coverage – vesicular transport protein OS = Komagataella phaffii (strain ATCC 76273/CBS 7435 /
CECT11047/NRRL Y‐11430/Wegner 21–1), GN = IMH1, PE = 4, SV = 1.

FIGURE 2 Biophysical characterization of PpImh1. (a) Purified His6‐tagged Imh1 analysed by SDS/PAGE (8%) and stained with Coomassie Blue.
Fractions obtained after affinity purification were loaded. Gel A: 1, beads after washing; 2, protein marker; 3–7, affinity elution fraction. Marked protein
band at 130 kDa was excised from the gel and processed for in‐gel digestion andmass spectrometry (Q‐TOF 5600 TripleTOF AbSciex). The raw data was
processed using Protein Pilot 4.5 and was aligned to FASTA of P.pastoris (taxon ID‐ 4922, as on 21 June 2017) fromUniProt (Table 1). All of the molecular
weights (MW) are shown in kilodaltons. (b) The elution fraction was concentrated to 1 mL and resolved for further purity using a Sephadex 200 FPLC
column. Gel: 1, concentrated affinity fraction; 2, protein marker; 3–6, FPLC elution. (c) Immunoblot using Anti‐His antibody against His‐tagged PpImh1. (d)
CD spectrumof purifiedHis6‐tagged PpImh1 (30 μM). Ellipticity is plotted as a function ofwavelength (nm) for PpImh1 (30μM). The data are superimposed
with the nonlinear best fit using the K2D2 program, yielding 85% α‐helix, 1.24% β‐strand. (e) Predicted probability of each amino acid in the sequences of
the PpImh1 to form coiled‐coil using structure secondary structure prediction tool Coils [Colour figure can be viewed at wileyonlinelibrary.com]
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We also performed CD spectroscopy of purified recombinant His‐

tagged PpImh1 to determine the nature of the secondary structure.

The data plotted as ellipticity vs. wavelength is shown in Figure 2(d).

The CD spectrum of Golgin PpImh1 shows double minima at ~210

and 220 nm, which is a characteristic of the α‐helical structure. This

result was confirmed by non‐linear least‐squares analysis using the

program K2D2, which yielded a best fit to 85% α‐helical structure.

To further understand the nature of the α‐helical structure, coil

analysis (Lupas, Van Dyke, & Stock, 1991) showed the probability of

coiled‐coil formation (Figure 2e). This prediction asserts that PpImh1

has a domain that comprises a coiled‐coil structure.
3.3 | Yeast two‐hybrid and DLS analysis indicate that
PpImh1 forms parallel homodimer

To determine whether PpImh1 forms an oligomer or not, we per-

formed yeast two‐hybrid assay in which full‐length PpImh1 was

cloned into bait and prey vectors. The two‐hybrid assay strain

PJ694A was transformed with bait and pray constructs, and grown

on selective medium as described in the ‘Materials and methods’ sec-

tion. Interactions between PpImh1 proteins were monitored by the

ability of the transformed yeast cells to grow in a medium lacking his-

tidine. A strong interaction was observed between the full‐length

http://wileyonlinelibrary.com
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PpImh1 constructs, PpImh1‐pGAD and PpImh1‐pGBDU, confirming

that PpImh1 forms an oligomer (Figure 3a).

To investigate the oligomeric nature further, we analysed the

behaviour of PpImh1 using DLS. The correlation graph and fast decay

time suggest that the mean radius of the particles is within the

expected range for proteins, which is usually between 1 and 100 μs.

It showed the estimated molecular weight of the PpImh1 dimer to

be ~260 kDa, which is precisely double the molecular weight of its

monomeric form, i.e. 130 kDa (Figure 3c). We observed that polydis-

persity is high, which can be attributed to the multiple oligomeric

states present in the protein sample. Such a native dimeric state was

also confirmed through native gel followed by western blot using anti-

body against the His‐tagged PpImh1, where it showed a band around

260 kDa (Figure S2).

According to the results obtained through the above experiments,

it can be concluded that PpImh1 probably forms a homodimer. How-

ever, a dimer may be orientated in a parallel (head‐to‐head) or anti‐

parallel (head‐to‐tail) fashion. To distinguish between these possibili-

ties, we utilized the yeast two‐hybrid assay to analyse interactions

between various N‐ and C‐terminal truncated constructs. Strong self‐

interaction was observed between the coiled‐coil regions and C‐termi-

nal [GAD‐PpImh1 (725–1124) with GBDU‐PpImh1 (725–1124) and

GAD‐PpImh1 (400–765) and GBDU‐PpImh1 (400–765) (Figure 3b)].
FIGURE 3 PpImh1 forms parallel dimer. (a) To test whether PpImh1 form
vector encoded the full length of PpImh1, and the ‘bait’ vector encoded th
cerevisiae tester strain. Growth on plates lacking histidine reflects an intera
radius (nm). Plot showing multimodal polydisperse population with ~99% m
~260 kDa. (c) To test whether PpImh1 form parallel or antiparallel dimers, w
fragments in bait and prey vector. Both the constructs were transformed in
an interaction [Colour figure can be viewed at wileyonlinelibrary.com]
However, no self‐interaction was detected between N‐terminal (1–

300) regions. Neither was any interaction detected between C‐termi-

nal (725–1124) and N‐terminal regions (1–300). This result indicates

that PpImh1 probably dimerizes through the self‐interactive central

coiled‐coil regions and C‐terminal regions. However, the N‐terminal

domain does not mediate such dimerization either through self‐inter-

action or through interaction with the C‐terminal region. All of these

results together suggest that PpImh1 forms parallel homodimers.
3.4 | Electron Microscopy (EM) data suggests that
PpImh1 formsparallel homodimerwith splayedN terminus

To further elucidate the nature of the dimer, we visualized purified

PpImh1 under transmission electron microscope. We observed that

the PpImh1 particles exhibit two profiles: either a Y‐shaped or a clus-

tered form (Figure 4a). The majority of individual PpImh1 particles

seemed to form a Y‐shaped structure which appeared at a significant

frequency of 24% (Table 5). The clustered or network‐like profiles

may represent assemblies of the Y‐shaped forms of PpImh1 or other

differently folded forms of PpImh1. Some particles had no head or a

short head, which may be because of proteolysis or restricted confor-

mation. The most biologically accepted form as per the function of

Golgins would be a Y‐shaped conformation as it favours the capture
s dimers or monomers we used yeast two‐hybrid analysis. The ‘prey’
e full‐length PpImh1 protein. Both vectors were transformed into S.
ction. (b) DLS Data 1. Correlation function plot, 2. Intensity (%) vs.
ass contributed by molecules estimated to have molecular weight
e cloned PpImh1 (1–300), PpImh1 (400–765) and PpImh1 (725–1125)
to S. cerevisiae tester strain. Growth on plates lacking histidine reflects

http://wileyonlinelibrary.com


FIGURE 4 Negative‐stain Electron Microscopy (EM) of purified PpImh1. (a) Purified PpImh1 and control buffer sample were absorbed on the grid
and stained with 1% uranyl acetate and observed using TEM (Jeol 1400 plus 120 kV, USA) transmission electron microscopy at magnification
5000×. Representative images are shown. Y‐shaped profile is marked. Scale bar 500 nm. (b) Magnified representative images of Y‐shaped profiles
of PpImh1 and outline of predicted PpImh1structure. Scale bar 100 nm. (c) Measurement of length of each branch of Y‐shaped conformation of
PpImh1 using iTEM analysis software. The branch lengths were classified as Y1 (rod) and branches Y2 and Y3. The values are statically significant
(p < 0.0001, paired t‐test) [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 5 Quantification of PpImh1 profiles by electron microscopy

Profile Number Ratio (%)

Y‐shaped 48 24

Cluster 154 76

Total 200 100
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of the vesicle by the N‐terminal splayed end. Yeast two‐hybrid results

indicate that the N‐terminal region of PpImh1 is monomeric and that

the C‐terminal region is dimeric (Figure 3c). It is most probable that the

Y‐shaped profile represents a parallel dimer with two branched mono-

meric N‐terminal regions and a single dimeric C‐terminal region. In the

Y‐shaped structure, the stalk represents the self‐interacting coiled‐coil

domain. The splayed end represents N‐terminal domain which does

not appear to self‐interact or form a dimer. The length of each branch

of theY‐shaped profile was measured. The branch lengths were catego-

rized as lower rods (Y1) and upper arms (Y2 and Y3) (Figure 4b). The

average lengths were 76, 86 and 161 nm for Y3, Y2 and Y1 respectively.

Therefore, we observed that the difference in the length between C‐ter-

minal rod structures and N‐terminal arm structures, such as betweenY1

and Y2, or Y1 and Y3, was significant, suggesting that one branch is sig-

nificantly longer than the other two branches. However, no significant

length differences were found between the N‐terminal arm structures,

such as Y2 and Y3 themselves. The minor difference in length that was

observed could be due to the uneven spreading of two branches of

PpImh1 on EMGrid. It is also possible that different parts of the PpImh1

molecules were adsorbed on the membrane with different angles.
Therefore, it might be possible that the lengths of two branches

appeared different (Ishida et al., 2015; Figure 4c). It is to be noted that

the combined size of self‐interacting central and C‐terminal domains of

PpImh1 is almost double that of its non‐interacting N‐terminal domains.

This quantification strengthens the fact that theY‐shaped structure rep-

resents a dimer of PpImh1. Lack of splayed structure on both sides of the

dimer further emphasizes the fact that PpImh1 indeed forms parallel

dimers, but not the anti‐parallel dimers.
4 | DISCUSSION

We have identified the sole GRIP domain Golgin of P. pastoris. Arl1

binds to the GRIP domain and recruits Golgins to TGN. A conserved

tyrosine residue of GRIP domain is essential for Arl1 interaction and

subsequent Golgi targeting (Lu & Hong, 2003; Munro & Nichols,

1999). In case of mammalian cells, mutation of this tyrosine residue

to alanine affects the localization of Golgin 97 and Golgin 245 (Kjer‐

Nielsen et al., 1999). PpImh1 fails to localize to the Golgi when this

corresponding tyrosine of its GRIP domain is mutated to alanine. This

result indicates that sequence‐specific interaction of GRIP domain is

essential for Golgi targeting of GRIP domain protein.

Apart from GRIP domain, TGN Golgins have a long coiled‐coil

domain and an N‐terminal head domain. TGN Golgins capture the ves-

icles of recycling endosomes through the N‐terminal head domain

(Wong et al., 2017). Their long coiled‐coil domain possibly functions

as a spacer to extend the vesicle capture domain (Cheung & Pfeffer,

http://wileyonlinelibrary.com
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2016). We have demonstrated that PpImh1 also contains a higher‐

grade α‐helical coiled coil domain which possibly performs a similar

function.

MammalianTGNGolgins such as GCC185 and Golgin97 have been

shown to form a parallel homodimer. Moreover, GCC185 has also been

shown to form aY‐shaped dimeric structure with itsN terminus forming

a splayed end that has an affinity to bind vesicles (Cheung & Pfeffer,

2016). No such study has been reported yet on the abilities of yeast

Golgins to form such structures. Our yeast two‐hybrid analysis suggests

that PpImh1 possibly forms a parallel homodimer. In addition, EM data

confirms that PpImh1 displays suchY‐shaped structures. Golgin97, the

mammalian homologue of PpImh1, captures the vesicles which shuttle

between endosomes and TGN. However, whether PpImh1 exhibits

the same function requires further investigation.
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