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Samp1, a RanGTP binding transmembrane protein in the inner nuclear membrane
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ABSTRACT
Samp1 is a transmembrane protein of the inner nuclear membrane (INM), which interacts with the
nuclear lamina and the Linker of Nucleoskeleton and Cytoskeleton (LINC) complex in interphase
and during mitosis, it localizes to the mitotic spindle. Samp1 was recently found to coprecipitate a
protein complex containing Ran, a GTPase with fundamental regulatory functions both in
interphase and in mitosis. To investigate the interaction between Samp1 and Ran in further detail,
we have designed and expressed recombinant fusion proteins of the Chaetomium thermophilum
homolog of Samp1 (Ct.Samp1) and human Ran. Pulldown experiments show that Samp1 binds
directly to Ran and that Samp1 binds better to RanGTP compared to RanGDP. Samp1 also preferred
RanGTP over RanGDP in living tsBN2 cells. We also show that the Ran binding domain is located
between amino acids 75–135 in the nucleoplasmically exposed N-terminal tail of Samp1. This
domain is unique for Samp1, without homology in any other proteins in fungi or metazoa. Samp1 is
the first known transmembrane protein that binds to Ran and could provide a unique local binding
site for RanGTP in the INM. Samp1 overexpression resulted in increased Ran concentrations in the
nuclear periphery supporting this idea.
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Introduction

In Eukaryotic cell, the nuclear envelope (NE) forms the
interface between the nucleus and the cytoplasm.1-3 The
nuclear envelope is composed of the inner nuclear
membrane (INM), the outer nuclear membrane
(ONM), the nuclear lamina and the nuclear pores. The
recently discovered Linker of Nucleoskeleton and Cyto-
skeleton (LINC) complex4,5 forms transcisternal con-
nections spanning the nuclear envelope and connects
the cytoskeleton with the nuclear interior. Despite the
fact that the INM contains hundreds of unique trans-
membrane proteins that are variably expressed across
different tissues,6-8 only a handful of them have been
characterized.9

Ran is a small monomeric GTPase with many regula-
tory functions in nuclear processes.10-13 Regulators of
the Ran nucleotide state are located on opposite sides of
the nuclear envelope14 generating a high RanGTP con-
centration in the nucleus.15-17 In mitosis, a high RanGTP
gradient is maintained around the chromosomes9 essen-
tial for releasing and activating the spindle assembly
factors that controls themitotic spindle assembly.18 After
mitosis, Ran is involved in reformation of NE.19

Lately, it has been realized that in addition to its
structural role, the NE, also plays fundamental roles in
chromatin organization20 and is involved in a diverse
group of diseases collectively called laminopathies.21

One such disease, Emery-Dreifuss Muscular Dystro-
phy (EDMD) can be caused by point mutations in
genes encoding either Lamin A or Emerin, respec-
tively.22 The INM protein Samp123,24 (also known as
known as TMEM 201 or Net 5, in rat liver7) has been
reported to functionally interact with both Lamin A25

and Emerin.26 More recently, Samp1 was shown to
bind directly to Emerin.26 Furthermore, Samp1
depletion phenocopies the centrosomal detachment23

observed in cells from EDMD patients,27 suggesting
that Samp1 is involved in a functional network in
common with Emerin and Lamin A.

In a recent study, Samp1 was also found to co-
precipitate with Ran in live cells using Membrane pro-
tein Cross-Link ImmunoPrecipitation (MCLIPX).26

Here we investigate Samp1-Ran interaction in detail
using the Chaetomium thermophilum homolog of
Samp1, and human Ran. We find that the binding is
direct and depends on the nucleotide state of Ran. The
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fact that Samp1 is the only known transmembrane
protein that binds to Ran is discussed.

Results

Samp1 binds directly to Ran

Recently, we have reported that the transmembrane
INM protein Samp1 co-precipitates with Ran in live
U2OS cells using MCLIP.26 To investigate whether the
interaction between Samp1 and Ran is direct, we carried
out pulldown experiment with recombinantly expressed
proteins. Due to the solubility problems with human
Samp1 fragments, we took advantage of the homolog of
Samp1 in the thermophilic fungus Chaetomium ther-
mophilum (Ct). The N-terminal domain of Ct.Samp1
displays a high homology to human Samp1 (Fig. 1A)
with 4 conserved CXXC (C-cysteine, X- any amino
acid) motifs (Fig. 1B) and binds the INM protein
Emerin,26 as human Samp1 does,24 demonstrating
functional conservation. The first hydrophobic domain
of Samp1, been shown not to be a transmembrane
domain24 and is not conserved in Ct. Recombinant
strep tagged N-terminus of Ct.Samp1 (str-Ct.Samp1(1–
180)) and His6-Ran, respectively, were subjected to pull-
down experiments using strep tactin beads. The results
show that the nucleoplasmic N-terminal half of Ct.
Samp1 binds directly to human Ran (Fig. 1C).

Samp1 preferentially binds to RanGTP

Ran is a small monomeric G-protein that mainly
exists in two different forms, RanGTP (active) and
RanGDP (inactive).28 To investigate whether Samp1
binds to either or both forms, we purified recombinant
Ran and specifically loaded it with either GTP or GDP
as described in Bischoff et al.29 Pulldown experiments
with either RanGTP or RanGDP and bacterial lysates
containing str-Ct.Samp1(1–180) were performed and
analyzed for Ran binding using Western blotting. The
results (Fig. 2A) show that the interaction between
Samp1 and RanGTP is significantly stronger than that
between Samp1 and RanGDP (Fig. 2B). At a 1:1 molar
ratio Samp1 was able to pulldown 40% of RanGTP.

In order to elucidate whether Samp1 has a prefer-
ence for RanGTP also in live cells, we have used
tsBN2 cells, a baby hamster kidney (BHK-21) cell line,
which carries a temperature sensitive mutant of
RCC1. At the permissive temperature, the tsBN2 cell
has a functional RCC1. At the restrictive temperature
RCC1, the guanine nucleotide exchange factor for
Ran,9 is inactivated30,31 leading to the depletion of
RanGTP and accumulation of RanGDP. Interaction
studies using MCLIP in tsBN2 cells transiently
expressing Samp1-YFP show that Samp1 interacts
with Ran in live tsBN2 cells (Fig. 2C). Furthermore,

Figure 1. The nucleoplasmically exposed N-terminal half of Samp1 directly binds Ran. (A) Alignment of human Samp1 and Ct.Samp1,
performed using the Ct genome resource database (ct.bork.embl.de). (B) Conserved diagrams of human Samp1, Ct.Samp1 and Ct.
Samp1 N-terminal domain (1–180). (C) Strep-tactin beads were incubated with His6-Ran in the presence (C) or absence (¡) of Str-Ct.
Samp1(1–180). Equivalent amounts of Lysate (L), bound (P) and unbound (S) fractions were separated by SDS PAGE and analyzed by
Western blotting using anti-His6 antibody as indicated. (PD: pulldown; WB: Western Blot).
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after shifting to the restrictive temperature we
observed a significant 1.4-fold decrease in interaction
between Samp1 and Ran. The control BHK-21 cells
with wild type RCC1 did not show decrease in Samp1
and Ran interaction at restrictive temperature (Fig. 2E
and F). The results show that Samp1 interacts stronger
with RanGTP compared to RanGDP also in live cells.

Locating the Ran binding domain in Samp1

The nucleoplasmically exposed N-terminal tail of
Samp1 is well conserved in evolution and contains
four conserved CXXC motifs,23 with potential to form
zinc finger(s).24 The N-terminal domain does not
share sequence homology with previously

Figure 2. Samp1 preferentially binds to RanGTP. (A-B) In vitro binding. (A) Recombinantly expressed and affinity purified His6-Ran was
loaded with either GTP or GDP and subjected to pulldown experiment as described in Fig. 1B. (B) Quantification shows that the binding
of Samp1 to RanGTP was 1.8-fold stronger than that to RanGDP (P < 0.005, n D 3). (C-F) In vivo experiments. (C) tsBN2 cells or wt BHK-
21 cells (E) transiently expressing Samp1-YFP were grown at 33�C or 37�C. After 24 h, cells were incubated for 4 h at permissive (33�C)
or restrictive temperature (39.5�C) before subjection to MCLIP as indicated. Input (cell lysates), the solubilized and diluted protein frac-
tions were subjected to immunoprecipitation (IP) with (C) or without (¡) a-GFP antibodies. The proteins were separated by SDS-PAGE
and analyzed by Western blotting using antibodies specific for Ran. Note the reduced interaction between Samp1 and Ran at the restric-
tive temperature. (D) Normalized quantification shows that the interaction between Samp1 and Ran decreases by 1.4-fold on shifting
the cells from permissive to restrictive temperature (P < 0.05, n D 3). There was no difference in binding at the two different tempera-
tures when using wt BHK-21 cells (F).
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characterized Ran binding proteins. Therefore, we
decided to elucidate the Ran binding ability in rela-
tion to the positions of the CXXC motifs by com-
paring the Ran binding capacity of shorter
fragments i.e., Ct.Samp1(1–180), Ct.Samp1(1–79)
and Ct.Samp1(80–180), Ct.Samp1(75–135) and Ct.
Samp1(136–180) (Fig. 3A). Ct.Samp1 fragments
were expressed in E. coli and the lysates were

subjected to pulldown experiments. Both Ct.Samp1
(75–135) and Ct.Samp1(80–180) bound Ran as
(Fig. 3B) effectively as Ct.Samp1(1–180) (Fig. 1B)
whereas Ct.Samp1(1–79) and Ct.Samp1(136–180) did
not bind at all (Fig. 3B). This shows that amino acids
75–135 of Samp1 are sufficient to bind to Ran. How-
ever, a substitution mutant Ct.Samp1(75–135,C80A)
with an alanine instead of the second cysteine of the
first CXXC motif, bound equally well as the corre-
sponding wt fragment (Fig. 3B), suggesting that zinc
finger formation is not required for Ran binding. In
support, the zinc chelator EDTA had no effect on
binding between Samp1 and Ran (Fig. 3D). Thus we
conclude that it is the amino acid sequence between
75 and 135, rather than potential zinc finger forma-
tion that is important for binding to Ran.

Effect of Samp1 on Ran distribution

In order to get an estimate of the physiological signif-
icance of the interaction between Samp1 and Ran, we
investigated if Samp1 is able to recruit Ran to the
nuclear periphery. For this we overexpressed human
Samp1-YFP in HeLa cells and analyzed the distribu-
tion of Ran in the nuclear rim using pre-extraction
and immunostaining. Indeed, Samp1-YFP overex-
pressing cells showed an increased Ran staining of
the nuclear rim (Fig. 4) demonstrating that Samp1
levels affect the Ran concentration in the nuclear
periphery.

Discussion

In the present study, we have shown that the INM
protein Samp1 is able to bind Ran directly. We have
also shown both in vitro and in live cells that Samp1
binds better to RanGTP compared to RanGDP. The
difference might be due to the different conforma-
tions of RanGTP and RanGDP, perhaps involving
the loop region, which is more accessible in
RanGTP.32 In vitro, at 1:1 molar ratio, Samp1 was
able to pulldown 40% of RanGTP. Even in live cells
with many competing Ran binding partners as much
as 1% of total RanGTP was bound to Samp1, suggest-
ing Samp1-Ran interaction plays a significant role in
the NE.

Our data also show that the Ran binding domain of
Ct.Samp1 is located between amino acids 75–135 in
the nucleoplasmically exposed N-terminal part of
Samp1. This part of Samp1 does not share sequence

Figure 3. Localization of Ran binding domain of Samp1. (A)
Schematic diagrams of Ct.Samp1 and Ct.Samp1 fragments. (B) Ct.
Samp1 fragments (Str-Ct.Samp1(1–79) or Str-Ct.Samp1(80–180)
or Str-Ct. Samp1(75–135) or Str-Ct.Samp1(75–135,C80A) or Str-Ct.
Samp1(136–180)) were subjected to pulldown experiment with
His6-Ran using strep-tactin beads. Equivalent amounts of the
Lysate (L), bound (P) and unbound (S) fractions were separated
by SDS PAGE and analyzed by Western blotting using anti-His6
antibody as indicated. (PD-pulldown, WB-Western Blot). (C) Pull-
down experiment with Str-Ct.Samp1(75–135) in the absence (¡)
and presence (C) of 10 mM EDTA, respectively.
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homology with other previously characterized Ran
binding proteins, including RanBP1, RanBP2,
RanBP3, RanBP9, RanBP10, Importin b, NTF2 and
Nup153.33-39 The Ran binding domains of RanBP2
and NUP153 share a similar C2C2 Zinc finger
motif.36,39 However, despite the conserved CXXC
motifs in Samp1 the binding to Ran was not depen-
dent on formation of a potential zinc finger. Thus, the
amino acids between residues 75–135 of Samp1 define
a novel Ran binding domain.

Samp1 is the first transmembrane protein reported
to bind to RanGTP, raising questions concerning the
significance of local enrichment of RanGTP close to
membranes in which Samp1 distributes. In various
processes Ran acts by a common mechanism.
RanGTP releases assembly factors (from inhibitory
complexes with nuclear transport receptors e.g.,
Transportin or Importin b) and thereby activates
them to initiate assembly processes. For example, on
the surface of mitotic chromosomes high RanGTP
concentration assures precisely localized assembly of
microtubules at kinetochores and not elsewhere. In
interphase, it is unclear how NE protein interactions
are controlled by RanGTP, which (unlike many other
monomeric G-proteins) lacks lipid anchor or amphi-
pathic a-helix for membrane interaction. Because
Samp1 is Ran’s only known transmembrane binding
partner, one could speculate that Samp1 provides a
local binding site for RanGTP, which functions as a
homing signal for RanGTP triggered processes at

precise positions in the INM. Here we report redistri-
bution of Ran to the nuclear periphery as a result of
Samp1-YFP overexpression. This observation implies
that INM associated Ran can vary due to differential
expression of Samp1 and thus might influence many
vital cell functions carried out by the NE protein net-
work, including those that become disturbed in
EDMD. Future experiments will be needed to explore
these interesting possibilities.

Materials and methods

Cell culture and transfection

tsBN2,40 Baby hamster kidney 21 cells (BHK-21) or
HeLa were grown and maintained in 1£ Dulbecco’s
modified Eagle’s (DMEM) F12 medium (ThermoFischer
Scientific, #11330–032) or DMEM glutamax (Thermo-
Fischer Scientific, #21885–025) supplemented with 10%
fetal bovine serum (FBS, v/v) (ThermoFischer Scientific,
#10500064) and 1% penicillin-streptomycin (v/v) in a
humidified atmosphere containing 5% CO2. The BHK-
21 and HeLa cells were maintained at 37�C, whereas
tsBN2 cells were cultured at 33�C. For interaction stud-
ies, the cells were treated for 4 h at 33�C (permissive
temperature) or 39.5�C (restrictive temperature) before
crosslinking. For transfection of cells with plasmids
encoding Samp1-YFP, X-treme gene HP DNA transfec-
tion reagent (Sigma, #000000006366236001) was used
and cells were analyzed 24 h post-transfection.

Figure 4. Samp1 redistributes Ran to the nuclear periphery. Immunofluorescence micrographs of pre-extracted HeLa cell expressing
Samp1-YFP. Staining of Ran shows an increased signal in Samp1-YFP positive cells compared to untransfected cells (nuclei denoted by
dashed white lines). Bar, 10 mm.
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MCLIP

MCLIP (Membrane protein Cross-Link ImmunoPre-
cipitation) was performed as previously described in
Jafferali et al.26 tsBN2 or BHK-21 cells that are tran-
siently expressing Samp1-YFP were subjected to cross-
linking using 1 mM DSP (dithiobis-succinimidyl-
propionate) (ThermoFischer Scientific, #22585) and
solubilized with 7 M Urea (Sigma, #33247) and 1%
Triton X-100 (Sigma, #93443). The solubilized and
diluted lysates were subjected to immunoprecipitation
(IP) with or without a-GFP antibodies (Chromotek,
#GTA-20). Input (whole cell lysate) and pellets from
IP step of MCLIP were loaded, separated on 10% SDS
PAGE precast gels (Bio-Rad, #456–1094) and ana-
lyzed by Western blot using goat polyclonal anti-Ran
(c-20) (1:200) (Santa Cruz Biotechnology, #Sc1156)
antibody.

Synthesis of strep-tag pET 33BC vector

The His6-tag was exercised from pET33BC vector
(Novagen, #69054–3) using NcoI and BamHI according
to manufacturer�s (ThermoFisher Scientific) protocol.
The strep-tag encoding oligos (forward, 50-CATGGGC
TGGAGCCATCCGCAGTTTGAAAAGGGG-30 and
reverse 50-GATCCCCCTTTTCAAACTGCGGATGGC
TCCAGCC-30) were annealed by heating to 98�C for
2 min and left to cool. The resulting oligo pair was
ligated to the complementary open vector using T4
DNA ligase (ThermoFischer Scientific, #EL0014)
according to manufacturer�s (ThermoFischer Scientific)
instructions.

PCR amplification

His6-Ct.Samp1(1–180) plasmid26 or pKH3-Ran
plasmid38 were used as cDNA template for amplifying
Ct.Samp1 or Ran PCR products. PCR reactions were
performed as previously described in Jafferali et al.26 and
PCR products were cloned into strep-tag pET 33BC
vector or pET 28BC vector (Novagen, #69865–3).
The following primers were used: Ct.Samp1(1–180), for-
ward, 50-GCAGGATCCAATGCCCCTCCGTAC-30and
reverse, 50-CAGCTCGAGTTACCTCTTTCCCAGCG
C-30; Ct.Samp1(1–79), forward, 50-GCAGGATCCAAT
GCCCCTCCGTAC-30 and reverse,

50-CAGCTCGAGTTAAAAGATGCGTTCGCTC-
30; Ct.Samp1(80–180), forward, 50-GCAGGATCCAA
TGTGCGACACCTG-30 and reverse,

50-CAGCTCGAG TTACCTCTTTCCCAG-30; Ct.
Samp1(75–135), forward,

50-GGGGGATCCAATGAGCGAACGCATCTTT-
30and reverse,

50-CAGCTCGAGTTACTTCGGCTCGCACTC-30;
Ct.Samp1(136–180), forward,

50-GGGGGATCCAATGGTACGCGCTCGGC-30

and reverse,
50-CAGCTCGAGTTACCTCTTTCCCAG-30; Ran,

forward,
50-GCAGGATCCATGGCTGCGCAG-30 and reverse,
50-CAGAAGCTTTTACAGGTCATCATCCTCAT

C-30. Bacterial expression was performed as previously
described in Jafferali et al.26

His-trap purification of Ran

One milliliter of cell lysis buffer (25 mM Hepes, pH
7.4, 100 mM NaCl, 1% Triton X-100 and protease
inhibitor) (All chemicals were purchased from Sigma)
was added to 5 £ 109 bacterial cells expressing His6-
Ran and incubated on ice for 45 min. The bacterial
cells were sheared by brief sonication and soluble pro-
teins were recovered in the supernatant following cen-
trifugation at 18,000 £ g for 30 min at 4�C. His-Trap
Chelating HP column (GE Healthcare, #17-5248-02)
was equilibrated with 10 column volumes of buffer A
(50 mM Hepes, pH 7.4, 500 mM NaCl, 20 mM Imid-
azole) (All chemicals were purchased from Sigma).
After loading the sample, the column was washed
with 10 volumes of buffer B (50 mM Hepes, pH 7.4,
400 mM NaCl, 30 mM Imidazole) (All chemicals were
purchased from Sigma). The protein was eluted from
the column with 200 mM of Imidazole in buffer B. An
overnight dialysis was performed to remove the excess
Imidazole using dialysis buffer (25 mM Hepes, pH
7.4, 100 mM NaCl) (All chemicals were purchased
from Sigma) and concentrated with a 10-kDa molecu-
lar weight cut-off Amicon Ultra-4 centrifugal filter
devices (Millipore, #UFC901096).

Pulldown experiment

Bacterial cells (5 £ 109) expressing different Samp1
fragments were treated with 1 ml of lysis buffer
(100 mM Hepes, 200 mM NaCl, 1mg/ml lysozyme,
0.1% Triton X-100, 10% glycerol and protease inhibi-
tor, pH 7.4) (All chemicals were purchased from
Sigma) on ice for 45 min. The bacterial cells were
sheared by brief sonication and soluble proteins were
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recovered in the supernatant following centrifugation
at 15,500 £ g for 30 min at 4�C. Fifty ml of settled
strep-tactin agarose beads (iba, #2-1201-002) were
blocked with 5% BSA in PBS. To the blocked beads,
25 mmol of bait protein or bacterial cell lysate contain-
ing 200 mg bait protein was added and the total vol-
ume was brought to 500 ml by addition of lysis buffer
and incubated at 4�C for 1 h with end-over-end rota-
tion. The unbound bacterial cell lysate was separated
by centrifugation at 800 £ g for 3 min. To the beads,
25 mmol of prey protein or bacterial cell lysate con-
taining 200 mg prey protein was added along with lysis
buffer as before and incubated at 4�C for 1 h with end-
over-end rotation. The beads were washed 3x with
wash buffer (100 mM Hepes, 500 mM NaCl, 0.1% Tri-
ton X-100, pH 7.4) (All chemicals were purchased
from Sigma). The unbound lysates containing both
bait and prey proteins were TCA precipitated. Equiva-
lent amounts of bound, unbound and lysate fractions
were loaded onto 10% SDS PAGE precast gels (Bio-
Rad, #456–1094) and analyzed by Western Blotting
using mouse monoclonal anti-His (1:2500) (Thermo-
Fischer Scientific, # MA121315) antibody.

Western blot analysis

SDS PAGE separated proteins were transferred onto
PVDF (Bio-Rad, #10600021) membranes and blocked
with 5% milk in PBS-T (blocking solution) for 1 h at
RT. The membranes were incubated with primary anti-
bodies in the blocking solution for 1 h or overnight at
4�C for in vivo studies. After 3£ 10 min washes in PBS-
T, the membranes were incubated with secondary anti-
body horseradish-peroxidase-coupled rabbit anti-goat
IgG (Abcam, #ab6741) or horseradish-peroxidase-cou-
pled donkey anti-mouse IgG (GE health care, #NA931)
in the blocking solution for 1 h. After 4 £ 10 min
washes in PBS-T, the membranes were subjected to ECL
detection (SuperSignal West Dura, ThermoFisher Scien-
tific, #34075). The emitted chemiluminescent signal was
imaged by ChemiDoc XRSCimaging system (Bio-Rad).
The binding percentage was calculated using the follow-
ing equation: (IP/IL) - (IP/IL)background; IP:band intensity
of bound fraction; IL:band intensity of Lysate (input).
The % binding was analyzed using the Prism 6 software.
Three replicates were performed and statistically ana-
lyzed using Student’s t-test.

Immunofluorescence

HeLa cells expressing Samp1-YFP were cultured on cov-
erslips. Prior to fixation cells were pre-extracted in 37�C
cytoskeleton buffer (CB: 60 mM PIPES, 27 mM HEPES,
10 mM EGTA, 4 mM MgSO4, pH 7.0) supplemented
with 5mMATP, 1mMGTP and 300 ng/ml saponin (All
chemicals were purchased from Sigma) for 2 min. Cells
were fixed using 3% paraformaldehyde in CB for 20 min
at 37�C and permeabilized in 0.5% Triton X-100 in CB at
RT. Followed bywashing and blocking for 1 h in blocking
solution (2% BSA, 0.05% Triton X-100 and Na Azide in
CB) (All chemicals were purchased from Sigma). Samples
were incubated with primary antibody for 1 h washed 6
£ 2min in blocking solution and incubated with second-
ary antibody and counterstained for 1 h followed by 6 £
2 min washes in CB prior to mounting in Fluoromount
(Southern Biotech, #0100–01). For Ran anti-Ran anti-
body C-20 (1:500, Santa Cruz, #sc-1156) and secondary
antibody anti-Goat Alexa568 antibody (1:2500, Thermo-
Fischer Scientific, #A-11057) was used.

Samples were detected on a custommade spinning disk
confocal, Zeiss Axiovert 200 body, Yokogawa CSU22
head, Hamamatsu Flash 4.0 Orca sCMOS camera,
Chrysta Laser Nordic combiner with 488 nm, 568 nm and
632 nm solid state laser light source and Prior ProScan 2
filter wheel with Chroma dichroic filter sets. Powered by
micromanager41 and customized arduino controllers.
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