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Abstract

Bax is known for its pro-apoptotic role within the mitochondrial pathway of apoptosis. However, 

the mechanism for transitioning Bax from cytosolic to membrane-bound oligomer remain elusive. 

Previous nuclear magnetic resonance (NMR) and electron paramagnetic resonance (EPR) studies 

defined monomeric Bax as conformationally homogenous. Yet, it has, recently, been proposed that 

monomeric Bax exists in equilibrium with a minor state that is distinctly different from its NMR 

structure. Here, we revisited the structural analysis of Bax using methods uniquely suited for 

unveiling “invisible” states of proteins, namely, NMR paramagnetic relaxation enhancements 

(PREs) and EPR double electron-electron resonance (DEER). Additionally, we examined the 

effect of glycerol, the co-solvent of choice in DEER studies, on the structure of Bax using NMR 

chemical shift perturbations (CSPs) and residual dipolar couplings (RDCs). Based on our 

combined NMR and EPR results, Bax is a conformationally homogenous protein prior to its 

activation.
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Critical to delineating apoptosis initiation is the structural characterization of monomeric Bax's 

conformational state or states, if they exist. Barnes et al. thoroughly investigated the conformation 

ensemble of monomeric Bax using uniquely suited NMR and EPR methodologies. Based on their 

results, the conformational distribution of monomeric Bax is homogenous.
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Introduction

Apoptosis, or programmed cell death, is a naturally occurring process in higher order 

eukaryotic organisms and is essential for many biological activities including cell turnover, 

embryonic development, and immune system function (Youle and Strasser, 2008). 

Dysregulation of apoptosis is at the root of various human conditions such as tumorigenesis, 

neurodegenerative diseases, autoimmune disorders, and cardiovascular disease (Czabotar et 

al., 2014; Elmore, 2007). The activation pathway for apoptosis is generally classified as 

either extrinsic or intrinsic. The former is induced by extracellular ligands while the latter, 

also known as the mitochondrial pathway, is initiated by intracellular signals. Both pathways 

lead to caspase activation and can converge at the mitochondrial outer membrane (MOM), 

the major hallmark of the mitochondrial pathway.

The mitochondrial pathway of apoptosis is regulated by the Bcl-2 family of proteins, 

generally grouped according to their pro-apoptotic, anti-apoptotic, or sensitizer functions 

(Shamas-Din et al., 2013; Volkmann et al., 2014; Youle and Strasser, 2008). Prior to 

apoptosis, this protein family exists in states which favor cell proliferation. However, upon 

receipt of a death signal, the Bcl-2 proteins will engage in “kiss-and-run” interactions that 

lead to cell death (Shamas-Din et al., 2014). Bax and Bak are structurally homologous pro-

apoptotic members of the Bcl-2 family of proteins and are key protagonists in the 

irreversible process of mitochondrial outer membrane permeabilization (MOMP) and 

subsequent release of mitochondrial proteins such as cytochrome c and SMAC to the cytosol 

which lead to the activation of caspases and other apoptotic factors (Renault and Chipuk, 

2014). Thus, Bax/Bak are critical to deciding the life and death fate of cells.
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In healthy cells, Bax primarily localizes in the cytosol while Bak is mostly membrane-bound 

(Volkmann et al., 2014). Following activation of apoptosis, Bax undergoes a series of 

conformational changes and translocates to the MOM where it becomes anchored and 

oligomerized (Gahl et al., 2014). The structure of Bax, solved by NMR, is monomeric and 

defined by a single hydrophobic helix (α5) surrounded by eight amphipathic helices (Suzuki 

et al., 2000). The membrane-bound structure of Bax is unknown but several studies have 

provided insights based on sparse structural restraints (Bleicken et al., 2014; Gahl et al., 

2014; GroBe et al., 2016; Kuwana et al., 2016; Salvador-Gallego et al., 2016). For instance, 

a recent study of active Bax at the membrane, using electron paramagnetic resonance (EPR) 

double electron-electron resonance (DEER), shows significant displacement of helices α6-

α9, in comparison to monomeric Bax, with membrane binding helices α5 and α6, 

assembling into a “clamp-like” structure, while the C-terminal helix (α9) displays 

conformational dynamics indicative of its participation in dimer formation and 

oligomerization (Bleicken et al., 2014). Although Bax's monomeric state is well-defined and 

progress is being made to characterize its membrane-bound state, the mechanism by which 

Bax is activated, arguably the most important step in apoptosis, remains elusive.

Cytosolic Bax is viewed as a monomeric and conformationally homogeneous protein. 

(Renault and Chipuk, 2014; Renault and Manon, 2011; Schellenberg et al., 2013; Suzuki et 

al., 2000; Youle and Strasser, 2008). Recently, however, it was reported, using the mouse 

homolog of Bax, that monomeric Bax is in equilibrium between two conformationally 

distinct states, with the previously unobserved state serving as a transitionary state to Bax's 

membrane-bound form (Tsai et al., 2015; Kao et al., 2017). Using electron paramagnetic 

resonance double electron-electron resonance at varying temperatures and pressures, Chiang 

and coworkers “captured” and provided a structural model of this “new” form of monomeric 

Bax. Although the populations of the two monomeric states are similar at 50 K, it is noted 

that Bax's conformational ensemble is likely skewed towards the form depicted by NMR at 

higher temperatures. Hence, the reason for the invisibility of this new form of monomeric 

Bax in other solution-state studies.

Cytosolic Bax heterogeneity raises intriguing questions about Bax's activation mechanism 

and potential new therapeutic approaches for regulating its function. Thus, we were 

stimulated to revisit the structural analysis of Bax in solution using techniques that are 

sensitive to the presence of “invisible” or lowly populated/minor states. Here we report the 

results of our search for an “invisible” state of monomeric Bax using NMR paramagnetic 

relaxation enhancements (PREs) and electron paramagnetic resonance double electron-

electron resonance studies as well as complementary chemical shift perturbations (CSPs) 

and residual dipolar couplings (RDCs) to quantify monomeric Bax's conformational 

ensemble. At least under the conditions used in our study, monomeric Bax is a 

conformationally homogenous protein.

Results

Paramagnetic Relaxation Enhancement (PRE) of Monomeric Bax

PREs can be used to identify minor or “invisible” states (with populations as low as <1%) of 

a macromolecule (Anthis and Clore, 2015). Assuming the exchange between states is rapid 
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(<250-500 μs), then an increase in the transverse relaxation rate (R2) of the major state due 

to exchange will provide an indirect measurement of the minor state. The presence of a 

paramagnetic relaxation moiety attached to the molecule of interest will heighten this effect 

for nearby (<20-35 Å) nuclei via dipolar interactions between the nuclei and unpaired 

electron(s) of the paramagnetic center.

In consideration of the spin-label location in Bax, we wanted (1) the spin-labeling site to 

induce minimal perturbations to the structure of Bax using the most conservative site-

directed mutations and (2) provide the capability to monitor exchange events for Bax's 

membrane-binding domain (α5 and α6), which was predicted to be in a different 

conformation in the minor state. For this purpose, one of the two native cysteines of Bax 

(Cys62 or Cys126) was mutated to a serine, thereby, leaving the remaining cysteine free for 

spin-labeling with MTSL and probing of changes in helices α5 and/or α6. Although there 

were some NMR chemical shift perturbations in the HSQC spectra of the single-cysteine 

Bax mutants, in comparison to the HSQC spectrum of native Bax, the perturbations were 

relatively modest (data not shown) and localized only to the mutation site.

Representative HSQC's of Bax, tagged with the dia- and paramagnetic forms of MTSL at 

two distinct positions, Cys126 and Cys62, are shown in Figure S1. Experimental PRE's from 

these two sites of Bax are displayed in Figures 1A and 1B. The PRE values qualitatively 

agree with Bax's NMR structure. Residues of Bax in the vicinity (<10 Å) of the MTSL tag 

have high PRE rates or missing resonances due to significant paramagnetic broadening, 

while those further away display lower PRE rates. To better assess the agreement between 

the experimental and calculated (using Bax's NMR structure) PREs of Bax, we optimized 

the position of the MTSL relative to the protein using the measured PREs. To account for the 

potential flexibility of the MTSL tag, the optimization was carried out using a varying 

number of MTSL conformers. Three MTSL conformers provided the best agreement. A 

representative optimized conformation of the MTSL relative to the protein is displayed in 

Figures 1C and 1D. The calculated PRE values are exhibited as a function of Bax residue 

number in Figures 1A and 1B and they compare quite well with the experimental values. 

The most common way to evaluate this agreement is with the PRE Q-factor (Iwahara et al., 

2004), whose value ranges from 0 to 1 with a smaller Q-factor implying a better 

representation of the experimental PRE values with respect to the structure of the protein. 

The calculated PRE Q-factor for Bax C62S 126-MTSL and Bax C126S 62-MTSL was 0.28 

and 0.33, respectively. This agreement between the experimental and calculated PREs of 

Bax are displayed in correlation plots (Figures 1E and 1F) with correlation factors, R, of 

0.96 and 0.94 for C62S 126-MTSL and C126S 62-MTSL, respectively. The excellent Q 

factors suggest that the experimental PRE values are representative of a single conformation 

corresponding to the NMR structure of Bax in solution (including helices α5 and α6). If 

another population were present, with a shorter distance than that reflected in Bax's NMR 

structure, then residues participating in the exchange between states should have abnormal 

PREs in comparison to those calculated using the known structure. It should be noted, 

however, that the first two residues of the N-terminus in Bax C126S 62-MTSL fit poorly to 

the NMR structure (Figures 1E and 1F), most likely due to a conformation of the highly 

mobile N-terminal end of Bax not represented by the NMR structure of Bax chosen (lowest 

energy in the NMR ensemble of structures) in this analysis.
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Effect of glycerol on the conformation of Monomeric Bax

For DEER studies of soluble proteins at cryogenic temperatures (<100 K), a cryoprotectant/

osmolyte, typically glycerol, is added to the protein solution at moderate to high 

concentrations (>10-50%) to lower the glass transition temperature and, consequently, 

prevent protein aggregation and ice formation (de Vera et al., 2013). Contrastingly, for 

membrane proteins, this co-solvent requirement is, normally, eliminated entirely since 

membrane proteins inherently lower the glass transition temperature of the solvent. 

Although osmolytes allow the preservation of soluble proteins at cryogenic temperatures, 

they can perturb a protein's native conformational equilibria (López et al., 2009; Schmidt et 

al., 2016) and, thus, could allow otherwise energetically unfavorable conformations to be 

sampled by the protein and/or spin-label. Furthermore, because Bax can be in both 

membrane and soluble forms, the glycerol percentages (30-50%) used to study Bax with 

DEER could potentially affect its conformational state. The NMR chemical shift is 

exquisitely sensitive to changes in the protein local environment and is, therefore, a good 

reporter for conformational changes (Williamson, 2013).

The 1H-15N HSQC spectra of Bax in the absence and presence of glycerol are compared in 

Figure 2A. As the amount of glycerol increased in the solution, distinct chemical shift 

changes were observed in the spectrum of Bax. These changes are quantified as chemical 

shift perturbations, displayed as a function of Bax's residue number in Figure 2B. The CSP's 

do not appear to be isolated to a specific region of Bax but rather distributed throughout the 

protein. The CSPs do indicate an interaction between Bax and glycerol. The relatively small 

magnitude of the CSP (<0.1ppm), however, implies that this interaction is weak and 

therefore may not lead to significant conformational changes in Bax.

Residual dipolar couplings are excellent probes for minute changes in the structure of a 

protein (Chen and Tjandra, 2012; Tjandra et al., 1997). Since the NH RDC reports on the 

orientation of the NH bond relative to a common reference frame (alignment frame) of the 

protein, even variations of a few degrees would result in a measurable change in the NH 

RDC. If multiple conformations of a protein in dynamic exchange are present in solution, 

the NH RDC will be a collective contribution from all conformers. To check whether the 

changes in chemical shifts are associated with conformational changes in Bax, the NH 

RDC's of Bax were measured in filamentous phage, pf1, in the presence and absence of 20% 

glycerol. The measured NH RDC of Bax without glycerol is shown in Figure 3A. Residues 

with overlapping resonances and those in the unstructured loops of Bax have been omitted 

from the analysis. The agreement between the experimental NH RDC without glycerol to 

the NMR structure is shown in Figure 3B with a correlation coefficient, R, of 0.99. Due to 

severe overlap of resonances in the HSQC spectrum of Bax in 20% glycerol, the number of 

reliable NH RDCs that could be obtained was fewer than in the absence of glycerol. The 

comparison between 0% and 20% glycerol NH RDC values is shown in Figure 3C. An 

excellent agreement with a correlation factor, R, of 0.99 was found between the two NH 

RDC data sets, reflecting that the same overall conformation of Bax is present in the 0% and 

20% glycerol buffers. Therefore, even though glycerol does interact with Bax in a non-

specific manner, conformational changes were not detected, at least up to a glycerol 

concentration of 20%.
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Double Electron-Electron Resonance (DEER) of Monomeric Bax

DEER in conjunction with site-directed mutagenesis is a powerful technique that can 

measure distances (>1.5-10 nm) between two paramagnetic sites of a protein (Larsen and 

Singel, 1993; Milov et al., 1981; Milov et al., 1984; Pannier et al., 2000). If the spin-labeling 

sites are chosen carefully, then a conformational change of a protein can be detected in the 

DEER distance distribution. To probe for the possibility of an equilibrium between two or 

more conformationally distinct states of monomeric Bax, which may only exist at cryogenic 

temperatures, we utilized DEER at 50 K in combination with spin-labeling of Bax's native 

cysteines (i.e., C62 and C126) as well as one engineered at T186. Thus, two different Bax 

proteins containing a pair of cysteines (Cys62-Cys126 or Cys126-Cys186) were labeled with 

nitroxide spin label, MTSL. Specifically, 62-126MTSL was used to investigate the possible 

conformational heterogeneity in the core of the Bax's structure, while that of 126-186MTSL 

was designed to monitor the conformation of Bax's C-terminal helix (α9). The positions of 

these tags relative to the structure of Bax are shown in Figure 4A and 4B. Since improper 

background correction and/or low signal to noise ratios can lead to spurious results in the 

DEER distance distribution and because our interests lie in the unveiling of lowly populated 

states, all measurements were conducted at Q-band with perdeuterated Bax. Perdeuteration 

increases the phase memory time and, resultantly, the signal-to-noise ratio (Baber et al., 

2015; Ward et al., 2010). As well, Q-band DEER measurements provide an order of 

magnitude greater gain in sensitivity versus those performed at X-band (Polyhach et al., 

2012). Therefore, if another conformational analog of Bax were present, and at the relative 

populations (∼20% or greater) reported previously (Tsai et al., 2015), then it should be 

observed in our DEER distance distributions.

The DEER signals acquired for the two mutants of Bax are displayed in Figures 4C, 4D, and 

S2. The calculated DEER distance distributions from the acquired dipolar evolution curves 

are presented in Figures 4E and 4F. The distance distribution of Bax 126-186MTSL is 

monomodal while that of 62-126MTSL is bimodal. As displayed in the simulated distance 

distribution of Bax 62-126MTSL, the shoulder at ∼2.3 nm arises from a subpopulation of 

MTSL rotamers and not changes in protein conformation. Thus, both Bax variants display a 

single conformation matching the NMR structure of Bax with an intact core and closely 

packed helix α9, occupying its hydrophobic pocket. These results are in agreement with 

recent work from Bordignon and coworkers, in which another conformation of monomeric 

Bax was not observed (Bleicken et al.). Similar to their work, model 8 of the NMR structural 

ensemble of Bax provided a good fit of the data using MMM2013.2 (Polyhach et al., 2011). 

In addition, the 25 distances acquired in their study were used as restraints for in silico 
folding of Bax to the NMR structure (Fischer et al., 2016).

Conclusion

Bax is a central, and arguably the most important, entity in the mitochondrial pathway of 

apoptosis and the study of its conformational dynamics and structural features as it proceeds 

from its monomeric to oligomeric and membrane-bound state is critical to not only 

unraveling its activation mechanism but also in providing insights into new therapeutic 

treatments which can influence its function. Most studies to date have defined Bax as a 
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conformationally homogeneous protein in its monomeric state. Recently, the existence of a 

conformationally different form of monomeric Bax has been proposed as an important 

feature in Bax's activation mechanism. Motivated by this report and the potential 

implications for developing better therapeutic approaches for modulating Bax's function, we 

revisited the structural analysis of monomeric Bax using established NMR and EPR 

methodologies, specifically geared to revealing “invisible” or minor states of a protein. By 

using wild type and carefully chosen Bax mutants, we performed NMR PRE, NMR RDC, 

and EPR DEER experiments to search for structurally different forms of monomeric Bax, 

while considering the sensitivity of those methodologies to detect minor species of a protein. 

However, at least under the conditions used in our study, another conformational analog of 

monomeric Bax was not observed.

Contact for Reagent and Resource Sharing

Further information and requests for reagents may be directed to and will be fulfilled by the 

Lead Contact, Nico Tjandra (tjandran@nhlbi.nih.gov)

Experimental Model and Subject Details

Bax plasmid DNA's were cultured and amplified in Escherichia coli XL2Blue cells 

(Novagen) in LB at 37 °C. Recombinant proteins were overexpressed in Escherichia coli 
BL21(DE3) cells (Novagen) in minimal media at 18 °C overnight.

Method Details

Protein Expression, Purification, Spin-Labeling

The human variant of Bax was used throughout this study. The expression vector used was 

previously described (Suzuki et al., 2000). Single-site point mutations (C62S, C126S, and 

T186) in the cDNA of Bax were generated using the QuikChange site-directed mutagenesis 

kit (Agilent Technologies). The protein expression was performed as previously reported 

(Suzuki et al., 2000) except for implementation of fermentation (>10 L) and overnight 

expression at 18 °C. Briefly, Bax was overexpressed in Escherichia coli BL21 gold (DE3) 

cells grown in minimal media with >99% 15NH4Cl as the sole source of nitrogen. For 13C-

labeling, >99% 13C-D-glucose was used in place of naturally abundant D-glucose. 

Perdeuterated Bax was acquired by using deuterium oxide (D2O) instead of H2O in the 

expression medium. Isotope labels were acquired from Cambridge Isotope Laboratories. 

Immediately following cell harvesting, cell pellets were frozen in liquid nitrogen and stored 

at −80 °C. For purification of Bax, frozen cell pellets were thawed and resuspended in 20 

mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, pH=8 (Buffer A) containing Roche complete 

protease inhibitor (Roche Applied Science) and passed twice through an EmulsiFlex-C3 

(AVESTIN). The resulting cell lysate was centrifuged at 40000 rpm for 1 hr at 4 °C in a 

Beckman Type 45 Ti rotor and the supernatant was passed over a chitin affinity column pre-

equilibrated with Buffer A (also at 4 °C). The column was then washed with >15 column 

volumes (CV) of 20 mM Tris-HCl, 2M NaCl, 1 mM EDTA, pH=8, followed by ∼10 CV of 

Buffer A. The on-column resin was next stirred with 3 CV of Buffer A + 60 mM β-

mecaptoethanol and allowed to incubate for ∼48 hrs at 4 °C before elution. Bax protein was 

eluted with ∼4-5 CVs of Buffer A, concentrated with Amicon Filters (>10 kDa cutoff), and 
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buffer-exchanged into 20 mM Tris-HCl pH=8 (Buffer C). Further purification via mono-Q 

anion-exchange chromatography was performed with a linear salt gradient using Buffer C 

and Buffer C + 1M NaCl. The purity of the protein was analyzed at each step of purification 

using SDS-PAGE. Following the mono-Q purification step, liquid chromatography-mass 

spectrometry (LC-MS) using an Agilent 6224 spectrometer equipped with an electrospray 

ionization (ESI) source and time-of-flight (TOF) analyzer was used to confirm the identity 

and purity of the isotopically (15N, 2H, and/or 13C) labeled recombinant Bax protein.

For nitroxide spin-labeling, single- and double-cysteine Bax proteins were reduced with 

>10-fold molar excess of DTT for at least 2 hrs and, then, buffer exchanged into 100 mM 

Tris-HCl pH=7.5, 100 mM NaCl, and 1 mM EDTA. An excess (20-fold) of 1-Oxyl-2,2,5,5-

tetramethyl-Δ 3-pyrroline-3-methyl methanethiosulfonate (MTSL; Toronto Research 

Company) was then added to the protein solution and the reaction mixture was incubated in 

the dark at room temperature for ∼18 hrs. Termination of the reaction and removal of 

unreacted spin-label was performed by a PD10 buffer exchange column and size-exclusion 

chromatography (Superdex 16/60 G75). LC-MS, as described above, was used to determine 

the labeling efficiency. Unlabeled protein was not observed in this analysis.

NMR Spectroscopy

All NMR spectra were acquired with Bruker Advance-III spectrometers using triple 

resonance z-axis gradient cryogenic probes tuned to 1H Larmor frequencies at 900.27, 

800.35, or 600.33 MHz. Carrier frequencies were generally set at ∼4.70 ppm and ∼118.0 

ppm for the proton and nitrogen, respectively. The 1H-15N HSQC spectra consisted of 

2048(t2) × 256(t1) real data points. HNCACB and CBCA(CO)NH were used to confirm 

resonance assignments of the backbone for the single-cysteine Bax mutants. All NMR 

samples were prepared in 20 mM sodium acetate-d3, pH=6, 2 mM dithiothreitol (DTT), and 

2 mM ethylenediaminetetraacetic acid (EDTA) in 90% H2O/10% D2O. The reducing agent 

(DTT) was excluded from spin-labeled samples. All samples were placed in Shigemi NMR 

tubes and measurements were performed at 305 K. Residue resonances that were missing 

and/or overlapped were not used in the data analysis. All data was processed using 

NMRPipe (Delaglio et al., 1995). Data analysis and resonance assignment were performed 

in SPARKY (Goddard and Kneller, UCSF) and CARA (Goddard and Kneller; Keller, 2004).

Paramagnetic Relaxation Enhancement

Residue specific transverse 1H PRE (1H-Γ2) rates of Bax were determined by the difference 

between the 1H-R2 rates of the oxidized and reduced (via 10× molar excess of sodium 

ascorbate) forms of MTSL using the two-time point method (Iwahara et al., 2007). The 

errors in 1H-Γ2 were calculated using error propagation and the standard deviation in the 

spectral noise. PRE rates and errors were plotted with respect to residue number and 

compared to those calculated from Bax's NMR structure (1F16) using XPLOR-NIH 

(Schwieters et al., 2006; Schwieters et al., 2003).

Bax Chemical Shift Perturbation by Glycerol

Based on its density (1.26 g/mL) glycerol-d8 (Cambridge Isotope Laboratories) was added 

by mass to achieve the necessary volumes to produce Bax solutions of 0-20% glycerol-d8. 
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For each protein-glycerol solution, the ionic strength and pH were kept constant between 

samples. The chemical shift perturbation was calculated using the following equation 

(Ishima, 2015)

where δ and γ are the chemical shift and gyromagnetic ratio of the nuclei, respectively. 

Perturbations were calculated for each residue and plotted against their residue numbers (i).

Residual Dipolar Coupling
15N-1H scalar (J) couplings were measured by J-modulation experiments (Tjandra et al., 

1996). In brief, ten 1JHN-modulated two-dimensional 1H-15N HSQC spectra were acquired 

with dephasing delays of 23.91, 24.71, 26.11, 27.51, 28.91, 35.11, 36.01, 36.91, 38.51, and 

39.61 ms. To determine the NH residual dipolar couplings (RDCs) of Bax, JNH couplings in 

the presence of filamentous phage (pf1, ∼12 mg/mL) were subtracted by those without. 

RDC measurements of Bax were performed in 0% glycerol and 20% glycerol. The buffer 

conditions (i.e. 20 mM sodium acetate-d3, 2 mM EDTA, 2 mM DTT, pH=6) were the same 

for each solution.

Double Electron-Electron Resonance

The DEER experiments were performed as in Baber, et. al., 2015 using a Bruker E-580 

spectrometer operating at Q-band (∼33.8 GHz) and fitted with an ER5107D2 probe and 150 

W traveling-wave tube amplifier. Four-pulse DEER was conducted with observe π/2 and π 
pulses of 12 ns and 24 ns, respectively, and a pump (ELDOR) π pulse of 8 ns. The pump 

pulse was placed at the center of the most intense peak of the echo-detected field-swept-

spectrum. A frequency difference of ∼95 MHz between the pump and observe pulse was 

maintained for all experiments. Deuterium modulation was averaged by incrementing the 

first echo period (τ1 = 400 ns) eight times in 16 ns steps. Spin-labeling of double-cysteine 

Bax proteins was performed as described above. Each protein sample (∼50 μM) for DEER 

was prepared in 30% d8-glycerol/70% D2O and flash frozen (with liquid N2) in Vitrocom, 

1.1 mm internal diameter quartz tubes. The sample temperature for all measurements was 50 

K. To increase the phase memory time (Tm) and, consequently, the dipolar evolution time, 

Bax protein samples for DEER were perdeuterated. A total dipolar evolution time of 10 μs 

and 6 μs was used for 2H15N Bax 126-186MTSL and 2H15N Bax 62-126MTSL, 

respectively. Due to artifacts from the “2+1” echo perturbation at the end of the second echo 

period, a cutoff of 9.3 μs and 5.3 μs was used for processing the data in DeerAnalysis 

(Jeschke et al., 2006). Each curve was background corrected using a 3D homogeneous 

model and fit to the optimum Tikhonov regulation parameter (α), 1000 and 10 for Bax 

126-186MTSL and Bax 62-126MTSL, respectively, acquired from L-curve analysis (de Vera 

et al., 2013). Simulated DEER distance distributions were calculated with MMM2013.2 

(Polyhach et al., 2011).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• NMR and DEER studies defined a monomodal conformational distribution of 

monomeric Bax.

• Although NMR CSP's were observed, Bax's structure is preserved in glycerol.

• Monomeric Bax is conformationally homogeneous prior to its activation.
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Figure 1. 
Measured PRE rates are shown, in black circles, as a function of residue number for Bax 

C62S 126-MTSL (A) and Bax C126S 62-MTSL (B). The secondary structure composition 

of Bax is indicated at the top of the panels. Helices of Bax are colored as follows: α1 = 

magenta, α2 = orange, α3 = cyan, α4 = yellow, α5 = red, α6 = blue, α7 = purple blue, α8 = 

brown, and α9 = pink. The calculated PRE values are displayed in red. Experimental errors 

were estimated using the noise observed in the 2D 1H-15N transverse relaxation spectra 

acquired at each time point for both paramagnetic and diamagnetic species (Iwahara et al., 
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2007). The calculated PREs are obtained from the average of PRE values predicted from ten 

optimized structures. Three conformers of the MTSL tag were used for the optimizations 

(Iwahara et al., 2004). A representative optimized conformation of the MTSL tag is 

displayed for Bax C62S 126-MTSL (C) and Bax C126S 62-MTSL (D). Correlation plots 

between calculated vs experimental PREs for Bax C62S 126-MTSL (E) and Bax C126S 62-

MTSL (F) show very good agreement with a correlation factor (R) of 0.96 and 0.94, 

respectively. Open circles in the correlation plot of Bax C126S 62-MTSL correspond to the 

first two residues of the N-terminus. All molecular figures were created using PyMol 

(Schrodinger, 2015).
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Figure 2. 
(A) 1H-15N HSQC of Bax in 0% (red) and 20% (blue) glycerol. (B) A plot displaying the 

magnitude (in ppm) of the chemical shift changes as a function of residue in Bax due to 

glycerol. The secondary structure composition of Bax is shown at the top as a reference. The 

0% and 20% spectra were used for determining the CSP. Dashed red and orange lines are 

average CSP (of all observed residues) and the experimental error, respectively.

Barnes et al. Page 16

Structure. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
1H-15N Residual dipolar couplings (RDC) of 15N Bax in 0% glycerol (A). A comparison of 

experimental and calculated 1H-15N RDC's of Bax (using the NMR structure of Bax PDB 

ID: 1F16) are displayed in (B), with a correlation coefficient R of 0.99. Correlation of the 

experimental 15N Bax in 0% and 20% glycerol solutions (C). An excellent agreement 

between the two experimental RDC data sets was observed with R = 0.99. Residues from the 

loops of Bax were removed in (A) and (B).
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Figure 4. 
DEER of 2H, 15N Bax mutants at 50 K. The location of the MTSL tags in Bax 62-126 and 

Bax 126-186 are shown in (A) and (B), respectively, as gray spheres. The experimental, 

background subtracted, DEER echo curves and P(r) distance distributions, normalized to 1, 

for Bax 62-126MTSL and 126-186MTSL are displayed in (C, D) and (E, F), respectively. 

The P(r) distance distributions were produced using Tikhonov regularization of the echo 

curves in DeerAnalysis 2015. The simulated distance distributions (dotted red line) were 

acquired from MMM 2013.2, using model 8 of Bax (PDB ID: 1F16), assuming an MTSL 
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rotamer distribution at 298 K. Peaks resulting from noise artifacts are indicated with a bar 

and *.
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