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Abstract

Lipidated small GTP-binding proteins of the Arf family interact with multiple cellular partners and 

with membranes to regulate intracellular traffic and organelle structure. Here, we focus on the 

ADP-ribosylation factor 1 (Arf1), which interacts with numerous proteins in the Arf pathway, such 

as the ArfGAP ASAP1 that is highly expressed and activated in several cancer cell lines and 

associated with enhanced migration, invasiveness, and poor prognosis. Understanding the 

molecular and mechanistic details of Arf1 regulation at the membrane via structural and 

biophysical studies requires large quantities of fully functional protein bound to lipid bilayers. 

Here, we report on the production of a functional human Arf1 membrane platform on nanodiscs 

for biophysical studies. Large scale bacterial production of highly pure, N-myristoylated human 

Arf1 has been achieved, including complex isotopic labeling for NMR studies, and the myr-Arf1 

can be readily assembled in small nanoscale lipid bilayers (nanodiscs). It is determined that myr-

Arf1 requires a minimum binding surface in the nanodiscs of approximately 20 lipids. 

Fluorescence and NMR were used to establish nucleotide exchange and ArfGAP-stimulated GTP 

hydrolysis at the membrane, indicating that phophoinositide stimulation of the activity of the 

ArfGAP ASAP1 is ≧ 2000-fold. Differences in nonhydrolyzable GTP analogues are observed, and 

GMPPCP is found to be the most stable. Combined, these observations establish a functional 

environment for biophysical studies of Arf1-effectors and interactions at the membrane.
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ADP-ribosylation factor-1 (myr-Arf1) is a small myristoylated GTPase which belongs to the 

Ras superfamily. Like other Ras-related GTP-binding proteins, Arf1 cycles between an 

inactive GDP-bound form and an active GTP-bound form. Nucleotide exchange is regulated 

by Sec7-domain containing guanine nucleotide exchange factors (GEFs), which catalyze the 

exchange of GDP to GTP, and GTPase-activating proteins (ArfGAPs), which stimulate Arf1 

GTPase activity1, 2. Arf1 activation by GDP/GTP exchange is coupled to its recruitment to 

membranes via its myristoylated N-terminal amphipathic helix3, 4. The exchange of GDP to 

GTP triggers a conformational switch in Arf1, where the myristoylated N-terminal α-helix 

dissociates from a surface groove on Arf1 and binds to the membrane surface3–6. When 

bound to GTP, myr-Arf1 recruits diverse effectors to the membrane to regulate membrane 

trafficking, organelle structures and actin1, 2. Arf-dependent membrane traffic and actin 

remodeling are necessary for cell motility and signaling that contribute to invasion and 

metastasis of cancer cells. ArfGAPs, which bind directly to Arf1, have been found to be 

abnormally expressed in different cancer cell types and human cancers and is associated 

with invasion, metastasis and poor prognosis7–17 .

Most structural work on Arf1, apart from an NMR study on yeast Arf1 bound to lipid 

bicelles5, 6, has been done on a truncated protein missing the myristoylated N-terminal 

amphipathic helix18–21. Therefore, an understanding of how human myr-Arf1 interacts at the 

membrane surface with its GEFs and ArfGAPs has remained elusive. Over the last few 

years, small nanoscale lipid bilayers, or nanodiscs (ND), have emerged as a prevailing lipid 

bilayer mimicking environment22, 23 , their size, homogeneity and the ability to modulate the 

lipid composition of the lipid bilayer have allowed the investigation of important structural 

information on membrane proteins using a variety of biophysical techniques24–28.

Here, we report on the formation and characterization of a fully functional membrane-bound 

myr-Arf1 platform on nanodiscs for structural and biophysical studies. We show (i) that 

inducible co-expression of human Arf1 with yeast NMT in E. coli produces milligram 

quantities of either unlabeled human myr-Arf1 for biochemical studies or isotopically 

labeled myr-Arf1 for NMR studies, (ii) that the myr-Arf1 protein is fully functional for 

nucleotide exchange- triggered membrane binding and ArfGAP-stimulated GTP hydrolysis, 

and (iii) a suitably stable myr-Arf:arfGAP complex can be established at the membrane 

surface.

Materials and Methods

Construction of expression vectors.

The human Arf1 (hArf1; Uniprot P84077) gene was synthesized (Integrated DNA 

Technologies, Inc) as a codon-optimized gBlocks fragment, and subcloned (in our lab) into a 

pET3a vector under T7 promoter control. The clone was subsequently modified by adding a 
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-GSGSHHHHHH-tag at the c-terminus using conventional PCR-cloning techniques. The 

yeast N-myristoyltransferase (yNMT; Uniprot P14743) gene was synthesized in the same 

manner (Integrated DNA Technologies, Inc) and subcloned into a pET9b vector, also under 

T7 promoter control. Both genes were inserted between NdeI and BamHI restriction sites.

For production of the myr-Arf1 protein, hArf1/pET3a and yNMT/pET9b plasmids were co-

transformed into the E. coli competent cells BL21 star (Invitrogen). Positive cotransformants 

were selected on minimal media (M9) agar plates containing both carbenicillin (100 mg/L) 

and kanamycin (50 mg/L).

Production of the myr-Arf1-HIS protein.

For the production of unlabeled myr-Arf1-HIS, co-transformed BL21 (star) cells were 

cultured in M9 media [reference] at 37°C until OD600 = 0.8. Sodium myristate (Sigma-

Aldrich Cat. No. M8005) was added to a final concentration of 100 μM per liter. Coenzyme-

A was added as one-half of a CoA supplement capsule (Coenzyme-A Technologies™) per 

liter of culture. Following an additional 30 min of growth, 1 mM IPTG was added to induce 

protein expression, and the cells were incubated for another 4 h at 37°C. The cells were 

pelleted by centrifugation at 7000 RCF for 30 min. The cell pellet was collected and frozen 

at −80°C. Production of isotope labelled myr-Arf1-HIS for NMR experiments is as 

described in the Supplemental section S1.

Purification of Arf1 (Arf1s) from the supernatant of cell lysis.

After the disruption of the frozen cells (Supplemental section S2). The supernatant from 

lysed cells was collected and purified on a prepacked 5ml Ni-NTA column which was pre-

equilibrated by lysis buffer. The desired protein was separated by gradient elution using 

elution buffer (Tris 20 mM, NaCl 250 mM, MgSO4 1 mM, DTT 1 mM, Imidazole 300 mM, 

pH8.0 (T20N250M1D1I300)) from 0% to 100% in 15 column volumes. The eluted 

component was pooled and concentrated to a 2 ml volume, using an Amicon centrifugal 

device with 10 kDa MWCO (Millipore). The sample was applied to a Superdex S75 16/60 

size exclusion column (running buffer: Tris 20 mM, MgSO4 1 mM, DTT 1 mM, pH8.0 

(T20M1D1)) for further purification and removal of imidazole and sodium chloride. The 

eluate was pooled as Arf1s.

Purification of Arf1 (Arf1p) from the pellets of cell lysis.

The pellets obtained following cell lysis were resuspended in resolubilization buffer Tris 20 

mM, NaCl 250 mM, MgSO4 1 mM, DTT 1 mM, Imidazole 20 mM, Cholate 25 mM, pH 8.0 

(T20N250M1D1I20C25)). The mixture was shaken on an orbital ‘shaker’ at 4°C for 1 day. 

The soluble fraction was collected after centrifugation at 48000 RCF for 30 min. The 

supernatant was then applied to a 5 ml Ni-NTA column, which was pre-equilibrated by 

resolubilization buffer. Gradient elution with elution buffer (T20N250M1D1I300C25, pH 

8.0) was used to separate the desired protein. The eluate was collected and concentrated to 

approximately 2 ml volume. The sample was then loaded on a Superdex S75 16/60 size 

exclusion column (running buffer T20M1D1, pH8.0) to eliminate all NaCl, cholate and 

aggregated portion. The eluate was pooled as Arf1p.
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Separation of the myr-Arf1-HIS from Arf1-HIS.

The Arf1s and Arf1p samples contained both myr-Arf1-HIS and Arf1-HIS. Arf1s and Arf1p 
were combined and concentrated to 0.5 ml volume. Ammonium sulfate powder was added to 

the sample to a final concentration of 0.6 M. After centrifugation at 48000 RCF for 10 

minutes, the soluble fraction/supernatant was collected and applied to a pre-equilibrated 

Phenyl HP 5 ml hydrophobic interaction column using the running buffer T20M1D1 

containing 0.6 M (NH4)2SO4. The non-myristoylated and myristoylated Arf1 separated 

under isocratic flow, wherein myr-Arf1-HIS eluted later than non-myristoylated Arf1-HIS. 

The myr-Arf1-HIS component was collected and buffer exchanged to buffer condition 

T20N150M0.5D1 pH 7.4 by dialysis. Samples from cell disruption and purification were 

analyzed by SDS-PAGE, Mass spectrometry and NMR.

Production of L8K-Arf1.

Production of isotope labeled L8K-Arf1 samples was described in Supplemental sections 

S3–4. L8K-Arf1 does not have a HIS tag.

Mass spectrometry measurement.

Mass spectra were obtained using Agilent Technologies 6100 Series Single Quadrupole 

LC/MS. Data deconvolution was performed using OpenLab CDS (Agilent).

Preparation of Membrane Scaffolding Protein (MSP) belt proteins.

The plasmids for MSPs MSP1D1, MSPΔH5, and MSPΔH4,5 were a generous gift of Drs. 

Franz Hagn and Gerhard Wagner, Harvard Medical School. The proteins were expressed and 

purified as described previously22.

Preparation of empty NDs.

All lipids were purchased from Avanti Polar Lipids and were mixed in chloroform solutions, 

then air-dried with nitrogen flow and re-solubilized with cholate in aqueous buffer (20 mM 

Tris-HCl pH 7.4, 150 mM NaCl and 75 mM sodium cholate). NDs were prepared using the 

phospholipids 16:0–18:1-PC (1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC)), 

16:0–18:1-PS (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS)) and 18:1–18:1-

PI(4,5)P2 (1-oleoyl-2-oleoyl-snphosphatidylinositol 4,5-bisphosphate (PI(4,5)P2). NDs were 

assembled by mixing MSP1D1, MSPΔH5 or MSPΔH4,5 with solubilized lipids at a 1:65, 

1:45 and 1:20 ratio, respectively, followed by removal of sodium cholate from the mixture 

with Bio-beads™ SM-2 resin (BIO-RAD). Assembled NDs were then purified via a 

Superdex-200 size exclusion column (GE Healthcare).

Preparation of myr-Arf1-HIS anchored MSPΔH5 NDs for NMR.

The membrane mimicking ND was formed using MSPΔH522 and phospholipids. To 

assemble the ND and load the particle with myr-Arf1-HIS, established protocols29 were 

employed and modified. MSPΔH5 and cholate- solubilized lipids (POPC:POPS:PI(4,5)P2 = 

7:2:1) were incubated with myr-Arf1-HIS in Tris 20 mM, NaCl 150 mM, MgSO4 0.5 mM, 

DTT 1 mM, EDTA 1 mM and GTPγS 2 mM (T20N150M0.5D1E1GTPγS2), pH7.4 with 

the final cholate concentration of 18 mM. The lipids: MSPΔH5 ratio is 45:1, and the myr-
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Arf1-HIS:MSPΔH5 ratio was kept at 1:1. After incubation at 4°C for 2 h, 1 g of washed Bio-

Beads resin (BIO-RAD) was added to the mixture per ml, and the suspension was rotated at 

4°C for another 12 h. The supernatant was then pooled and purified on a pre-equilibrated 

S200 100/300 size exclusion column using the buffer T20N150, pH 7.4. The main peak was 

collected and concentrated.

NMR measurements.

NMR samples were prepared as described in Supplemental section S5. All NMR spectra 

were collected at 25°C on Bruker Avance III 700 and 850 MHz spectrometers equipped with 

TCI triple-resonance cryoprobes. The 1H-15N HSQC and 1H-13C ILV methyl HMQC 

spectra were collected for the GDP-bound forms of myr-Arf1-HIS and Arf1-HIS and ND-

anchored, GTP-analogue-bound forms of myr-Arf1-HIS. The same experiments were 

acquired for GDP and GTPγS bound L8K-Arf1. All spectra were processed using TopSpin 

and NMRPipe30 and analyzed and illustrated by NMRFAM-Sparky31.

NMR diffusion measurements were made using the bipolar gradient LED sequence32, 33 

while monitoring the lipid choline methyl resonance of the ND. The diffusion time was 300 

msec and gradients were varied from 5 to 45 G2/cm2. Measurements were made at 25°C on 

a Bruker Avance III 800 MHz spectrometer equipped with a TCI triple-resonance cryoprobe.

Backbone NH and ILV methyl assignments of L8K-Arf1:GTPγS.

The backbone NH resonances of L8K-Arf1:GTPγS were assigned by using a standard set of 

triple resonance experiments (HNCACB, HN(CO)CACB, HNCA, HN(CO)CA, HNCO, 

HN(CA)CO). The ILV methyl resonances were assigned by using (H)CC(CO)NH (20 ms 

mixing time at 30°C) and verified using a 4D methyl – methyl NOESY (200 ms mixing 

time) spectrum and known crystal structure (PDB ID: 1J2J).

Fluorescence assays.

All fluorescence experiments measurements were performed with a Horiba Fluoromax-4 

spectrofluorometer in a 120 μL quartz cell. The sample (140 μL) was thermostated at 22°C. 

The time constant of the fluorometer was set according to the kinetic studied, down to 500 

ms for fast kinetic measurements. The excitation λexc and emission wavelength λem were 

297 and 337 nm, respectively. The excitation and emission bandwidth were set to 4 and 10 

nm, respectively.

Nucleotide exchange assays.

Nucleotide exchange of purified myr-Arf1-HIS (5 μM) was assessed by monitoring the 

change in tryptophan fluorescence following addition of EDTA (2 mM) in the presence of 

20 μM of GTP or GTPγ-S, which takes advantage of the large difference in fluorescence 

between the GDP- and GTP-bound forms of Arf proteins4. The reaction was stopped by 

addition of 1 mM MgCl2.

GAP assays.

ASAP1-PZA (Uniprot Q9ULH1) is a GTPase activating protein (GAP). Induction of 

hydrolysis of myr-Arf1-HIS•GTP to myr-Arf1-HIS•GDP was determined by following the 
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change in tryptophan fluorescence after addition of 1mM MgCl2, as described previously34. 

ASAP1-PZA was titrated into the reaction containing ND-bound myr-Arf1-HIS•GTP as a 

substrate.

Results and Discussion

Expression and purification of isotopically myr-Arf1-HIS.

N-myristoylation of Arf1 is essential for its recruitment to subcellular membranes and its 

effect on membrane trafficking . N-myristoylation is catalyzed by N-myristoyltransferases 

(NMTs) and generally occurs cotranslationally after the initial methionine has been cleaved. 

Previous studies reporting the production of myristoylated proteins generally include co-

expression of yeast NMT with the target protein35. This approach produces relatively small 

amounts of myr-Arf1 (usually 5~15%) relative to Arf1. In order to produce milligram 

quantities of the myr-Arf1-HIS protein, the genes of human Arf1 (carrying a C-terminal 6-

His tag) and yeast NMT (yNMT) were synthesized with optimized E.coli codons and 

inserted into two separate plasmids, wherein each protein expression is inducible. yNMT 

was constructed in pET9 with kanamycin resistance, and human Arf1 was cloned in pET19b 

selected by ampicillin. Both constructs are under control of the T7 promoter, inducible by 

IPTG. ESI-MS analysis (Figures S1 and S2) identified three Arf1 components with 

molecular mass of 21886 Da (Component A, theoretical mass 21884 Da), 21805 Da 

(Component B, theoretical mass 21806 Da) and 21675 Da (component C, theoretical mass 

21674 Da). The Δm of 211 ± 2 Da between components A and C is similar to the 

monoisotopic and average delta masses expected for N-terminal myristoylation (210.1984 

and 210.3598 Da, respectively) indicating that component A is myr-Arf1 carrying a 6-His 

tag (myr-Arf1-HIS) and component C corresponds to the Arf1 processed by methionyl 

aminopeptidase but not myristoylated. Component B corresponds to a small fraction of Arf1 

protein where cleavage of the initiator methionine did not occur. Typically, we found the 

level of myristoylation to be ≥ 50% of the total Arf1 expression. Interestingly, after cell lysis 

and centrifugation, the protein partitions equally in the soluble and the pellet fraction. 

Treatment of the pellet with cholate allowed the recovery of 30% of that sub-fraction. After 

purification by successive Ni-NTA, Size Exclusion (SEC) and Phenyl HP chromatography, 

which was inspired by the previous protocol35 (see Materials and Methods and Chart S1 in 

the supporting information), we typically obtained 4 to 6 mg of myr-Arf1-HIS per liter of 

culture. 15N and/or Isoleucine, Leucine and Valine 13CH3 methyl sidechain isotopic labeling 

in a protonated background36, 37 yielded similar amounts of myr-Arf1-HIS. Preparation of 

deuterated myr-Arf1-HIS reduced the yield by up to 90%. Further work is in progress to 

improve this labeling protocol. The purified myr-Arf1-HIS is entirely in the GDP-bound 

form based on NMR spectra.

Myr-Arf1 is fully functional in biochemical assays.

Myr-Arf1 cannot switch to the active GTP-bound state in the absence of membrane. This 

reflects the fact that the GTP-bound form is stable only when associated to membrane lipids. 

To assess if myr-Arf1-HIS is fully functional on ND, we followed GDP/GTP exchange and 

GTP hydrolysis by fluorescence. The experiments take advantage of the difference in 

tryptophan fluorescence between the GDP- and GTP-bound forms of Arf proteins38 . First, 
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we compared the rate of nucleotide exchange in the presence of ND or lipid vesicles for 

myr-Arf1-HIS and for the HIS-free protein. Normally, myr-Arf1-HIS would first engage 

with the membrane in a GDP-bound state, via the myristoyl moiety, followed by an 

encounter with its GEF and displacement of the nucleotide. Here, nucleotide exchange was 

triggered by addition of EDTA in the presence of an excess of GTP. As for other GTP-

binding proteins of the Ras superfamily, the chelation of magnesium by EDTA accelerates 

the dissociation of GDP from Arf and, thus, facilitates its replacement by GTP3. Figure 1A 

shows the tryptophan fluorescence kinetic trace of GDP/GTP exchange for myr-Arf1-HIS in 

the presence of 500 μM of exposed lipids presented as ND formed with a truncated version 

of the belt protein MSP1D1 missing helix 5 (MSPΔH5)22. The ND (diameter ~8.2 nm) 

contain a total of ~70 lipids (~35 lipids per leaflet) as measured by 31P NMR. Kinetic traces 

obtained in the presence of large unilamellar vesicles (LUVs) were superimposable with 

those in the presence of ND (data not shown). Analysis of the traces yielded a t1/2 of 80 ±5 s, 

showing that the membrane surface of a ND does support nucleotide exchange and protein 

binding equivalent to that of LUVs. In addition, the influence of the C-terminal 6-His tag on 

the rate of GDP/GTP exchange was investigated by comparing kinetic traces for the tagged 

and untagged protein in the presence of ND. Indeed, it was previously shown that 

modifications of Arf1 C-terminal end can affect nucleotide exchange kinetics and 

interactions with its regulators39. It is observed that addition of the C-terminal 6-His tag only 

minimally alter the rate of GDP/GTP exchange in vitro (t1/2 =105 ±5 s for the untagged myr-

Arf1, data not shown), demonstrating that any interaction between the Arf1 and the 

membrane is not significantly altered by C-terminal 6-HIS tag. Additional GDP/GTP 

exchange experiments were conducted in the presence of larger or smaller ND formed with 

wild type MSP1D1 (110 lipids per ND, 55 lipids per leaflet, diameter ~9.5 nm) or MSP 

missing helices 4,5 and 6 (MSPΔH4–6, 30 lipids per ND, 15 lipids per leaflet, diameter 6.5 

nm), respectively22. Interestingly, while the kinetic trace measured for the larger ND was 

essentially indistinguishable from ND formed with MSPΔH5, the addition of EDTA in the 

presence of the smallest ND triggered a much smaller fluorescence increase (~10%), which 

was unstable. This suggests that stable binding of myr-Arf•GTP to lipid bilayers requires a 

membrane surface area of 20 lipids (~ 20 nm2) or more. Association of myr-Arf1•GTP to 

nanodiscs was further characterized by 1H NMR translational diffusion experiments as 

described in “Material and Methods” (Figure 1B). The diffusion of myr-Arf1-HIS loaded 

ND is slower than ND alone, indicating anchoring and association of myr-Arf1-HIS with the 

ND.

We performed additional experiments to probe the number of Arf molecules per ND. To do 

so, we followed the amplitude of the fluorescence plateau after nucleotide exchange as a 

function of ND concentration, using MSPΔH5 NDs (diameter ~8.2 nm, 35 lipids per leaflet). 

Figure 1A, inset shows the relative intensity of the plateau upon titration of ND. At ND/Arf1 

ratio of 0.5 and higher, corresponding to two Arf per ND or less, the intensity of the plateau 

was independent of the ND/Arf ratio indicating that the available membrane surface is 

enough to support full binding of myr-Arf1-HIS•GTP. Below 0.5, intensity decreased 

linearly with the ND concentration suggesting that binding is limited by the available lipid 

area. Since both monolayers of a ND are accessible for interaction, this shows that one 

MSPΔH5 ND can bind on average two myr-Arf1•GTP, most likely one on each monolayer. 
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The average of two myr-Arf1-HIS to one ND particle stoichiometry was confirmed by 

Coomassie blue stained SDS-PAGE (Figure 1C). The same experiment repeated with 

MSP1D1 ND (diameter ~9.5 nm, ~55 lipids per monolayer), showed that 3 to 4 proteins 

could bind to the larger membrane surface area of those ND (data not shown). These data 

illustrate that, through control of the ND size and myr-Arf1 ratio, it is possible to construct 

ND with a single myr-Arf1 per leaflet/side of the ND.

In order to probe if the restricted surface area of a ND allows simultaneous binding of myr-

Arf1•GTP and its ArfGAP, we monitored GTP hydrolysis activated by ASAP1 using 

fluorescence. ASAP1 is an Arf GTPase-activating protein that catalyzes the conversion of 

Arf•GTP to Arf•GDP. ASAP1 is structurally complex, containing BAR, PH, Arf GAP, Ank 

repeat, Proline rich and SH3 domains13. Here, we used a recombinant protein composed of 

the PH, Arf GAP and Ankyrin repeat domains of ASAP1 ([325–724]ASAP1), which is 

called PZA for PH, Zinc binding (the Arf GAP domain is a zinc binding motif) and Ankyrin 

repeats. These domains are necessary and sufficient for maximum GAP activity13, 40. We 

used NDs formed with the belt protein MSPΔH5, purified with size exclusion 

chromatography, and the size homogeneity was checked with dynamic light scattering. We 

compared the rate of hydrolysis for the HIS-tagged and untagged myr-Arf1. Figure 2 shows 

the tryptophan fluorescence kinetic trace of GTP hydrolysis following addition of 10 nM of 

ASAP1-PZA in the presence of 5 μM of myr-Arf1-HIS•GTP bound to PI(4, 5)P2-containing 

NDs. ASAP1–stimulated GTP hydrolysis requires phosphatidylinositol 4,5-bisphosphate 

(PI(4, 5)P2) binding to the cognate PH domain41 . Addition of ASAP1-PZA triggers a 

decrease of fluorescence indicating hydrolysis of myr-Arf1-HIS•GTP into myr-Arf1-

HIS•GDP on the minute time scale. We tested the influence of the presence of PI(4,5)P2 in 

the nanodisc lipid bilayer on GTP hydrolysis. Fig 2, inset shows the percentage of GTP 

hydrolyzed after 3 minutes as a function of ASAP1-PZA concentration using NDs with or 

without PI(4,5)P2. The amount of ASAP1-PZA necessary to hydrolyze 50% of the GTP 

bound to Arf in the reaction (C50) was estimated. In the absence of PI(4,5)P2, 2.5 ± 0.25 μM 

of ASAP1-PZA was required. The presence of PI(4,5)P2 increased GAP activity by 2000-

fold (C50 = 2 ± 1 nM). The C-terminal 6-His tag did not significantly affect the rate of GTP 

hydrolysis (C50 = 1.5 ± 1 nM for the untagged protein), indicating that the C-terminal 6-HIS 

tag does not significantly alter the energetics of myr-Arf1/ASAP1-PZA interactions in a 

model membrane system. However, while PI(4,5)P2 clearly stimulates GAP activity on 

NDs, the stimulation is approximately one order of magnitude lower than what was reported 

in vesicles41. This slower rate of GTP hydrolysis in ND may be the result of a slower rate of 

complex formation at the ND surface since ASAP1-PZA has to dissociate from ND and 

reassociate with another ND, compared to lateral diffusion on a surface of a LUV. 

Alternatively, bound Arf may reduce the effective concentration of PI(4,5)P2 by 

sequestration, altering the binding of ASAP1. Indeed, it was recently observed that the 

complex between myr-Arf1 and Brag2 forms interactions with multiple PIP2 lipids, with 

lipids binding to both partners42. Finally, optimal on- and off- rates may also subtly depend 

on lipid composition. Elucidation of these mechanisms requires further study.
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Characterization of Arf1, nucleotide exchange and ASAP1-stimulated hydrolysis by NMR.

Chemical shift changes measured by NMR are a powerful tool to monitor ligand binding and 

enzymatic reactions with atomic resolution. Here, we used NMR to (i) determine completion 

of the nucleotide exchange reaction in the presence of ND, (ii) monitor the formation of a 

functional complex between myr-Arf1-HIS•GTP and ASAP1-PZA at the surface of the ND 

particle and (iii) characterize the lifetime of the complex as a function of the nucleotide 

analog. ND-anchored myr-Arf1-HIS•GTP was prepared as described in the material and 

methods. The MSPΔH5 ND particle, loaded with myr-Arf1-HIS, represents a particle of 

approximately 110 kD. As anticipated for a molecular system of this size, [1H-15N] TROSY 

NMR measurements performed on uniformly 15N-labelled protein at 800 MHz and 25°C 

produced spectra in which virtually all signals were absent. This observation is in contrast to 

reports for Rheb GTPase domain tethered to NDs43. The differential behavior indicates that 

the myr-Arf1-HIS is immobilized at the surface compared to the Rheb domain. It is 

anticipated that overcoming the limitations related to perdeuteration of myr-Arf1-HIS will 

enable at least partial examination of 15N resonances. However, it is also well known that 

specific 13C-labeling of the sidechain methyl groups of Isoleucine, Leucine, and Valine can 

be combined with [13C-1H]-methyl-HMQC NMR methods (also referred to as methyl-

TROSY)44 to observe the resonances of these methyl groups in very large biomolecular 

particles, even for particles >300 kDa. Mazhab-Jafari et al. demonstrated that high quality 
13C-HMQC spectra could be obtained for KRAS4B involved in a complex on the surface of 

a ND45. The methyl-TROSY method takes advantage of the favorable relaxation properties 

of sidechain methyl groups, and, while it is optimal when combined with perdeuteration, it 

does function reasonably well in protonated systems. NDs containing 70:20:10 

POPC:PS:PI(4,5)P2 and protonated ILV-13CH3-labeled myr-Arf1-HIS•GTPγS yielded high 

quality 13C-HMQC spectra (Figure 3). At magnetic field strengths corresponding to 1H 

frequencies of 700 MHz and higher, signals were observed for all 11 Isoleucine (9 were 

assigned) and for 29 out of 33 leucine and valine residues.

In order to assign the methyl resonances of myr-Arf1-HIS, we utilized a soluble, non-

myristoylated L8K-mutant of Arf1 (L8K-Arf1), which differs from wild type Arf1 in being 

soluble while bound to either GDP or GTP and analogues of GTP such as GTPγS46. Both 

forms of L8K-Arf1 yield high quality 1H-15N HSQC spectra. Backbone resonance 

assignments (Fig 4A) were made for GTPγS-bound L8K-Arf1, using standard triple-

resonance methods. The sidechain methyl resonances of Leu, Ile, and Val residues were 

assigned for deuterated L8K-Arf1 bound to GTPγS (Fig. 4B) (BMRB 27726). We observed 

that the sidechain resonances, particularly the methyl resonances of Ile, Leu, and Val 

residues, do not differ significantly between L8K-Arf1•GTPγS and myr-Arf1-HIS•GTPγS 

forms. Hence, the methyl NMR assignments of L8K-Arf1 enabled transfer and assignment 

of the methyl resonances of myr-Arf1-HIS•GTPγS when anchored to ND.

Methyl-TROSY spectra were recorded for L8K-Arf1 and ND-anchored myr-Arf1 loaded 

with either GDP, GTPγS, or GMPPCP, a non-hydrolysable GTP analog. The Ile region 

shows especially well resolved signals (Fig. 5A), which provide clear reporters for the state 

of bound nucleotide and the kinetics of hydrolysis. The peak corresponding to isoleucine 74 

(I74), which is part of switch 2 in Arf1, was used as a reporter for nucleotide exchange. 
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Figure 5B shows expansions from [1H-13C]-methyl-TROSY 2D experiments focused on I74 

of ND-anchored myr-Arf1-HIS in the presence of GDP (5B, blue), GTPγS (5B, red) and 

GMPPCP (5B, green). It is important to note (i) that not only does the position of the peak 

shift with nucleotide exchange and chemical form of the GTP-analogue, but also (ii) that a 

single peak is observed for each nucleotide-bound form. These characteristics indicate 

complete nucleotide exchange and a single homogeneous protein population.

For structural studies of stoichiometric complexes of myr-Arf1:ASAP1-PZA, it is not only 

critical to know the state of nucleotide-bound myr-Arf1 but also its lifetime. NMR was 

utilized to monitor nucleotide hydrolysis in situ. The methyl chemical shifts of ND-anchored 

myr-Arf1-HIS•GTPγS (~200 μM) were monitored over the anticipated time scale of NMR 

experiments required for complexes (hours), in the presence of a catalytic concentration of 

ASAP1 (~3 μM for a myr-Arf1-HIS:ASAP1 ratio of ~70:1) (Fig 6). The complex was 

formed using GTPγS instead of GTP, since the rate of GTPγS hydrolysis was anticipated to 

be many-fold slower than for GTP. Figure 6 A–C shows spectra centered on I74 collected at 

time points of 0, 12 h and 36 h. At time 0, only one peak is observed, corresponding to the 

chemical shift of myr-Arf1-GTPγS, as described previously. At time 12 h, a second peak 

appeared which corresponds to chemical shift of the GDP-bound form. Finally, at time 36 h, 

only the peak corresponding to the GDP bound form is observed. These data confirm that a 

functional complex between myr-Arf1-HIS•GTPγS and ASAP1-PZA forms on the NDs. 

Complete hydrolysis is achieved within a day. However, this time period is short relative to 

that required for detailed structural studies. On the contrary, utilization of a GMPPCP analog 

in similar time course experiments, Figure 6 (D and E), illustrates that there is no hydrolysis 

of this GTP-analogue following 72 h, even at a higher myr-Arf1-HIS:ASAP1-PZA (10:1). 

These data indicate that the lifetime of a complex between myrArf1-

HIS●GMPPCP:ASAP1-PZA on the membrane surface of NDs is long enough to support 

structural studies. Structural studies remain extremely challenging due to the large particle 

size of the complex and will require a range of novel labeling schemes and experimental 

ingenuity to reveal the nature of the inter-protein interactions and conformational shifts that 

form the mechanism of action for ArfGAP function.

Conclusion

In this work, we describe the efficient production and purification of myristoylated human 

Arf1. The high expression and extent of myristoylation was achieved by combining (i) 

inducible over-expression of both human Arf1 and yeast NMT with E.coli codon 

optimization, (ii) a high level of sodium myristate, and (iii) addition of supplemental 

coenzyme-A (CoA) in the media. Purification procedures were optimized to include 

recovery of myr-Arf1 from cell lysis pellets via resolubilization and hydrophobic interaction 

chromatography, which resulted in high purity and maximum overall yield of human myr-

Arf1. The myr-Arf1 is shown to be biologically active and to form a fully functional 

membrane-bound myr-Arf1 platform on NDs. The minimal context required to establish a 

functional complex on ND membrane mimetics has been established. NMR spectroscopy 

has enabled the observation of various forms of myr-Arf1, including the GDP-bound form 

and various ND-anchored GTP/GTP-analogue bound forms. Methyl-TROSY NMR has 

enabled monitoring of ASAP1-mediated GTP hydrolysis at the ND surface. These NMR and 
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biophysical methods allow optimization of lipid composition, concentrations and ratios, and 

ND size to form stable myr-Arf1:ASAP1-PZA complexes. These studies enable the pursuit 

of structural and interaction studies of myr-Arf1 with its cognate ArfGAP ASAP1 at the 

surface of a membrane.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

ArfGAP Arf GTPase-activating protein

GMPPCP βγ-Methyleneguanosine 5′-triphosphate

coA Coenzyme A

ESI-MS Electro Spray Ionization - Mass Spectrometry

EDTA Ethylenediaminetetraacetic acid

GAP GTPase-activating protein

IPTG isopropyl β-D-1-thiogalactopyranoside: IPTG

LUV Large unilamellar vesicles

MSP Membrane scaffolding protein

myr-Arf1 N-myristoylated human Arf1

NMR Nuclear Magnetic Resonance

PI(4,5)P2 phosphatidylinositol 4,5-bisphosphate

yNMT yeast N-myristoyltransferase
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Figure 1. 
Functional activity and characterization of ND-anchored myr-Arf1. (A). Nucleotide 

exchange of myr-Arf1•GDP. Representative tryptophan fluorescence kinetics trace of 

GDP/GTP exchange of myr-Arf1•GDP (5 μM) in the presence of ND containing 0.5 mM of 

accessible lipids. Nucleotide exchange was triggered by the addition of 2 mM EDTA in the 

presence of 20 μM GTPγS, at 22°C. Inset: Relative fluorescence intensity of the plateau as 

a function of the ND: myr-Arf1 ratio. This shows that each ND can bind two myr-Arf1•GTP. 

(B). 1H NMR translational diffusion measurements on empty (●) and myr-Arf1 loaded (▲) 

ND. (C). Coomassie stained SDS-PAGE gel of (lane 1) pure myr-Arf1 and (lane 2) 

MSPΔH5 ND-anchored myr-Arf1 where the myrArf1: ND ratio is 2:1.
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Figure 2. 
Functional activity of ND-anchored myr-Arf1. GTP hydrolysis of ND-anchored myr-

Arf1•GTP by ASAP1-PZA. Representative tryptophan fluorescence kinetic trace of GTP 

hydrolysis of myr-Arf1•GTP (5μM) by ASAP1-PZA (9 nM). Inset: Effect of PtdIns(4,5)P2 

on the relative activity of ASAP1-PZA. PZA was titrated into a reaction containing 5 μM 

myr-Arf1•GTP as a substrate and ND containing 16:0–18:1 PC only (o) or doped with 10 

mol% of 18:1–18:1 PI(4,5)P2 (●). The total concentration of exposed lipids was 500 μM. 

The percentage of GTP bound to myr-Arf1 hydrolyzed in 3 min is plotted against ASAP1-

PZA concentration.
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Figure 3. 
Two-dimensional 1H-13C ILV methyl HMQC spectra of GTPγS bound and ND-anchored 

protonated-myrArf1: ND. The peaks at approximately 13.5–14.1 ppm (marked with ) arise 

from natural abundance 13C signals of the terminal methyl moiety of the lipid acyl chains. 

The Leu and Val resonance assignments are stereospecifically ambiguous and are marked 

with *.
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Figure 4. 
NMR spectra of the GTPγS-bound form of L8K-Arf1. (A) 1H-15N HSQC (B) 1H-13C 

methyl HMQC. Residue assignments are annotated. The Leu and Val resonances 

assignments are stereospecifically ambiguous and marked with *.
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Figure 5. 
(A) Overlay of the 2D 1H-13C methyl ILV HMQC spectra of GTPγS bound forms of 

deuterated L8K-Arf1 (blue) and ND-anchored protonated-myrArf1-HIS:ND (red). The 

peaks marked by * belong to a small residual of the GDP bound form of L8K-Arf1. (B) 

Overlay of I74 Ile region of the 2D 1H-13C HMQC spectra for ND-anchored myrArf1 with 

either GTPγS bound (red), GMPPCP bound (green) or GDP bound (blue).
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Figure 6. 
The 2D 1H-13C Ile HMQC spectra of I74 in ND-anchored myrArf1-HIS:GTP bound forms. 

(A-C) Spectra monitoring the conversion of GTPγS to GDP using a 200 μM myrArf1ND 

sample buffered at 1 mM Mg2+. Data were collected before (A), 12 h (B), and 36 h (C) after 

3 μM ASAP1-PZA was added. (D, E) The 2D 1H-13C Ile HMQC spectra of I74 in ND-

anchored myrArf1-HIS:GMPPCP bound form buffered at 1 mM Mg2+. Using a 200 μM 

myrArf1-HIS:ND sample, spectra were collected before (D) and 72 h (E) after 20 μM 

ASAP1-PZA was added.

Li et al. Page 20

Biochemistry. Author manuscript; available in PMC 2020 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	Materials and Methods
	Construction of expression vectors.
	Production of the myr-Arf1-HIS protein.
	Purification of Arf1 (Arf1s) from the supernatant of cell lysis.
	Purification of Arf1 (Arf1p) from the pellets of cell lysis.
	Separation of the myr-Arf1-HIS from Arf1-HIS.
	Production of L8K-Arf1.
	Mass spectrometry measurement.
	Preparation of Membrane Scaffolding Protein (MSP) belt proteins.
	Preparation of empty NDs.
	Preparation of myr-Arf1-HIS anchored MSPΔH5 NDs for NMR.
	NMR measurements.
	Backbone NH and ILV methyl assignments of L8K-Arf1:GTPγS.
	Fluorescence assays.
	Nucleotide exchange assays.
	GAP assays.

	Results and Discussion
	Expression and purification of isotopically myr-Arf1-HIS.
	Myr-Arf1 is fully functional in biochemical assays.
	Characterization of Arf1, nucleotide exchange and ASAP1-stimulated hydrolysis by NMR.

	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

