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A B S T R A C T   

Lassa virus (LASV) is the most prevalent arenavirus afflicting humans and has high potential to become a threat 
to global public health. The transmembrane domain (TM) of the LASV glycoprotein complex forms critical in
teractions with the LASV stable signal peptide that are important for the maturation and fusion activity of the 
virus. A further study of the structure-based molecular mechanisms is required to understand the role of the TM 
in the lifecycle of LASV in greater detail. However, it is challenging to obtain the TM in high quantity and purity 
due to its hydrophobic nature which results in solubility issues that makes it prone to aggregation in typical 
buffer systems. Here, we designed a purification and detergent screen protocol for the highly insoluble TM to 
enhance the yield and purity for structural studies. Based on the detergents tested, the TM had the highest 
incorporation in LMPG. Circular dichroism (CD) and nuclear magnetic resonance (NMR) spectroscopy were 
utilized to confirm the best detergent system for structural studies. Through CD spectroscopy, we were able to 
characterize the secondary structure of the TM as largely alpha-helical, while NMR spectroscopy showed a well- 
structured and stable TM in LMPG. From these results, LMPG was determined to be the optimal detergent for 
further structural studies.   

1. Introduction 

Infection with Lassa virus (LASV), an arenavirus endemic to West 
Africa, results in Lassa fever, a viral hemorrhagic fever with high 
morbidity and mortality [1,2]. LASV is spread to humans via direct 
contact with infected Mastomys natalensis excrement, a rodent serving as 
the natural reservoir of LASV [3]. Furthermore, there is evidence of the 
virus being transmitted between humans through contact with bodily 
fluids, even after recovery from the infection [4]. LASV is estimated to 
infect 300,000–500,000 people and cause 5000 deaths annually in West 
Africa [5]. Currently, there are no options for the explicit treatment of 
LASV infection. The only alternative is off-label usage of ribavirin, an 
antiviral drug used to treat a wide variety of viral infections [6]. How
ever, ribavirin is only effective if administered in the early stages of 
infection, has an unknown mechanism of action against LASV, and 
causes severe side effects [7]. With no approved therapeutics or vac
cines, LASV poses a significant public health risk should it spread outside 
West Africa. In fact, the World Health Organization (WHO) lists Lassa 
fever as one of the top infectious diseases requiring prioritized research 
and development [8]. There have already been isolated cases of LASV 
infection outside of West Africa in Europe and the United States [9,10]. 

The glycoprotein complex (GPC) is the sole component on the LASV 

surface and is responsible for viral entry into the cell (Fig. 1A). The GPC 
consists of a trimer of heterotrimers containing glycoprotein 1 (GP1), 
glycoprotein 2 (GP2), and the stable signal peptide (SSP). GP1 is 
responsible for binding to the cellular receptors while GP2 is responsible 
for facilitating membrane fusion to deliver the genetic information into 
the cells. The SSP resides next to the transmembrane domain (TM) of 
GP2 in the viral membrane and plays various roles in the viral lifecycle, 
including the maturation of the GPC and membrane fusion [11,12]. Not 
only is the TM important for LASV, but other viruses have been shown to 
have important roles for their transmembrane domains in membrane 
fusion. The TM of the Ebola and Influenza virus glycoproteins form an 
interaction with their respective fusion domains of the glycoproteins, 
enhancing membrane fusion [13,14]. Furthermore, the structure of the 
TM can be impacted by the viral membrane lipids, which can also in
fluence membrane fusion. In particular, cholesterol has been shown to 
interact with the TM of HIV, Ebola and Influenza and impacted viral 
membrane fusion in all cases [15–17]. In HIV, a broadly neutralizing 
antibody LN01 targets the TM and membrane-proximal external region 
(MPER) domain of gp41, suggesting that the TM serves as a valuable 
therapeutic target for viral infection [18]. In LASV, previous cell-based 
studies with the small molecule inhibitors ST-161, derivatives of ST-161, 
and the antifungal isavuconazole were all shown to disrupt the inter
action between the TM and the first transmembrane helix of the SSP, 

* Corresponding author. 
E-mail address: jinwoo@umd.edu (J. Lee).  

Contents lists available at ScienceDirect 

Biochemistry and Biophysics Reports 

journal homepage: www.elsevier.com/locate/bbrep 

https://doi.org/10.1016/j.bbrep.2022.101409 
Received 1 July 2022; Accepted 7 December 2022   

mailto:jinwoo@umd.edu
www.sciencedirect.com/science/journal/24055808
https://www.elsevier.com/locate/bbrep
https://doi.org/10.1016/j.bbrep.2022.101409
https://doi.org/10.1016/j.bbrep.2022.101409
https://doi.org/10.1016/j.bbrep.2022.101409
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Biochemistry and Biophysics Reports 33 (2023) 101409

2

resulting in the hindrance of membrane fusion [19–21]. This illustrates 
the importance of the TM of LASV in membrane fusion; however, we are 
still in need of structural information to understand the underlying 
mechanism of LASV TM during the fusion process. 

The lack of knowledge surrounding the LASV TM can be attributed to 
the difficulty of purifying membrane proteins. Although there are 
various methods for purifying membrane proteins, including methods 
successfully applied to other viral transmembrane domains, they are not 
without their challenges, especially for proteins that are prone to 
aggregate in solution, like the highly insoluble LASV TM. Here, we 

present a purification protocol for the structural characterization of the 
LASV TM (residues 424–461). We expressed and purified the TM, which 
is prone to have non-specific interactions that result in a high tendency 
to aggregate, making it difficult to purify. To overcome these challenges, 
we utilize the aggregating tendency of the TM to our advantage. We 
intentionally aggregate the TM and remove all unwanted proteins, then 
break apart the TM aggregates with the strong denaturant sodium tri
chloroacetate (TCA) to isolate the pure TM. Once the pure TM was 
isolated in TCA, we determined which detergents would be suitable for 
structural studies by exchanging the TM into various detergent systems 
using a desalting column. Analysis by SDS-PAGE gel of this desalting 
column method revealed that 1-myristoyl-2-hydroxy-sn-glycero-3- 
phospho-(1′-rac-glycerol) (LMPG) and dodecylphosphocholine (DPC) 
were the most suitable detergents for the LASV TM. We then turned to 
CD and NMR spectroscopy to characterize the structure and stability of 
the TM in the detergents, respectively. CD spectroscopy revealed that 
the TM contains alpha-helical character in both detergent systems, with 
increased helicity noted in LMPG. However, NMR spectroscopy clearly 
illustrated that the TM was more stable in the LMPG system than the 
DPC system, indicating that LMPG is the most optimal detergent for 
further structural studies. 

2. Materials and Methods 

2.1. Reagents 

Dodecylphosphocholine (DPC) (CA# F308), 3-[(3-cholamido
propyl)-dimethylammonio]-1-propane sulfonate (CHAPS) (CA# C316), 
and n-octyl-β-D-glucopyranoside (β-OG) (CA# O311) were purchased 
from Anatrace. LMPG (CA# 858120) and 1,2-dihexanoyl-sn-glycero-3- 
phosphocholine (DHPC) (CA# 850305) were purchased from Avanti 
Polar Lipids. Empigen BB™ (CA# 30326-250 ML) was purchased from 
Millipore Sigma. N–N,Dimethyl-1-dodecylamine N-oxide (LDAO) (CA# 
1643-20-5) and sodium trichloroacetate (CA# AAA170040I) were pur
chased from Fisher Scientific. All lipids and detergents were stored at 
− 20◦C and allowed to warm to room temperature prior to use. 

2.2. Construct Design and cloning 

The LASV TM was generated from a LASV glycoprotein complex 
(GPC) plasmid generously provided by the Judith M. White lab (Uni
versity of Virginia). The constructs were inserted into the pET24a vector 
containing an N-terminal Hisx9 tag, Trp leading sequence (TrpLE), 
thrombin cleavage site, and kanamycin resistance gene (Fig. 1B and C). 
The TrpLE sequence was chosen for these experiments as it directs the 
protein to inclusion bodies, improving yield and preventing harm to the 
cells during expression [22,23]. 

For insertion of the TM gene sequence into the pET24a vector, 
BamH1 and EcoR1 restriction sites were added to the 5′ and 3′ ends of the 
gene, respectively. Both the 5′ and 3’ ends contained additional base 
pairs for efficient digestion. The DNA oligos (Table S1) were synthesized 
(IDT, Inc, Coralville, IA, USA) and added to a reaction mixture con
taining the following components in a 50 μL reaction scale: forward and 
reverse oligo (200 nM final concentration), template DNA (2 ng/μL), 
dNTPs (200 nM), 5X HF Buffer (New England Biolabs, Ipswich, MA, 
USA), ultrapure water, and 1 μL Phusion HF Polymerase (New England 
Biolabs, Ipswich, MA, USA). The PCR amplified gene was run on a 1% 
agarose gel stained with Apex Safe DNA Gel Stain (Genesee Scientific) 
and extracted. Extracted PCR product and pET24a vector were purified 
and digested with 1 μL each of both BamH1 and EcoR1 (New England 
Biolabs) overnight at room temperature. Ligation of the pET24a vector 
and TM gene sequence were carried out using 1 μL DNA Ligase (New 
England Biolabs) overnight at room temperature. After ligation, the 
plasmid was transformed into DH5α E. coli cells (New England Biolabs) 
and grown on a Luria-Bertani (LB) plate containing 50 μg/mL kana
mycin overnight at 37 oC. Colonies were sequenced (ACGT, Inc., 

Abbreviations 

DPC dodecylphosphocholine 
LMPG 1-myristoyl-2-hydroxy-sn-glycero-3-phospho-(1′-rac- 

glycerol) 
CHAPS 3-[(3-cholamidopropyl)-dimethylammonio]-1-propane 

sulfonate 
β-OG n-octyl-β-D-glucopyranoside 
DHPC 1,2-dihexanoyl-sn-glycero-3-phosphocholine 
LDAO N–N,Dimethyl-1-dodecylamine N-oxide 
TCA sodium trichloroacetate 
BME β-mercaptoethanol 
LASV Lassa virus 
TM transmembrane domain 
SSP stable signal peptide 
GP2 glycoprotein 2 
GPC glycoprotein complex  

Fig. 1. LASV GPC and Construct Design. A) Schematic of the proteins in the 
LASV GPC with the TM highlighted in red. SSP – stable signal peptide; GP1 – 
glycoprotein 1; GP2 – glycoprotein 2. B) Schematic of TM construct before and 
after thrombin cleavage. Two artificial amino acids are added to the N-terminus 
of TM due to thrombin cleaving between R and G. C) Sequence of TrpLE_TM 
construct with the TrpLE in blue, thrombin cleavage site in green and TM 
sequence in red. 
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Germantown, MD, USA) to confirm the insertion of the protein sequence 
(Table S2). For protein expression, the plasmid containing the correct 
sequence was transformed into BL21 (DE3) pLysS E. coli cells (Ther
moFisher Scientific) and grown on LB plates containing 50 μg/mL 
kanamycin and 34 μg/mL chloramphenicol overnight at 37 oC. Colonies 
from the transformation were used to perform test expressions in a 1 mL 
scale and a glycerol stock was prepared for future use. For insertion of 
the GP2 gene sequence, restriction enzymes were chosen based on its 
sequence and preparation of the plasmids was performed using the 
above protocol. 

2.3. Expression and purification 

A general scheme for the purification method is shown in Fig. 2A. 
Cells from a glycerol stock were grown in a 5 mL LB culture containing 
50 μg/mL kanamycin and 34 μg/mL chloramphenicol overnight at 37 ◦C 
while shaking at 225 rpm. The 5 mL overnight culture was used to 
inoculate 1L of LB media containing 50 μg/mL kanamycin and 34 μg/mL 
chloramphenicol. The cells were grown at 37 ◦C while shaking at 225 
rpm until an optical density at 600 nm (OD600) of 0.6–0.8 was reached. 
The cells were then induced with a final concentration of 1 mM Iso
propyl ß-D-1-thiogalactopyranoside (IPTG). The cells were grown for an 
additional 4 h at 37 ◦C after induction, then harvested at 4,000×g for 45 
min at 4 ◦C. The cell pellet was used immediately or stored at − 80 ◦C 
until needed. 

After harvesting, 1L of cells were resuspended in 120 mL sucrose 
buffer (20% sucrose (w/v), 300 mM NaCl, 20 mM tris, 10 mM BME, pH 
8.0). The sample was then sonicated on ice for 5 min at a 40% duty cycle 
with a cycle of 1 s on/off. After sonication, the solution was centrifuged 
at 40,000×g at 4 ◦C for 1 h to isolate the inclusion bodies. The super
natant was discarded, as the target protein was left in the resulting 
pellet. Following this, the target protein was solubilized in 100 mL so
dium trichloroacetate (TCA) buffer (4.5 M TCA, 300 mM NaCl, 20 mM 
tris, 10 mM BME, 10 mM imidazole, pH 8.0), sonicated with the same 
parameters as mentioned above, and centrifuged at 40,000×g at 20 ◦C 
for 1 h. The supernatant was then incubated overnight with approxi
mately 3 mL Ni-NTA resin (Qiagen) at 20oC while shaking at 100 rpm. 

Following incubation, the flowthrough was collected, and the resin 
was washed with a gradient in a stepwise fashion with 45 mL per step. 
The TCA concentration was decreased from 4.5 M to 0 M in 1 M in
crements while all other buffer components were kept the same. This 

slowly removes the denaturing TCA, allowing the protein to refold 
gradually. After removing all the TCA from the resin, the resin was 
subsequently equilibrated with 15 mL cleavage buffer (0.1% DPC (w/v), 
100 mM NaCl, 20 mM tris, 2.5 mM CaCl2, pH 8.5). Once equilibrated, 50 
μL of 5 mg/mL thrombin (BioPharm Laboratories) was added directly to 
the resin along with 15 mL of the cleavage buffer. The cleavage reaction 
proceeded overnight at room temperature while shaking at 100 rpm. 

After cleavage, the flowthrough was collected. The resin was sub
sequently washed with 100 mL urea buffer (8 M urea, 20 mM tris, 300 
mM NaCl, pH 8.0) containing 100 mM imidazole to remove the tag and 
other unwanted proteins followed by an additional 50 mL of tris buffer 
(20 mM tris, 300 mM NaCl, pH 8.0) to remove residual urea and imid
azole. Finally, the resin was washed twice with 10 mL TCA buffer 
without BME or imidazole to elute the TM. The two TCA buffer washes 
containing the TM were combined and concentrated to 500 μL using an 
Amicon™ Ultra-15 3K MWCO spin concentrator for detergent screening. 
The TM was then buffer exchanged into a detergent buffer (100 mM 
detergent, 100 mM NaCl, 25 mM Na2HPO4, pH 7.0) using a PD Mini
Trap™ G-25 desalting column (Cytiva), following the manufacturer’s 
spin protocol. The same amount of detergent was also added to the 
concentrated sample prior to loading on the desalting column. To purify 
further the TM, size exclusion chromatography (SEC) was performed 
using an AKTA Pure™ FPLC (GE) with a Superdex™ 200 Increase 10/ 
300 GL column (Cytiva). The column was pre-equilibrated with two 
column volumes of 25 mM Na2HPO4, 100 mM NaCl, 2 mM LMPG, pH 
7.0 and fractionated into 0.5 mL volumes. The GP2 purification followed 
a similar method with slight modifications. A detailed protocol can be 
found in the supplemental. 

2.4. SDS-PAGE 

Samples were prepared by the addition of 4X SDS loading buffer 
(200 mM Tris-HCl pH 6.8, 8% sodium dodecyl sulfate, 40% glycerol, 
0.4% Bromophenol Blue, 572 mM BME) to a final concentration of 1X. 
Due to the viscosity of the TCA buffer, samples containing TCA were 10- 
fold diluted using 1X SDS loading buffer. 10 μL of each sample was 
loaded onto Tris-Tricine SDS-PAGE gels produced in the lab and run for 
25 min at 200V. Samples containing guanidinium were first precipitated 
using a methanol-chloroform extraction, and then the protein pellet was 
solubilized in 1X SDS loading buffer [24]. 

Fig. 2. Purification of the LASV TM. A) Flow chart 
illustrating the steps in the purification protocol. B) 
Tris-Tricine SDS-PAGE gel of the LASV TM purifica
tion samples. Lane 1, sucrose buffer pre centrifuga
tion; lane 2, sucrose buffer post centrifugation; lane 3, 
TCA buffer pre centrifugation; lane 4, TCA buffer post 
centrifugation; lane 5, flowthrough from Ni-NTA in
cubation; lane 6, 4.5 M TCA buffer wash; lane 7, 
flowthrough from on-column thrombin cleavage; lane 
8, 8 M urea buffer wash after cleavage; lane 9, 8 M 
urea buffer with 100 mM Imidazole wash after 
cleavage; lane 10, TM elution in TCA buffer. C) Size 
exclusion chromatography trace of purified LASV TM 
in 2 mM LMPG, 25 mM Na2HPO4, 100 mM NaCl, pH 
7.0. The red star denotes the LASV TM peak at an 
elution volume of 14.7 mL. D) MALDI-TOF mass 
spectrum of the LASV TM from the SEC confirms the 
molecular weight of the TM. The expected mono
isotopic molecular weight is 4436 Da, observed is 
4437 Da.   
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2.5. MALDI-TOF mass spectrometry 

The identity of the isolated LASV TM was confirmed by matrix- 
assisted laser desorption ionization-time of flight (MALDI-TOF) mass 
spectrometry. 1.0 μL of TM from the corresponding SEC fractions was 
combined with 1.5 μL sinapinic acid matrix that was at a concentration 
of 10 mg/mL. Measurements were performed on a Bruker Autoflex™ 
Speed instrument using a linear polarized detection method with a range 
of 2000–16000 Da. 

2.6. CD spectroscopy 

CD measurements were performed on a Jasco J-810 spectropho
tometer with a 0.2 cm quartz cuvette with a TM concentration of 15 μM 
in 2.5 mM Na2HPO4, 10 mM NaCl, 10 mM LMPG, pH 7.0 at 37oC. 
Measurements were also collected in 2.5 mM Na2HPO4, 10 mM NaCl, 10 
mM DPC, pH 7.0 at a TM concentration of 4 μM. Spectra were obtained 
in triplicate from 260 nm to 190 nm with a step size of 1 nm at 50 nm/ 
min. Measurements were taken for the buffer alone and subtracted from 
each sample using the provided software. Data analysis was performed 
using the CDSSTR method with set 7 as the reference in the DichroWeb 
server [25–29]. 

2.7. NMR spectroscopy 

To label the TM with the 15N isotope, cells were grown in 1L M9 
minimal media, containing 6.5 g/L Na2HPO4, 3.0 g/L KH2PO4, 0.5 g/L 
NaCl, 1.0 g/L15NH4Cl, 10 g/L glucose, 1 mM MgSO4, 0.1 mM CaCl2, 
trace amounts of thiamine and biotin, 50 μg/mL kanamycin, and 34 μg/ 
mL chloramphenicol. Cells were grown until an OD600 of 0.6–0.8 was 
reached. The cells were then induced with a final concentration of 1 mM 
IPTG for 18–20 h at 25oC before they were harvested at 4,000×g for 45 
min at 4oC. Samples were purified as mentioned above and prepared in 
25 mM Na2HPO4, 100 mM NaCl, pH 7.0, and either 100 mM LMPG or 
120 mM DPC with 10% D2O at a TM concentration of at least 0.25 mM 
1H–15N TROSY HSQC experiments were performed on a Bruker Ascend 
800 MHz spectrometer equipped with a CPQCI cryoprobe at 37oC. Data 
were processed using NMRPipe and the spectrum and analysis were 
generated using NMRFAM-Sparky via NMRbox [30–32]. 

3. Results and discussion 

3.1. Purification of the Lassa virus transmembrane domain 

The hydrophobic LASV TM was expressed and purified as described 
in the Materials and Methods. The first step involved the removal of 
unwanted soluble proteins by resuspending the cell pellet in the sucrose 
buffer, which was followed by sonication and centrifugation. As we 
expected, the full-length TM (TrpLE_TM) was insoluble in the sucrose 
buffer and migrated to the pellet during centrifugation, signified by the 
absence of a TrpLE_TM band in the pre and post centrifugation sample 
on the SDS-PAGE gel (Fig. 2B, lanes 1 and 2). After removing the soluble 
proteins, TCA buffer was utilized to solubilize the TrpLE_TM. TCA is a 
strong denaturant that is more effective than urea and guanidinium, and 
has been used when purifying proteins previously [33,34]. We wit
nessed no significant pellet after centrifugation, indicating that TCA was 
able to solubilize all of the protein. The presence of the TrpLE_TM in the 
supernatant before and after centrifugation was also confirmed by 
SDS-PAGE gel (Fig. 2B, lanes 3 and 4). Once the TrpLE_TM was solubi
lized, the supernatant was incubated with Ni-NTA resin to bind the 
protein via the His-tag. We observed that the TrpLE_TM was not present 
in the flowthrough after incubation, indicating complete binding of the 
target protein (Fig. 2B, lane 5). This indicates that TCA is efficient at 
solubilizing the highly aggregating TrpLE_TM, allowing the His-tag to 
bind to the Ni-NTA resin. 

To liberate the TM from the TrpLE tag, we employed the on-column 

cleavage method using thrombin. However, the denaturant had to be 
removed to achieve efficient thrombin cleavage. Thus, a gradient wash 
of the Ni-NTA resin was executed to gently remove all the TCA and 
switch to the cleavage buffer (Fig. 2B, lane 6). This helped with the 
folding and transfer of the TrpLE_TM to a buffer that is compatible with 
thrombin to achieve efficient cleavage. Most membrane purification 
protocols involve cleavage require an appropriate detergent. Typically, 
detergents are optimized to collect the target protein in the flowthrough 
after cleavage as it is no longer associated with the His-tag and, hence, is 
liberated from the resin [13]. However, the LASV TM was not present in 
the flowthrough after cleavage and remained associated with the col
umn (Fig. 2B, lane 7). This result was unexpected since the cleavage 
buffer contained a detergent intended to keep the membrane protein 
soluble during cleavage. This is thought to be due to non-specific in
teractions with either the resin or the protein itself that occurred after 
thrombin cleavage, resulting in aggregation and preventing elution of 
the TM in the cleavage flowthrough. Typically, to circumvent this 
problem, two approaches are taken. First, imidazole can be added to the 
buffer to prevent non-specific interactions of the protein with the 
Ni-NTA resin. However, we did not observe the target band even after 
introducing a high concentration of imidazole to the column (Fig. 2B, 
lane 9). Thus, we concluded that the binding of the TM to the resin was 
due to aggregation, not non-specific interactions with the resin. The 
second method is to switch the detergent in the cleavage buffer to a 
stronger detergent to prevent aggregation. However, there are few 
choices of detergents stronger than DPC that are used in structural 
studies and allow for efficient thrombin cleavage. Therefore, there was 
no simple way for us to solve the issue. Instead, to circumvent the 
problem, we utilized this strong aggregating property of the TM as a 
unique opportunity to simplify and enhance the purification by 
removing all proteins from the column after cleavage, then liberating 
the pure TM from the column using TCA. 

We tested different denaturants to break apart the aggregates in an 
attempt to elute the TM from the resin successfully. We first used a urea 
buffer and found that it was unable to elute the TM from the resin 
(Fig. 2B, lane 8), suggesting that the interactions forming the aggregates 
were strong and could not be broken apart easily with just urea. We next 
tested the 4.5 M TCA buffer, which is a stronger denaturant than the 
urea buffer [33]. Interestingly, the TM was liberated from the Ni-NTA 
resin when the TCA buffer was applied (Fig. 2B, lane 10). Since a 
strong denaturant like TCA is required to break the aggregates and 
release the TM from the Ni-NTA column, we can utilize a urea and 
imidazole wash to further purify the TM before its elution. Furthermore, 
this method provides a unique way to purify a protein with a propensity 
to aggregate, resulting in the target protein in the TCA buffer at a high 
level of purity (Fig. 2B, lane 10). 

Our purification method takes advantage of the hydrophobic prop
erty of a membrane protein that is prone to aggregate to obtain a high- 
purity sample. As such, we believe that this protocol can be expanded to 
other membrane proteins. To expand this protocol, it is essential that the 
protein becomes aggregated following cleavage. To ensure the TM 
aggregated, we removed the detergent from the cleavage buffer and 
tested the enzymatic cleavage. When we compared the results involving 
cleavage with or without detergent in the cleavage buffer, both showed 
successful cleavage and isolated TM in the TCA buffer (Fig. S1). The 
cleavage without detergent in the buffer ensured that the TM was 
aggregated and the cleavage event was not disrupted by the aggregation 
after cleavage. We believe the application of this protocol is versatile 
and can be applied to other membrane proteins that are difficult to 
purify. 

We demonstrated the possibility for expansion of this protocol by 
applying the method to a longer construct of the GP2 (residues 
260–461). The LASV GP2 construct contains multiple hydrophobic do
mains primarily in its N-terminal fusion domain and the TM, which adds 
more complexity to its purification [11]. We were able to successfully 
expand our purification protocol by applying the method to the GP2 
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(Fig. 3A). The GP2 was also cleaved with and without detergent in the 
cleavage buffer and aggregated on the column (Fig. S2). We used the 
same TCA buffer to elute the GP2 from the column with high purity and 
polished the sample with size exclusion chromatography (Fig. 3B). 
Taking advantage of the natural hydrophobic properties of the mem
brane proteins, we obtained high purity GP2 suggesting the protocol can 
be expanded to other membrane proteins. 

3.2. Characterization of the TM 

Following effective isolation of the TM, we aimed to determine the 
optimal detergent for the TM for the structural studies via a desalting 
column. The advantage of this protocol is that the desalting column can 
easily remove the TCA, which makes exchanging the TM to a detergent 
system relatively quick and straightforward. Furthermore, the protein 
sample can be divided and used to test several different detergents 
simultaneously since this method does not require a high protein con
centration for SDS-PAGE gel analysis. Using the desalting column, we 
buffer exchanged the TM from TCA buffer into different detergent 
buffers containing 100 mM of either LMPG, DPC, β-OG, CHAPS, or 
DHPC, allowing the TM to be incorporated into detergent micelles 
(Fig. 4A). These detergents were chosen as they are commonly used for 
biochemical or biophysical characterization of membrane proteins, 
especially in solution NMR [35,36]. After incorporation, we centrifuged 
the samples to remove any insoluble portions and analyzed the super
natant on a Tris-Tricine SDS-PAGE gel. This centrifugation removed any 
TM that was not folded properly into a native conformation and formed 
aggregates in the detergent. The gel revealed that the LMPG supernatant 
had the highest TM concentration compared to the other detergents 

(Fig. 4B), with DPC containing the second highest amount, suggesting 
that the TM is most soluble in LMPG buffer. While the zwitterionic DPC, 
DHPC, and CHAPS as well as the uncharged β-OG were able to solubilize 
some of the TM, there was significantly less protein in the supernatant in 
comparison to the anionic LMPG. The charged state of the detergent 
leads to an increase in strength, which is evidently needed for the TM to 
be soluble in solution, likely preventing the tendency for aggregation. 
Although we focused on detergent systems, this method could poten
tially be expanded to other membrane mimics as well. 

Since LMPG was the best at solubilizing the TM, we used LMPG to 
further polish the TM with SEC, which showed pure sample quality 
(Fig. 2C). Furthermore, we performed MALDI-TOF mass spectrometry 
and confirmed the identity of the TM (Fig. 2D). The expected mono
isotopic mass of the TM is 4436Da and we observed 4437Da, indicative 
of an M+H+ ion. 

Once we performed the detergent screen and confirmed the mass of 
the TM, we used CD spectroscopy to analyze the global secondary 
structure of the TM. The CD spectra of the TM in both LMPG and DPC 
were performed at 37oC to give a more physiologically relevant envi
ronment and demonstrated alpha-helical characteristics with notable 
minima at 208 and 222 nm (Fig. 5). The alpha-helical character aligns 
well with other viral transmembrane domains such as HIV, Influenza 
and SARS-CoV-2, which also show alpha-helical structure in their 
transmembrane domains [37–39]. This result also corroborates the 
predictions that this region contained an alpha helix [19,20]. These 
characteristics indicated that the TCA was successfully removed from 
the solution with the desalting column. If there were any TCA present, 
we would expect to see a spectrum indicating a more random coil as the 
folding would be disrupted. 

Fig. 3. GP2 Purification. A) Tris Tricine SDS-PAGE gel of GP2 purification samples. Lane 1, sucrose buffer pre centrifugation; lane 2, sucrose buffer post centri
fugation; lane 3, resuspension buffer pre centrifugation; lane 4, resuspension buffer post centrifugation; lane 5, flowthrough from Ni-NTA incubation; lane 6, 6 M 
guanidine buffer wash; lane 7, flowthrough from on-column thrombin cleavage; lane 8, 8 M urea buffer wash after cleavage; lane 9, 8 M urea buffer with 100 mM 
Imidazole wash after cleavage; lane 10, GP2 elution in TCA buffer. B) SEC trace of the GP2. The red star denotes the GP2 at an elution volume of ~15 mL. 

Fig. 4. Detergent screen of the LASV TM. (A) Schematic of detergent screen. The TM (red dots), which was aggregated in the Ni-NTA resin (blue), was eluted using 
TCA buffer (yellow-green). The TM was then buffer exchanged from TCA buffer to detergent buffer (25 mM Na2HPO4, 100 mM NaCl, pH 7.0, 100 mM detergent) 
using a desalting column (grey). Following buffer exchange, samples were centrifuged to collect insoluble portion and the supernatants were analyzed by Tris-Tricine 
SDS-PAGE gel (B). Density was determined using ImageJ software by taking the ratio of the integrated density of each band relative to the LMPG band [42]. LMPG 
was the densest and has the most protein compared to the other detergents. 
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Further analysis of the secondary structure was performed using 
DichroWeb. We chose to use the CDSSTR method for analysis as it gave 
the lowest NRMSD among all the methods tested [26,40]. The analysis 
revealed that the TM had 59% helicity in LMPG (32% regular helix and 
27% distorted helix) compared to a total of 40% helicity in DPC (22% 
and 18%, respectively), where distorted refers to the terminal residues 
in the helix having distorted secondary structure (i.e. bends, end fraying, 
etc.) [41]. This content corresponds to a 36 Å helix containing 24 amino 
acids in LMPG versus a 24 Å helix with 16 amino acids in DPC. The 19% 
higher alpha helical character in LMPG could be due to the differences in 
the detergents, such as charge and chain length, that influence the 
protein’s stability. The anionic head group of LMPG may preferentially 
interact with the TM, stabilizing it and allowing for the formation of a 
longer helix, whereas the zwitterionic DPC does not have the same 
preference due to its weaker charged state, therefore unable to form a 
longer helix. Furthermore, the 14-carbon chain LMPG may work in 
tandem with its anionic head group to further stabilize the longer helix 
in comparison to the 12-carbon chain in DPC. When considering the 
other detergents tested than LMPG in the detergent screen, each had 
both a zwitterionic or non-ionic head group and shorter carbon chain. 
The combination of the anionic head group and longer carbon chain of 
LMPG appear to contribute to the stabilization the TM, leading to more 
helical content. 

We performed NMR spectroscopy to further investigate the folding 
and quality of the TM in LMPG and DPC micelles. A 1H–15N TROSY- 
HSQC revealed well-dispersed peaks in both LMPG and DPC, indi
cating that the TM was well structured (Fig. 6). However, the DPC 
spectrum had significantly fewer peaks and poorer resolution than 
LMPG. There are 38 expected peaks in the TM, due to 2 proline residues 
in the sequence, and 34 were observed in LMPG whereas only 19 peaks 
were observed in DPC. Moreover, all the peaks observed in the LMPG 
spectrum were sharper compared to the peaks in the DPC spectrum 

(Table 1). The peak height and peak-volume were significantly larger in 
LMPG (3.1e7 ± 1.3e7 and 3.6e8 ± 1.6e8 ga, respectively) compared to 
DPC (6.3e5 ± 1.5e5 and 3.2e7 ± 5.7e7 ga, respectively), indicating 
better sharpness in LMPG. Likewise, the linewidth in both the proton 
and nitrogen dimensions were significantly smaller in LMPG (41.6 ±
11.7 and 28.9 ± 6.3 Hz, respectively) than in DPC (87.6 ± 54.9 and 49.4 
± 55.0 Hz, respectively), indicating that peaks are sharper in LMPG. All 
of these values culminate to a higher signal-to-noise ratio in LMPG 
(153.3 ± 64.6) than in DPC (15.2 ± 4.2). Taken together, while the TM 
was folded in both LMPG and DPC, the LMPG sample quality was 
significantly better in NMR. Thus, LMPG was determined to be the 
optimal detergent for further solution NMR structural studies of the TM. 

4. Conclusion 

The LASV TM is an essential part of the GPC, serving as the mem
brane anchor for GP2 and forming critical interactions with the SSP that 
are important for the viral lifecycle. The lack of knowledge surrounding 

Fig. 5. CD Spectra of TM in Detergent. CD spectra of TM in LMPG (A) and DPC (B) showing alpha-helical character.  

Fig. 6. NMR spectrum of LASV TM. A) 15N–1H TROSY-HSQC spectrum of TM in 25 mM Na2HPO4, 100 mM NaCl, 100 mM LMPG or 120 mM DPC, pH 7.0 at 37oC 
showing well dispersed peaks. 

Table 1 
LASV TM peak characteristics in detergent micelles.  

Detergent Peak 
Height 

Signal/ 
Noise 

Peak 
Volume 
(ga) 

1H 
Linewidth 
(Hz) 

15N 
Linewidth 
(Hz) 

LMPG 3.1 ±
1.3 (107) 

153.3 ±
64.6 

3.6 ± 1.6 
(108) 

41.6 ± 11.7 28.9 ± 6.3 

DPC 6.3 ±
1.7 (105) 

15.2 ±
4.2 

3.2 ± 5.7 
(107) 

87.6 ± 54.9 49.4 ± 55.0 

Comparison of the average values of different parameters for each peak detected 
in the 1H–15N TROSY-HSQC for the TM in 25 mM Na2HPO4, 100 mM NaCl, pH 
7.0 and either 100 mM LMPG or 120 mM DPC. Values calculated using 
NMRFAM-Sparky. 
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its structure and interactions can partly be attributed to difficulty in 
purifying it. We have developed a purification protocol that takes 
advantage of the protein’s high propensity to aggregate to assist in 
purifying the sample. This method was also successfully applied to the 
larger GP2 construct, showing versatility in the purification method. The 
characterization in different detergents revealed alpha-helical structure 
in both LMPG and DPC while LMPG was determined to be the optimal 
detergent to move forward with structural studies. This work can lead to 
further biochemical and biophysical studies of the TM to understand its 
role in the various parts of the LASV lifecycle and has the potential to be 
applied to other membrane proteins that are difficult to purify. 
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