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ABSTRACT

Reticulons are a large family of integral membramweteins that are ubiquitous in
eukaryotes and play a key role in functional renfiode of the endoplasmic reticulum
membrane. The reticulon family is especially largeplants, with theArabidopsis thaliana
genome containing twenty-one isoforms. Reticulcery vn length but all contain a conserved C-
terminal reticulon homology domain (RHD) that asates with membranes. An understanding
of the structure and membrane interactions of RitDkey to unlocking their mechanism of
function, however no three-dimensional structure bhaen solved. We believe that this is, in
part, due to difficulties in obtaining reticulongpeins in yields sufficient for structural studyo
address this, we report here the first bacteria@rexpression, purification, and biophysical
investigation of a reticulon protein from plantfiet RTNLB13 protein fromA. thaliana.
RTNLB13 is the smallest plant reticulon and is magbeof a single RHD. We used circular
dichroism, SDS-PAGE and analytical ultracentrifigiatto reveal that RTNLB13 is 45%-
helical in a number of detergent environments, muoerc at low concentrations, and capable of
self-association at higher concentrations. We us#dtion-state NMR to screen the effect of
detergent type on the fold of isotopically-enrichedNLB13, and found that ~60% of the
expected protein peaks were broadened due to sjoanuics. This broadening points toward a
large network of protein-membrane interactions digimut the sequence. We have interpreted
our results in light of current literature and segfga preliminary description of RTNLB13
structure and topology.
KEYWORDS
Reticulon; plant; Arabidopsis thaliana; bacterigbession; transmembrane domain; nuclear

magnetic resonance spectroscopy; circular dichroism



INTRODUCTION

The endoplasmic reticulum (ER) is the entry of pahthe secretory pathway in eukaryotic
cells®. It is a very dynamic, polymorphic network of meiahe sheets and tubul&swhich is
anchored to the cytoskeleton and undergoes constamtdelling®. In plants, the ER is the key
site of synthesis of storage proteins and lipidssdme species, the ER itself serves as a protein
storage compartmefit The unique morphology of the ER depends on prstiiat can shape its
membrane into tubules or sheéts

Reticulons are a large family of integral membranateins that have been demonstrated to
be both necessary and sufficient to induce the &tiom of ER tubules, bottn vivo ® ” andin
vitro 8 Reticulons have been shown to be a requirement efabryonic viability in
Caenorhabditis elegans °, and are ubiquitous in eukaryotes, suggestingargérequirement for
reticulons. In higher eukaryotes, including humarsticulons appear to have a role in
neurological disorders with the best studied examBITN4-A or Nogo, re-igniting interest in
this protein family twelve years add ' They have also been implicated in apoptosis, iteeur
growth and interacting with the BACE enzymes in maafian system$® Recently, GTPases
such as RHD3 and atlastins were shown to interébt tive reticulons and to further contribute
to ER network formatioff. The reticulon gene family is remarkably largehigher plants®,
referred to as reticulon-like proteins family B (ROB). Indeed there appear to be many more
isoforms in plants than are found in mammalian easy systems, with thirabidopsis thaliana
genome containing at least 21 reticulon isofoPnas compared to four in mammalian systems
(RTN1-4)* and two in yeast. When overexpressed in planscadticulons are able to remodel

the ER membrane by introducing constrictions inttiiilar ER network, which limit diffusion

of soluble proteins in its luméh™



Reticulons vary considerably in length (from 2008Q2esidues), but share a conserved C-
terminal region called the reticulon homology dom@RHD) which facilitates association with
the membrane via two large hydrophobic regidhisThe shortest plant reticulon isoform,
RTNLB13 from A. thaliana (206 amino acids), is composed almost exclusively single RHD
and has been shown to remodel large ER cistertaéubulesin vivo **. While the topology of
the RHD has been the subject of some debate (nether it forms a two transmembrane (TM)
domain V-shape vs. a four TM domain W-shape inntleenbrane, Fig. 1A)jn vivo data suggest
that five reticulon isoforms (including RTNLB13)ofn A. thaliana each contain four TM
domains within the RHD, forming a W shape in the lBBmbrane and placing the N- and C-
termini and the loop between TM domains 2 and ghincytosol'®. This topology has been
further supported in a recent structural study bsd$ and co-workers of the RHD-containing
Yoplp protein fronSaccharomyces cerevisiae *°.

The tubule-forming activity of reticulons has bgeoposed to derive from a combination of
wedging — i.e. the ability of reticulons to causghler displacement of the outer leaflet of the ER
membrane — and scaffolding, which is caused byraéwedge-shaped reticulons forming low-
mobility oligomeric assemblies within the membraheThe wedging property of reticulons
seems to be a function of both their topology drelunusual length of their TM regions. Both
shortening the TM domains of a plant reticulbhand lengthening the TM domains of a
mammalian reticulor® lead to a loss of both tubule-forming function ahd capacity of these
proteins to oligomerise. The general conclusiomfrihese experiments is that the length and
number of the TM domains is crucial to reticulondtion.

Despite these studies, as yet there is no threerdiimnal structure elucidating the exact TM

toplogy of reticulons or their mode of function.i§lis in part due to the significant challenges of



protein production. Indeed, over the past 10 yeary few laboratories have been able to
demonstrate successful overexpression, purificadimh reconstitution of recombinant RHDs in
yields suitable for structural or functional measuents, with only two reports i. coli *>*’
and two in yeast ® The few high-resolution structural studies régdtave focussed primarily
on the soluble loops and N- and C-termini of manmmaisoforms, specifically human RTN1-C
8 human RTN3® and human RTN4 (also known as the neurite outdramitibitor or Nogo¥®”
2. These studies have revealed metal-binding ptiegeof the C-terminus of RTN1-&, the
intrinsic disorder of the N- and C-terminal tails fmman RTN3 and RTN4 % (proposed to
confer multi-functionality) and the stable foldirgf the extracellular loop of human RTN4
(called Nogo-66) on the surface of membrane mimméfic> Only twice have high-resolution
structural analyses been reported for the entir® Rit¢. including TM domains): the first was
for human RTN1-C’ and more recently the Yoplp RHD frdncerevisiae was investigatedf.
In both studies, the RHDs were shown to contaimii@ant a-helical content and form
oligomers. Brady and coworkers went further to sfjga structural model for Yoplp RHD
based on NMR chemical shift and relaxation measargs® which included a putative C-
terminal amphipathic helix thought to play a keyeran tubule formationn vitro. Such an
amphipathic helix has also been proposed at trer@itus of the plant reticulon RTNLB£3

As RTNLB13 is both the smallest and best-studieghipleticulon isoform, it is an ideal
candidate for further structural investigation bé tRHD. Toward this end, we report here the
first bacterial overexpression, purification, andelpninary biophysical characterization of
RTNLB13. We have optimized expression of this prota yields suitable for structural

characterization, developed a protocol for rectutsbn in a range of membrane mimetic

environments, and have used circular dichroismaaradytical ultracentrifugation to characterize



the secondary structure and oligomeric state optbéin. We have also used solution NMR to
screen the effect of detergent type on the quafitiNMR spectra for isotopically-enriched

RTNLB13 samples in order to identify conditions foture structural investigations. Our results
suggest common features between RHDs from plaetsstyand mammals (despite very low

sequence conservation) and propose a preliminagehto describe RTNLB13 structure and

topology.

EXPERIMENTAL METHODS
Protein expression and membrane harvesting.

The A. thaliana RTNLB13 gene was codon optimized fér coli and an N-terminal
octahistidine tag was added at the N-terminus. ®pamized His-RTNLB13 gene was
synthesized by Genscript (Piscataway, NJ), amglitising PCR and digested wilttol and
BamHI. The digested PCR product was ligated into a anyil digested pET28a vector
(Novagen) and transformed int& coli expression strains BL21 (DE3), C41 (DE3) or C43
(DE3). Cells expressing unlabeled protein werewgrat 37C to ODyqo = 0.6-0.7 before

induction with 0.4 mM isopropylj -D-1-thiogalactopyranoside (IPTG), at which poihet

temperature was reduced to°@0and overexpression was carried out for 4—6 hdlogrepare
>N-labelled protein, cells were grown at 37 °C tog> 0.6-0.7. Cells were then harvested
gently by centrifugation (1508 g), washed twice with ¥ M9 minimal salts medium (0.4% D-
glucose, 0.1% NECI, 50 mM NaHPQO, .7H,0 , 50 mM KHPQO,, 5 mM NaCl and 10 mM
MgSQs), and resuspended in M9 containing 2 g/L glucdsg/L N ammonium chloride, %
Basal Medium Eagle (BME) vitamins, and 100 uM ifdf chloride. The resuspension volume

was either half or one quarter of the Luria brdtB)(volume to achieve a two-fold (or four-fold)



concentration in cell density according to a methatlished by Marley and coworkets Cells
were then incubated for 1 hour at 20°C, inducech witmM IPTG, and overexpression was
carried out over 24 hours at 180 rpm. TripQ( *°N, and?H) labeled protein was prepared as
above with the addition of uniformly*C-labelled glucose (4 g/L) to the M9 media and
substitution of 100% deuterium oxide for waté&xpression levels were monitored by Western
blotting against the Hgstag, and a band near the theoretical moleculaghwesf the Hig-
RTNLB13 product (24.9 kDa) indicated protein exjgies.

Cell pellets from 1 L of culture were resuspendedysis buffer (20 mg/mL phosphate
buffer or 50 mM Tris-HCI, pH 7.5, 100 mM NaCl, 1 g lysozyme, 5 ul DNAse (2 U/ul), 2
protease inhibitor cocktail tablet (Roche, UK)) andubated on ice for 30 minutes. The cells
were lysed by sonication, and unbroken cells ant debris were isolated from buoyant
membrane fragments by a low speed centrifugatiep (15,000 g, 12 min., 4C).
Ultracentrifugation (150,00& g, 45 mins.) was used to pellet the cell membrdras the
supernatant. The membrane pellet was resuspendgihdsphate buffered saline (25 mM
NaHPQ,, 137 mM NaCl, pH 7.3) containing 10% glycerol arido n-dodecyB-d-
maltopyranoside (DDM) detergent, and rotated owgtrniat 4C. Insoluble membranes were
pelleted by ultracentrifugation at 150,08@. The supernatant and the pellet were then aedly
by SDS-PAGE and immunoblotting against thegHegy. The resulting bands were analyzed

using Imaged® to quantify the fraction of protein solubilized.

Purification of RTNLB13 from membranes.
Purification was performed using immobilized mettinity chromatography (IMAC) by

incubating 1 mg/mL Talon cobalt resin (BD BiosciesacUK) with clarified, DDM-solubilized



membranes for 30 minutes atC4 Resin was separated by centrifugation (%0, 5 min.),
resuspended in 5 mL 50 mM M#PQO,, 300 mM NaCl, 0.1% detergent, pH 7.0 (wash buffer)
and loaded into a 5 mL disposable column (Thermerfific Pierce, UK). The wash and elution
steps were performed at@ in buffer containing 0.1 % w/v detergent and &ithO mM or 150
mM imidazole, respectively, according to the mantifeer’s instructions. Fractions containing
protein were pooled and concentrated using an Amldibra centrifugal filter unit (Millipore)
with a molecular weight cutoff (MWCOQO) of 5-10 kDa & final volume 500 pl. A second
purification step and detergent exchange into dree manel of detergents was carried out using
size exclusion chromatography (SEC), specificallguperdex 200 10/300 GL gel filtration
column connected to an Akta purification system (&@&althcare/Amersham Biosciences, UK),
equilibrated with 25 mM N#&IPO,, 150 mM NaCl, 0.05% detergent, pH 7.0. The pariel o
detergents consisted of 1,2-diheptanoyl-sn-gly@&phosphocholine (£DHPC), 1,2-
dihexanoyl-sn-glycero-3-phosphocholine @HPC), sodium-n-dodecyl-sulphate (SDS),
dodecylphosphocholine (DPC), 14:0 lyso-phosphagiggerol (LMPG), and 16:0 lyso-
phosphatidylglycerol (LPPG) (all obtained from SenAldrich and Avanti Polar lipids).
Following SEC, His-RTNLB13 was concentrated usinglakDa MWCO Amicon concentrator
unit. The identity and purity of the protein wasnfiomed by peptide mass fingerprinting
analyses carried out at the School of Life Scienthksversity of Warwick using electrospray
ionization mass spectrometry (ESI-MS). Protein emi@tion estimation was performed using
either the bicinchoninic acid (BCA) assay or UV-\dlsorbance at 280 nm and the theoretical

extinction coefficient of RTNLB13eggo= 50,085 M* cmi™)).



Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

The purity of all protein fractions at each stagem@paration was assessed using SDS-
PAGE (visualized using both Coomasie Blue R250 aiiekr nitrate) and immunoblotting
against the Histag. SDS-PAGE gels (12%) were prepared accordirlget Laemmli protocdt®.
Pre-cast 12% NuPAGE Bis-Tris gels (Invitrogen, Uere also used according to the
manufacturer’s instructions. Samples for SDS-PAGErewprepared by mixing RTNLB13
samples with SDS-PAGE loading buffer (125 mM pH,&8% glycerol, 4% SDS, 0.02 %
bromophenol blue, 5 mM dithiothreitol (DTT)) or NABE LDS sample buffer (Invitrogen) and
heating at 37C for 10 minutes or AT for 10 minutes, and were run alongside See blug 2

(Invitrogen, UK) or Color-plus 7-175 kDa (New EngthBiolabs, UK) prestained markers.

Circular Dichroism

CD spectra were collected on Jasco J-815 or J{ge@repolarimeters (Jasco UK, Great
Dunmow, UK) equipped with Peltier temperature cointtnd xenon light sources. Samples
typically contained 0.14-0.24 mg/mL (6—1MM) Hisg-RTNLB13, 20 mM sodium phosphate
(pH 7.0), 50 mM NacCl, and the detergent of inteegstoncentrations ranging from 15-20 mM.
Spectra were recorded between 190 nm and 280 rtimawiandwidth of 2 nm and a data pitch
of 0.2 nm. Buffer spectra were also recorded fagebae subtraction. Protein concentrations
were approximated via the Beer Lambert law usingpeiance of the protein at 280 nmyddh
The machine units of mdeg were converted to mesidue ellipticity (MRE) to normalize to
protein concentration. CD data were evaluated usisglf-organizing map algorithm, Secondary
Structure Neural Network (SSNN), which provided rediction of the protein’s secondary

structure and an independent estimate of the satmlacentratiorf’. Data below 196 nm were



excluded as the quality of the spectra in thisaegvas less reliable and would negatively impact
the accuracy of structure predictions. SSNN wasairegd for this work using parameters
according to the developer’s instructidisand CD data were fit using the newly trained aeur
network after applying scaling factors from 0.08-th steps of 0.05 or 0.01 to account for
inaccurate protein concentration estimates. The fitesf the experimental data was selected

based on the root mean squared deviation and \é@saalation.

Analytical Ultracentrifugation

Analytical ultracentrifugation was performed on acBman XL-I ultracentrifuge fitted
with interference and absorbance optics, at theo@cbf Biological Sciences, University of
Birmingham. Three protein concentrations (8+A0), corresponding to £ values of 1.0, 0.7
and 0.4, were prepared in 50 mM Tris HCI (pH 7 @)taining 100 mM NacCl, 15 mM DPC, and
52.5% DO. These samples were loaded into a 6 cell cemeepoutfitted with sapphire
windows alongside buffer reference blanks, andrdaged at 20,000, 28,000, and 35,000 rpm
for 36 hours at 4C. Absorbance data were analysed and processed Wiitiikeed and

WinMatch, before fitting in WinNonlifi® as described previousty.

Nuclear magnetic resonance experiments

Samples for NMR analyses were prepared by condargraurified protein to 180 uL
with an Amicon concentrator, either with a 3 orKila cutoff. If required, detergent was added
to the sample following removal from the concemirainit and sonicated for 5 minutes. The
sample pH was checked and, if needed, adjusted &M acetic acid, prior to pipetting the

sample into a 3 mm NMR tube. Typical protein concdions were 0.1-0.2 mM; at pH values

10



between 6-7, the buffer used was 10-20 migH®&D,, 40 mM NacCl, 90% kD, 10% BO, with
the required concentration of detergent. For expenis performed between pH&G 20 mM
sodium acetate buffer, containing 40 mM NaCl, 90%9H10% DO was used. NMR spectra
were recorded with 2048 128 data points or 2048 256 data points on either an Avance 700
MHz spectrometer or an Avance 600 MHz spectrom@arker Biospin), the former equipped
with a triple resonance inverse cryoprobe with Zedients. The 600 MHz instrument was fitted
with a TBI inverse, room temperature, triple resarea probe with Z-gradients. Data was

processed in Topspin 2.1 (Bruker Biospin).

RESULTSAND DISCUSSION
E.coli expression, purification, and characterization of RTNLB13 from A. thaliana

Three E.coli strains were tested for expression levels ofgdRIENLB13, namely
BL21(DE3), and the C41 and C43 strains optimized rfembrane protein expression and
referred to as the Walker straihs As shown in Fig. 1B, upon testing two expression
temperatures and two IPTG concentrations, the B{2H3) strain was found to produce the
largest amount of protein when grown in LB medidMestern blotting revealed two intense
bands migrating at the expected monomeric and dmsrolecular weights (predicted
monomeric MW = 23.8 kDa), and also showed evidai@ggregated protein in the wells of the
gel. Differential centrifugation indicated that tielk of His-RTNLB13 was located in the
membranes (Fig. 1C). When the medium was chang&tteninimal medium, containin’N
ammonium chloride (1 g/L) as the primary nitrogenrse and glucose (2 g/L) as the sole carbon
source, protein expression levels fell below débactBecause low levels of trace metals can

substantially affect cell health, and it has beeows) that addition of 20QM iron can increase
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expression to similar levels achieved when a ‘ftriice metal mixture was utilizéd, 100 uM
iron (ll) chloride was added to the media. As shaw Fig. 1D, expression was restored upon
addition of iron and 1 mM IPTG. The glucose concatiin was also varied, however had a
negligible effect on expression levels of sintij-labelled protein and was therefore maintained
at 2 g/L. The glucose concentration was increasedl ¢/L (or even 8 g/L) to express doubly
(**c/*N) and triply ¢3C/*°N/?H) labeled HigRTNLB13, although HigRTNLB13 expression
levels were severely diminished upon addition™@ glucose and deuterium oxide (data not
shown) making further investigation of the doublgdatriply labeled protein intractable.
Subsequent analyses were carried out on the unifdrid-labeled protein.
Dodecyl$-D-maltoside (DDM) detergent was used to extracsHRTNLB13 from cell
membranes. DDM demonstrated good efficiency in Ebhing Hise-RTNLB13 and is
considered to be a “mild” detergent that is commiaimded in membrane protein studies and
thought to maintain protein structure during peation. Furthermore, DDM does not interfere
with charged binding interfaces as employed by IMB&3ed technologies, preventing a
reduction in recovery. HiISRTNLB13 was initially purified by application of DM-solubilized
membranes to cobalt-charged NTA resin followed lyi@n with imidazole into a 0.1% wi/v
detergent solution. SDS-PAGE and immunoblottingemesed to monitor binding and elution
(Fig. 1E). Protein bands were only visible upon Wes blotting against the poly-His tag:
Coomassie blue staining (see upper panel of Fiy.wids consistently ineffective at detecting
Hisg-RTNLB13. To resolve these detection issues, sistaining was used, however silver
nitrate was also unable to bind to HRTNLB13. This behavior has been reported in thet,pa
for example Newstead and coworkeéfswere only able to detect overexpression of some

membrane protein-GFP fusions through fluorescemtection because Coomassie staining was
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not effective. For HisRTNLB13, the cause of this poor staining is unkngptwut is not due to a

lack of basic residues (Coomassie primarily birmarginine, lysine and histidine) since there
are 30 such residues in the protein. Neverthelsswere able to use a combination of
Coomassie staining and Western blotting to continen presence and purity of overexpressed

Hiss-RTNLB13.

I dentification of optimal detergent for structural analyses of RTNLB13

As demonstrated previously for the yeast reticdilm protein Yoplp’, NMR has the
potential to shed new light on the topology aneéhdimensional structure of RHD-containing
proteins in membrane mimetics such as detergergllesc However, while DDM is a suitable
detergent for purification, the micelles formedthis non-ionic detergent are very large (50-70
kDa) and intractable for solution-state NMR studiBlse current lack of a ‘universal’ detergent
that optimally solubilizes all membrane proteingl dras properties suitable for solution NMR
structural studies means that empirical studiest tn@<arried out to ascertain which detergents
yield well-folded and concentrated membrane prasamples. To this end, we screened a panel
of detergents for their ability to solubilize NMRable concentrations of HERTNLB13 in a
folded state. To select detergents for testingjtgoi NMR-based structural studies curated on
the Membrane Protein NMR Database [http://www.dsddom/nmr/MPNMR] were analyzed,
revealing that membrane protein structures have baecessfully solved in DPCgCand G-
DHPC, LMPG, LPPG and SDS. Therefore, these detesgeere investigated here for their
ability to solubilize and stabilize HiRTNLB13. The properties of these detergents are
summarized in Table 1 and demonstrate that ahefdetergents tested (apart from LPPG) have

a small micelle size (micellar molecular weights\iMc) < 26 kDa) and either zwitterionic or

13



charged head groups. They have a variety of atitirécelle concentrations (CMC = 18/ — 14
mM) and acyl chain lengths (6 — 16 carbons in lepgbut all detergents tested have fully
saturated acyl chains.

Because DPC and LMPG are the detergents in whieHatlyest number of membrane
protein structures have been solved in solutiorss-RITNLB13 was initially exchanged from
DDM into each of these detergents on a size examtusihromatography (SEC) column,
equilibrated with the appropriate buffer and detetg This also acted as a further purification

step producing highly pure protein.

Effect of detergent concentration, temperature, and pH on Hisg-RTNLB13 NMR spectra
Hisg-RTNLB13 was reconstituted into both DPC and LMPiGaavariety of detergent
concentrations to investigate the role of this peeter in the quality of solution state NMR
spectra (i.e. peak number, intensity, width, andnaical shift dispersion). All spectra were
acquired with 12& 2048 data points and 40 scans for samples congathil— 0.13 mM His-
RTNLB13. We selected detergent concentrations ¥ieltled micelle : protein (M/P) molar
ratios of 1, 8, 16 and 32, calculated using theiemfor aggregation number and CMC given in
Table £%° As shown in théH-"*N HSQC spectra of DPC-solubilized BHRTNLB13 in Figs.
2A-C, increasing the detergent concentration from 10 nwP(= 1) to 200 mM (M/P = 32), at
pH 6.8 and 2%C, did not lead to a large increase in the numbgreaks observed (provided in
parentheses) but did lead to sharpening of thespaall more consistency in peak intensities
across the spectrum. A similar improvement of tpectkum was observed in LMPG from
concentrations between 60 mM (M/P = 8) and 230 nWP(= 32) (see Fig. S1), except that in

this detergent the number of protein peaks dideiase with detergent concentration.
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The temperature at which NMR spectra are collectul also affect the number and
width of observed peaks. Often a high temperatere8{C) results in improvement of the
spectrum due to an increase in the tumbling ratee@Mmembrane protein — micelle complex and
subsequent sharpening of the peaks. In this stpdgti were acquired for HIRTNLB13
solubilized in either 200 mM DPC or 230 mM LMPGtamperatures ranging from 2545
Comparison of Fig. 2C and 2D demonstrates thatraewew peaks (we estimate seven) were
observed in the DPC-solubilized His-RTNLB13 speetrupon increasing the temperature from
25°C to 37C. This effect was observed in both detergenthdalyjh data is only shown for
DPC), however further increases in temperatured@ @) lead to protein precipitation and / or
aggregation. Therefore 32 was selected as the optimal temperature fordudhalyses.

Finally, the effect of solution pH on NMR spectrasnnvestigated as this parameter can
have a large impact on the quality of the spectri®educing the pH below physiological pH is
beneficial as it reduces the amide proton exchaageand leads to sharpening of amide peaks.
Therefore, pH values as low as pH 4.0 are regulasBd for structure determination by NMR.
'H->"N HSQC spectra of HiSRTNLB13 solubilized in either 200 mM DPC or 230 mMIPG
were acquired at pH 6.8 and pH 5.0°@Y, and the results are shown in Figs. 2E (DPC)&hd
(LMPG). In both detergents, the widths of the oledrpeaks were not significantly affected by
changing the pH, nor was there a noticeable inereashemical shift dispersion. However, the
intensity and number of peaks observed in the HSQ&€trum increased by 20-30% as the pH

was decreased to 5.0.
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Detergent screen using optimized detergent concentration, pH and temperature

To extend the number of detergents tested to diectbe six major detergents used thus
far to solve membrane protein solution structukisg-RTNLB13 was also reconstituted in-C
and G-DHPC, SDS, and LPPG in addition to DPC and LMP®& sAmples were prepared using
the optimal conditions determined from the expentaedescribed above, i.e. detergent
concentrations at or above 100 mM, a low pH (pH &l a temperature of 32, and'H->N
HSQC spectra were acquired with 122048 data points and 40 scans. The one exceptsn
the sample prepared in SDS, in which precipitatias observed at low pH therefore the sample
was prepared at pH 6.8 and the spectrum was adoatire5C.

The resulting HSQC spectra are shown in Fig. 3taachumber of observed NMR peaks
in each is summarized in Table 1. Spectra acquiré€}- and G-DHPC yielded very few peaks
(38 and 26, respectively), and had the lowest &igaoise ratio of all the data collected. This
is likely due to the low stability of HiSRTNLB13 in these detergents. Indeed, protein
precipitation was observed in these samples ovgs @aot weeks) suggesting slow protein
aggregation. This may be linked to the short addir length in these detergents (Table 1)
failing to fully solubilize the protein. SDS vyiedd a slightly improved spectrum in terms of
signal-to-noise ratio and number of observable pe@8 peaks), but poor chemical shift
dispersion (likely caused by the denaturing effesftghis anionic detergent) eliminated this
sample as a candidate for further study. The specicquired in LPPG yielded 65 peaks,
equivalent to that observed in DPC and LMPG, bt Wariable intensity of peaks in this
spectrum appeared more pronounced. Therefore,esuits suggest that DPC and LMPG yield
the most stable samples and the highest quality NJgiétra. With this in mind, we acquired

HSQC spectra with a larger number of points (28486) and scans (ns = 160) to increase the

16



signal to noise ratio, and the number of observalbMR peaks increased to 107 in 200 mM DPC

and 114 in 230 mM LMPG (see values in parenthes@sable 1).

Oligomerization of HissRTNLB13 in detergent micelles

The maximum number of peaks (114 peaks) observedeirHSQC spectrum of His
RTNLB13 accounted for only 40% of the number of kzepredicted from the amino acid
sequence of HiRTNLB13 (214 backbone peaks and 70 side chain4=p&&aks). The greatly
reduced number of observable NMR peaks preventsigrasent of the protein, and could be
due to oligomerization of HSRTNLB13 and subsequent relaxation broadening aftemm
signals. The immunoblot shown in Fig. 1E (bottomrmgia indicated the formation of SDS-
resistant dimers and higher-order His-RTNLB13 atigos. The elution fraction containing the
highest concentration of HHRTNLB13 (elution fraction 3) yielded bands at thmnomeric
molecular weight (band labeld&d at ~25 kDa), dimeric molecular weight (band laddbeat ~50
kDa) and higher molecular weights (band labefedt > 64 kDa). This oligomerization is
unsurprising as RTNLB13 has been reported to ssib@iatein vivo * 2 To further investigate
the strength of RTNLB13 oligomerization, sedimeiotat equilibrium analytical
ultracentrifugation experiments were performedtfe Hig-RTNLB13 protein solubilized in the
detergent DPC. DPC is highly amenable to AUC measants and has been used several times
in the past for membrane protein analy$e%-*? Samples contained-820 pM Hisg-RTNLB13
and 15 mM DPC to achieve micelle: protein molaiosasimilar to those used in NMR analyses
(M/P = 9- 24). The concentration versus radial distanceilpsotollected for HisRTNLB13 at
three protein concentrations and three speedshanensin Fig. 4. Data were initially fit to a

monomer model as well as models of higher oligofognation (e.g monomer-dimer), and the
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resulting variance and residuals of the fit wereduas a measure of the goodness-of-fit of a
given model. Surprisingly, the model which bestrespnted the DPC-solubilized klis
RTNLB13 data was the simple monomer model, anditloerve is shown with the experimental
data in Fig. 4. Addition of higher order oligomesiates to the model resulted in a poor fit of the
data and obvious trends in the residuals. Thusidjeer order oligomers observed in Western
bolts were not observed using analytical ultradkrgation. These results do not rule out
formation of RTNLB13 oligomer#n vivo (indeed, we see oligomers of the protein condlisten
on gels), but do suggest that the protein is prexantly monomeric under NMR conditions and

the absence of NMR peaks is not likely due to pnadéigomerization.

Secondary structure of HissRTNLB13 in various detergents using CD

The secondary structure content of RTNLB13 hasyebttbeen reported, and may shed
light on the structure and topology of the protamd complement the level of information
available from NMR. With this in mind, we used bdtieoretical and experimental tools to study
the secondary structure of RTNLB13. The Jprédind Psipred* algorithms were used initially
to predict the secondary structure content frompiimary sequence, and yielded very similar
values ( ~ 68%-helical/5%[3-sheet, with predicted helical regions shown in. Bi§y). CD was
then used to estimate the secondary structure rooteurified His-RTNLB13 in the panel of
detergents studied here. Because of the poor NMRtispobtained in &£ and G-DHPC, these
detergents were not included in this analysis. Bi§.shows the resulting CD spectra upon
solubilization of 6-10uM Hisg-RTNLB13 in a variety of detergent types (typicaléy a
concentration of 15-20 mM). All spectra contain atége maxima at 210 nm and 222 nm, and a

positive peak at 197 nm, suggesting the proteirsigasficanta-helical content in each detergent
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tested. Data below 195 nm were not considered dueht scattering and high absorbance
reducing the quality of the data. The CD data vienesing the SSNN method' 2% (see Fig. S2
for fits) in order to estimate the secondary stitetcontent in each detergent environment, and
the results are summarized in Fig. 50PC, LMPG, and SDS-solubilized HiRTNLB13
yielded very similar secondary structure conterith Wwetween 44—-469%-helix, 9-12%3-sheet,
and 13-20% turns, suggesting the protein is wellkslized and adopts a similar fold in these
detergents. DDM-solubilized HSRTNLB13 had a slightly higher helical content (S4%thile
LPPG yielded the lowest helical content (31%). Bligaspeaking, the CD data suggested a
helical content for reconstituted FHRTNLB13 that was much lower than the estimatesiobt
from the primary sequence (i.e. Jpred3 and Psipreidwever, when protein topology was used
as an estimate of helical content, predicted angemxental values were in much closer

agreement. Here we used a panel of seven topqiagiietion algorithrm¥>*

to analyze the
primary sequence of RTNLB13. The majority suggedfeat the protein contains four TM
regions of approximately 18-24 residues each (BW), with an average of 85 residues
embedded in the membrane. If one assumes thdtthk predicted membrane-spanning residues
are present ag-helices, this would suggest a helical content gpraximately 40% (see bar
labeled “predicted”, Fig. 5C) for the 214-residuesgsRTNLB13. This range is in good

agreement with the experimental results from CDgctwimdicated 44—-46%-helical content for

RTNLB13 solubilized in LMPG, DPC or SDS.

CONCLUSIONS

We report here the first heterologous expressioa plant reticulon, RTNLB13 frorA.

thaliana, in E. coli for biophysical and structural analysé&otein expression was achieved
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without a fusion partner, and the resulting protgas readily soluble in detergent micelles. The
CD, SDS-PAGE and AUC results demonstrated thatrecombinant RTNLB13 protein was
highly a-helical and capable of forming oligomers, but pmaithantly monomeric under NMR
conditions making it a suitable candidate for fartetudy using high-resolution NMR methods.
We carried out an initial optimization of samplenddions for NMR studies, screening a number
of detergent concentrations and types, as welHaama temperature. There was little correlation
between physical properties of the detergent @hgin length, head group polarity, CMC) and
the ability to solubilize RTNLB13, further highlighg the requirement to test a range of
detergents when working with membrane proteinshd\lgh steady improvement in the quality
of the NMR spectrum was achieved, the dynamicsisf-RTNLB13 in detergent micelles lead
to severe broadening of over 60% of the expectattpthus impeding attempts at assignment.
Further work is required to establish solution gbads amenable to full backbone assignment.
Apart from demonstration of methods for efficiebfcterial overexpression and
reconstitution of RTNLB13 for further structural aysis, we sought to shed light on the
structure, membrane interactions and topology wf phant reticulon. Topology prediction and
secondary structure estimates from CD data ledd sisggest there are likely four TM regions in
Hisg-RTNLB13 (and scope for additional helical struetuwwhich will be discussed later). The
residues spanning the membrane bilayer (or detengecelle, in this case) will be highly
structured and will reorient more slowly in solutithan residues present in the soluble regions
of the protein. The reduced dynamics of the TMdess would lead to broad, undetectable
signals in solution NMR experiments while the signlaom the more mobile, soluble protein
regions are easily detectable. This phenomenobd®s exploited in the past to map the location

of membrane-spanning regions for a variety of memérproteins?, and offers a potential
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explanation for the reduced number of peaks obdervéhe HSQC spectra of HIRTNLB13
described here. The topology prediction analysddi®fRTNLB13 suggested that an average of
129 residues comprise the soluble (i.e. non-TMjoregof the protein such as the loops and C-
and N-terminal tails. The 114 observed peaks indapimized HSQC spectrum are therefore
likely due to residues in these soluble regiong,dbill cannot account fully for the number of
residues predicted in these regions.

The reduced number of NMR signals obtained suggists other residues in His
RTNLB13, apart from those in the TM domains, digptaduced dynamics in the presence of
detergent micelles leading to a disappearance afpm the NMR spectrum. This reduction in
dynamics may be due to association of other regpgd®TNLB13 with the membrane mimetic.
We have recently proposed the presence of a l@éuesnembrane-bound amphipathic helix
(APH) in RTNLB13 spanning residueseggK175%>, similar to that found in the RHD-containing
protein Yoplp®. If we assume that the 16 residues in this ARHhéghly helical, this would
increase the total predicted helical content to 4&%alue that agrees closely with the 44-46%
range estimated from CD data. Likewise, if we assuhat the 16 APH residues display slow
dynamics due to association with the micelle, as slaown for the Yoplp APKf, the total
number of observable peaks estimated in the HS@Ctrgpn would decrease to 113, a value that
is very close to the maximum number of observedkpea this study (114). Together, our
preliminary CD and NMR data point toward a surprigy self-consistent model for the protein
that is shown in Fig. 6B. This model is highly splative, but accounts for the helical content
observed here as well as the reduced dynamicslfd@he residues as would be expected for a
predominantly membrane embedded/associated prdikis.is in keeping with the very poor

staining of RTNLB13 by Coomassie and silver nitregported here, which also indicates that
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the bulk of the protein is inaccessible, and sujgpdine W-shape topology for reticulons
proposed in the literature.

The data reported here support results obtainedvo regarding the transmembrane
topology of RTNLB13, and extend our understandingrégions outside the TM domains.
Specifically, our results are in agreement witheréaeports indicating that nearly all members
of the reticulon family carry an amphipathic hetlistally from the RHD"™ * Given that the
length of the transmembrane domains seems to beicalk feature for the tubule-forming
function of reticulons, it will be interesting tedt whether the APH also plays a role in

stabilizing ER tubule curvature vivo.
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TABLES

Table 1: Properties of the detergentstested in this study and resulting number of *H-"N

HSQC NMR peaks observed for *°N-labelled Hiss-RTNLB13. Published values for the

aggregation number @Y and critical micelle concentration (CMC) have téaken from the

literature for DDM’, DPC2, C6- and C7-DHPE *° sDS®° LMPG*® and LPPE" 3 The final

column lists the number of HRTNLB13 peaks observed in each detergent in spaciuired

with 2048x 128 data points and 40 scans per plane (the nunflodservable peaks upon

increasing the number of points to 204856 and the number of scans to 160-180 is shown in

parentheses).
Deter gent Chain MW (Da) Charge Na MWpmic CMC NMR
length (kDa) (mM) peaks
DDM 12 511 nonionic 140 71.5 0.17 n/d
DPC 12 351 zwitterionic ~ 70-80 24.6 15 65 (107)
C+-DHPC 7 482 zwitterionic 25 12.1 1.5 26
Cg-DHPC 6 453 Zwitterionic 35 15.9 14 38
SDS 12 288 anionic 50 14.4 8 48
LMPG 14 478 anionic 55 26.3 0.16 67 (114)
LPPG 16 507 anionic 125 63.4 0.018 65
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FIGURE LEGENDS

Figure 1. Bacterial overexpression of Hiss-RTNLB13. A. Proposed topologies for the
reticulon homology domaimB. Anti-His Western blot of HsRTNLB13 expression in three
strains ofE. coli, namely BL21, C41 and C43. Two temperatures@land 30C) and two
IPTG concentrations (0.05 and 0.5 mM) were testewl expression was carried out in LB
medium. Induction was carried out for 24 and 48rkoat 18C, however bands for His
RTNLB13 (at approximately 20 and 40 kDa) were obsdronly in BL21 after 48 hours (no
protein expression was observed in C41 or C43B0AC, induction was carried out for 4 hours
and expression was observed in all three straiflse highest expression levels were seen in
BL21. Uninduced controls are shown for comparis@.Anti-his immunoblots of soluble and
insoluble fractions obtained after harvesting meanbs by ultracentrifugation, demonstrating
that the bulk of overexpressed HRTNLB13 is localized to the membrands. Expression in
M9 minimal medium E. coli strain BL21) required the addition of 1Q® Iron (lll) chloride
and 1 mM IPTG to restore expressi@.Coomassie-stained SDS-PAGE gel (upper panel) and
an anti-His Western blot (lower panel) are shownffactions from the purification of His
RTNLB13 using Talon cobalt resin. Membranes comarHiss-RTNLB13 were solubilized in
0.1% DDM (laneS) and incubated with resin for 30 minutes befoigdlag into a column. The
flow-through €T) was analyzed, as was the eluent after washingctthemn with DDM-
containing buffer + 10 mM imidazolé\). The protein was eluted after addition of 150 mM
imidazole (elution fractions are shown in larie8). Protein is only visible in Western blots as
Coomassie repeatedly failed to staing=RI'NLB13. Molecular weight marker is shown in lane

M. Monomer (M), dimer (D), and higher order oliganG® bands are shown.
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Figure 2. Effect of detergent concentration, temperature and solution pH on NMR data.
'H-1>N HSQC spectra of 18AM **N-labelled Hig-RTNLB13 solubilized in A.) 10 mM, B.)
100 mM and C.) 200 mM DPC detergent. All three samples were gneghin 20 mM NgHPO,,

40 mM NacCl, 90% HO, and 10% BO at pH 6.8, and spectra were collected &8C25A steady
improvement in peak shape and a reduction in viaripbak intensities was observed as DPC
concentration was increased. The number of obskeryeaks is given in parenthesBsH-N
HSQC spectrum of sample shown in C. measured d€,3% which a number of new peaks
become visibleE. The sample analysed in D. was prepared at pH suBstituting sodium
phosphate buffer for 20 mM sodium acetate buffer lamiding all other conditions constant, and
the spectrum was measured at@7 All spectra are shown at a contour level atcltbaseline

noise is just becoming visible. Samples preparddM®PG show a similar trend (Fig. S1).

Figure 3. Effect of detergent type on Hisss RTNLB13 NMR spectrum. 'H->N HSQC spectra

of (from top left to bottom right): 110M Hisg-RTNLB13 solubilized in 100 mM £DHPC; 110

MM Hisg-RTNLB13 solubilized in 100 mM &€DHPC; 100uM Hisg-RTNLB13 solubilized in
100 mM SDS; 95uM Hisg-RTNLB13 solubilized in 100 mM LPPG; 18§@M Hisg-RTNLB13
solubilized in 200 mM DPC; 13@M Hisg-RTNLB13 solubilized in 230 mM LMPG. All
protein samples weréN-labeled and prepared at pH 5.0, and all specér@ wecorded at 3T
with the exception of the sample containing SDSictviwas prepared at pH 6.8 and analyzed at

15°C. All spectra shown were acquired with 264828 data points for ease of comparison.

Figure 4. Analytical ultracentrifugation analyses of Hiss-RTNLB13 oligomerization.

Sedimentation equilibrium data obtained for ¢RSTNLB13 protein reconstituted into 15 mM
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DPC and density matched with 52%@ Data were collected at three speatl2(,000,0
28,000 ande 35,000 r.p.m.) and three protein concentrationgirgnfrom 8-20uM. In the upper
panel, symbols represent experimental data and salives display the best fit upon global
analysis of all nine data sets, in the case 0§-RIENLB13 the data were well represented by a

monomeric fit. Below each plot are the residudldhe fitting process.

Figure 5. Secondary structure of detergent-solubilized Hiss-RTNLB13. A. Schematic
depicting the results of secondary structure ptedicfrom the RTNLB13 sequence using
Psipred and Jpred3 algorithms. Regions predictetbetgorimarily a-helical are shadedB.
Circular dichroism spectra of HKRTNLB13 (6-10 uM) dissolved in a range of detergent
micelles (15-20 mM). Data are given in units of meesidue ellipticity (MRE, mdeg cmumol
). C. Hiss-RTNLB13 secondary structure content as estimatech {CD data in each of the

detergents tested, as well as from topology priediclgorithms (bar labeled “predicted”).

Figure 6. Sequence analyses combined with experimental data yields putative model. A.
The primary sequence of HIRTNLB13 was analyzed using a variety of prograhat predict
membrane protein topology from sequence. Theuesigredicted to lie in each TM domain are
listed, with all but two algorithms predicting fodiM domains. The average values for the
beginning and end of each TM domain are shown é diagram (only values from 4 TM
predictions were used to calculate the averagePreliminary structural model of RTNLB13

based on topology prediction, NMR, and CD data.
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure S1. Effect of LM PG detergent concentration, temperature and solution pH on NMR
data. *H-">"N HSQC spectra of 13QM **N-labeled His-RTNLB13 solubilized in phosphate
buffer (20 mM NaHPQ,, 40 mM NaCl, 90% kD, 10% BO, pH 6.8) containing either 63 mM
LMPG (blue spectrum) or 230 mM LMPG (red spectrangl collected at 2&. Increasing the
detergent concentration increased the number afredlle peaks from 46 (blue spectrum) to 56
(red spectrum). A further increase in the numbeshxfervable peaks (to 67 peaks) was achieved
upon reducing the pH to 5.0 and increasing the &atpre to 37C for the sample containing
230 mM LMPG (black spectrum).
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Figure S2. CD data fitting to obtain estimates of secondary structure content. Shown below
are the original CD spectra (solid lines) obtaime¢A) DPC, (B) LMPG, (C) SDS, (D) DDM,
and (E) LPPG. Also shown are the best fits ofdata using the SSNN software (dashed lines)
after application of scaling factors (sf) to obtaptimal fit and provide an independent measure
of protein concentration. The fit residuals arevsh (dotted lines) as well as the resulting
NRMSD of each fit.
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HIGHLIGHTS

. First heterologous expression of a plant reticulon, RTNLB13 from A. thaliana, in E. coli.
. Structure of detergent-solubilized protein consistent with current modelsin literature.

. Demonstrate a detergent concentration-dependent ability to oligomerize.



