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Abstract: Spin-labeling with electron paramagnetic resonance spectroscopy (EPR) is a facile method for 
interrogating macromolecular flexibility, conformational changes, accessibility, and hydration. Within we 
present a computationally based approach for the rational selection of reporter sites in Bacillus subtilis 
lipase A (BSLA) for substitution to cysteine residues with subsequent modification with a spin-label that 
are expected to not significantly perturb the wild-type structure, dynamics, or enzymatic function. 
Experimental circular dichroism spectroscopy, Michaelis-Menten kinetic parameters and EPR 
spectroscopy data validate the success of this approach to computationally select reporter sites for future 
magnetic resonance investigations of hydration and hydration changes induced by polymer conjugation, 
tethering, immobilization, or amino acid substitution in BSLA. Analysis of molecular dynamic simulations 
of the impact of substitutions on the secondary structure agree well with experimental findings. We 
propose that this computationally guided approach for choosing spin-labeled EPR reporter sites, which 
evaluates relative surface accessibility coupled with hydrogen bonding occupancy of amino acids to the 
catalytic pocket via atomistic simulations, should be readily transferable to other macromolecular systems 
of interest including selecting sites for paramagnetic relaxation enhancement NMR studies, other spin-
labeling EPR studies or any method requiring a tagging method where it is desirable to not alter enzyme 
stability or activity. 

1.    Introduction 

Lipases are ubiquitous enzymes found in most organisms from the microbial, plant and animal 

kingdoms [1,2]. The lipase enzymes consist of a large family showing the same overall alpha-beta 

hydrolase structural tertiary fold[3]. In nature, they play a key role in fat metabolism and digestion 

by catalyzing the hydrolysis of lipids [4]. Lipases find usage as biocatalysts for ester hydrolysis, 

esterification and transesterification reactions involving water-insoluble esters [5]. This makes 

them useful in industrial and biomedical settings [6]. A large number of studies have been done 

on the structure-function relationship of lipases [7]. Most of these, however, have been on lipases 

whose enzyme activity primarily depends on interfacial activation [8]. For instance, previous 

studies done on pancreatic lipase shows that it exhibits little activity when the water-soluble short 

chain triglyceride triacetin is in the monomeric state [9]. However, after the substrate 

concentration exceeds the solubility limit, the hydrolytic reaction increases dramatically, with the 

same substrate present, in micelles or as emulsion drops. The activity is independent of the molar 

concentration but controlled by the concentration of substrates at interfaces. This “interfacial 

activation” phenomenon generally ascribes to the presence of an amphipathic mobile subdomain 

lid or flap located over the active site, which undergoes conformational changes in contact with 

the micellar substrates [8].  Hence the lid domain tends to have two conformations that govern 



the activity of the lipase – the open conformation and the closed conformation – leading to active 

and inactive forms for the enzyme, respectively [10]. The lid is stabilized in the open state upon 

interaction with a hydrophobic surface, thus allowing access to the active site [11-14]. 

  
 

 

 

 

 

 

Figure 1 Ribbon diagram of Bacillus subtilis lipase A (PDB code: 1ISP) showing the surface exposure of 
catalytic triad (residues highlighted in dark orange stick format) with mobile Loop 1 (TYR 129-ARG142) 
annotated in cyan showing residue ILE135 that can “cap” the active site area and act as a loop to cover 
the active site in a lid-like manner [15], with mobile Loop 2 (HIS10-PHE17) rendered in violet. 

 

In contrast, Bacillus subtilis lipase A (BSLA) does not have an extended loop or alpha helix lid 
structure; thus, leaving the catalytic triad relatively surface exposed (Figure 1) with no 
dependence on interfacial activation [16]. This difference in catalytic activation from its peers 
allows unique advantages for the usage of BSLA as a biocatalyst. Multiple studies of BSLA have 
been carried out with aims of increasing thermostability [17,18], water solubility [19], solubility in 
organic solvents [20,21], stability in harsh solvents [22,23], and activity as a solvent-free liquid 
protein (also known as biofluids or protein-liquids) [24,25]. Much of this work involves strategies 
that focus on modification of the protein in some manner, such as site-directed mutagenesis, 
bioconjugation, and immobilization [26-32]. More fundamental work has also been carried out to 
understand structure/function relationships of BSLA. Works by Khan and coworkers [7] have 
studied the lack of the lid domain in Lipases from a functional perspective, while other studies 
have used BSLA as a model for a minimal alpha beta hydrolase fold [3]. More recently coarse-
grained molecular dynamics simulation, using ELNEDYN combined with the MARTINI force field, 
revealed insight into experimental observations of enhanced BSLA activity at the oil-water 
interface in the presence of non-covalent detergents based upon Janus behavior of the enzyme, 
thus suggesting that this reorientation at the interface can be a form of interfacial activation [33]. 
Further molecular dynamic simulations of BSLA in a substrate bound and unbound form provide 
evidence from principle component analysis that Loop-1 (Tyr 129-Arg142) and Loop-2 (His10-
Phe17) move in the substrate-free state; giving rise to an effective lid-opening and lid-closing [15]. 
The authors of this work propose Loop-1, which is also seen to open up at an oil-water interface, 
should be considered as a lid in BSLA.  Collectively, all these studies have pushed the utility of BSLA 
and our understanding of its substrate specificity, structural stability and overall solubility [34].  
 
Although experimental wet-lab studies and existing simulation work have significantly contributed 
to the exploration of this space, it is notable that BSLA has been the focus of molecular modelling 
and simulation work as well. For instance, work by Zhang and Ding [35] investigated the hydrogen 
bonding of BSLA and its thermostable variant. Other works have characterized the surface charge 
effect of solubility in ionic solvents [36,37] and organic solvents [20,21,38]. Much of these in silico 
works focused on enabling an inherent utility of lipase, effectively modifying the wild-type 
structure in some manner to achieve an advantageous effect. The desired effect involved an 
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increased stability to temperature, solvent, ionic strength, or any other combination of harsh 
external factors to enable industrial biocatalysis. 
 
Interestingly however, the fundamental characterization of the hydration of BSLA is known only 
via attempts to enhance solubility within organic solvents [20,21]. Our research seeks to fill the 
existing gap in knowledge to understand the surface hydration of BLSA through a spectroscopic 
and atomistic simulation perspective. Advances in magnetic resonance spectroscopy has enabled 
the use of nitroxide spin-labels coupled with electron paramagnetic resonance (EPR) spectroscopy 
to be used for probing a vast array of structural and dynamic properties in proteins and other 
biological macromolecules [39-55]. Through low-field (9.5 GHz/14.6 MHz) Overhauser dynamic 
nuclear polarization (ODNP) nuclear magnetic resonance (NMR) of a spin-labeled macromolecule, 
the water molecule hydration diffusivity within a 5-10 Å shell of the spin-label attachment site can 
be determined [56,57]. This allows a for a localized interrogation of the movement of water 
molecules in a site-selected region. Site directed spin-labelling (SDSL) is a field that is highly 
explored, and it has even been utilized to study lid mobility in pancreatic lipase [13]. Nevertheless, 
ODNP has not previously been utilized to study the hydration of BSLA. Therefore, the 
establishment of suitable labelling sites and their effects on the structure and function of BSLA are 
described within. Our approach utilized atomistic molecular dynamics simulations and analyses to 
help guide the rational design of a series of spin-labeled reporter sites on the surface of BSLA for 
usage in EPR and future ODNP investigations of BSLA in unmodified and modified forms (e.g., 
thermostable, bioconjugates, stabile and active in organic solvents). To this end, we generated a 
work-flow model that relies on atomistic molecular dynamics (MD) simulations to help evaluate 
the perturbation that a given chemical modification has on wild type BLSA conformation and 
dynamics. The substituted cysteine residue by S-(1-oxyl-2,2,5,5-tetramethyl-2,5 dihydro-1H-
pyrrol-3-yl)methyl methanesulfonothioate, (MTSL) could potentially impact enzymatic function, 
solubility and stability.  

  

 

 

 

 

 

 

 

Figure 2. (A) Schematic outlining a rational approach for designing locations of CYS substitutions according 
to a set of desired metrics, (B) the location of the 8 sites chosen for this investigation rendered as spheres 

for the C carbons (PDB ID 1ISP) and (C) scheme for the chemical labeling of a CYS side chain with MTSL 
to generate the R1 side chain. 
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Often, the first steps in a spin-labeling strategy are to choose appropriate reporter sites that 
provide information on local dynamics, structural changes, and environmental conditions without 
perturbing the native structure, dynamics, stability or function of the biological macromolecule 
[45,50,58].  Matlab based Multiscale Modeling of Macromolecules (MMM) is an open-source tool 
box that readily allows for accessing spin-label rotomer conformations appended to biomolecules, 
and as such offers a starting platform to assess surface accessible sites and possible distance 
contraints for EPR studies [59]. Additional computational resources, such as chiLife are being 
developed to aid in these judicious choices of selecting reporter sites for probing structure and 
conformational changes via distance measurements with spin-labels [60]. Additionally, a recent 
review summarizes how several spin-lableing studies have combined computational approaches 
to aid in the analysis of the resultant EPR data [61]. Herein, we extend combined experimental 
and computational approaches that helped guide the judicious choice of surface CYS amino acid 
substitutions in BSLA for spin-labeling via MTSL that do not perturb the structure, stability or 
function of BSLA. A series of eight spin-labeled BSLA constructs were generated, and the impact 
of the CYS and spin-labeled modification is characterized both experimentally and 
computationally. Figure 2 graphically summarizes this approach, showing locations of the chosen 
reporter sites for BSLA studied here, as well as the R1 spin-labeling scheme. 

 

2. Materials and Methods 

2.1 Atomistic molecular simulations 

Starting coordinates for all simulations were obtained from the 1.3 Å resolution crystal structure 
of BLSA (UNIPROT Accession Code P37957) PDBID:1ISP [16]. The deposited structural coordinates 
lack one amino acid residue at each terminus ALA1 and ASP181, which were added.  All CYS 
variants were created using the UCSF Chimera [62] software. Side chain conformations that 
minimized overlaps of VDW radii between atoms were chosen. For simulations of cysteine 
variants, further modified with the spin label (MTSL) attachment (designated R1 as a new side 
chain) was done using CHARMM-GUI [63], with parameters obtained from the work of Islam and 
Roux [64,65].  The titratable residues of the protein were adjusted to the pH of 7.0  and the water 
model used was cTIP3P, forming a box with a buffer of 16 Å. Non bonded cut-off was set to 12 Å. 
4 Cl- ions were added to neutralize the charge and 63 Na+ and 63 Cl- ions were added to create a 
similar environment (300 mM NaCl concentration) to the system being studied experimentally.  
 
The CHARMM36m [66] forcefield was selected for the protein and simulation were performed 
with the AMBER 20 [67] molecular dynamics engine on GPU on HiperGator 3.0 at University of 
Florida. WT BSLA and BSLA-R1 variants were subjected to gradient energy minimizations over 
10,000 steps while holding the protein with harmonic restraints. The systems were further 
minimized for an additional 10,000 steps without restraint. Next, the variants were heated to 
300 K in 20 ps intervals and 50 K increments using a NVT ensemble followed by 1000 ps of 
additional simulation. Subsequently, the NPT ensemble was applied to each system at 1 bar. 
Particle Mesh Ewald summation was used for long-range electrostatic interactions. Bond lengths 
involving hydrogen atoms were constrained using a 2 fs time step with the SHAKE algorithm. A 
total of 2 μs simulation were performed for each BSLA variant. Control analyses of all the 
simulation data were performed by monitoring RMSD (Figure S14), radius of gyration (Figure S15) 



and density against time (Figure S16). In addition, Ramachandran plots for the backbone dihedral 
angles were analyzed as well (Figures S17 to S25) 

2.2 Using H-Bonding Analysis and DSSP to Analyze Structural Features. 

The hydrogen bonding interactions within the system were calculated based on a geometric 
criterion. The hydrogen bonding criteria used in this analysis were as follows: a hydrogen bond 
was considered to exist if the distance between the hydrogen-bond donor and acceptor atoms 
was below 3.0 Å, and the angle formed by the donor, hydrogen, and acceptor atoms was equal to 
or greater than 135°[62,67]. The 2 µs simulation was monitored using this method, and hydrogen 
bonding occupancies were calculated. All hydrogen bonds that had an occupancy equal to or 
greater than 30% of the total simulation were considered for the initial filter, similar to the work 
by Ramanathan et al. [68].  
 
For investigating the secondary structures of the atomistic simulations, we used the DSSP (Define 
Secondary Structure of Proteins) algorithm. The DSSP is a standard method for assigning 
secondary structure to the amino acids of a protein, given the atomic-resolution coordinates of 
the protein. DSSP functions by identifying the intra-backbone hydrogen bonds of the protein using 
the geometrical definition outlined above. It then uses a series of criteria as mentioned in Kabsch 
et al. [69] to categorize each amino acid in the protein sequence into one of eight different 
categories- (1) alpha, (2) 3-10, or (3) pi -helix, (4) parallel or (5) anti-parallel beta sheets, (6) turns, 
(7) bends, and finally “(8) none” which is the class where amino acids that don’t fit into any other 
secondary structure motif are classified. 

2.3 Experimental BSLA Overexpression, purification, and labeling 

Sites I12C, A20C, Y49C, V54C, L108C, Q121C, Q150C, and S163C were ultimately chosen for 
reporter sites for spin-labeling with MTSL. Mutants encoding for the desired CYS substitutions 
were generated by Qiagen site-directed mutagenesis kit of the template WT BLSA gene cloned 
into a pET21b between the cut sites NdeI and SacI. The sequence inserted between these cut sites 
contained multiple stop codons to terminate translation and the expression of the C-Terminal 
Histag contained within the pET21b plasmid, which we obtained WT BSLA plasmid from Dr. Joel 
Kaar, University of Colorado Boulder. Mutagenic primers were designed and ordered from IDT 
(Coralville, IA) with reactions carried out according to manufacturer’s suggested protocol; 
mutations were verified by DNA Sanger sequencing (Azenta-Genewiz, South Plainfield, NJ). 
Plasmids encoding wild-type BLSA and cysteine substituted variants were each transformed into 
BL21(DE3)pLysS competent cells which were then grown in 1 L LB media at 37 °C at 250 rpm until 
optical density at 600 nm (OD600) was between 0.6 and 0.8. Subsequently the expression of BLSA 
was induced by 1mM IPTG (isopropylthio-β-galactoside) for 24 hours. Isolation and purification of 
non-histagged BSLA ensued from inclusion bodies based upon purification schemes previously 
reported by others [19,22,26].  Cells were harvested at 6000 RCF for 15 minutes at 4 °C and the 
obtained pelleted cells were resuspended in 10 mM Na2HPO4, 50 mM NaCl buffer at pH 8.0, along 
with 100 μL of protease inhibitor cocktail mix G6521 (Promega Corporation, Madison, WI). Cells 
were lysed via tip sonication (Fischer Scientific Sonic Dismembrator-Model 100) in 5 second 
intervals for 2 minutes, tubes inverted and repeated 3 times, with the cell solution kept on ice for 
the 6 minute time period. After sonication, the solution was centrifuged at 17000 RCF for 10 
minutes at 25 °C. The insoluble portion, which included cell debris and the inclusion bodies 
containing BLSA, was retained and dissolved in 5 mL of 6M Guanidine hydrochloride using a mortar 
and pestle, if necessary. 



 
The resulting solution of unfolded BLSA was refolded by slow dropwise addition to a solution of 
10 mM Na2HPO4 buffer at pH= 7.0 (volume 20x dilution) and then centrifuged at 17000 RCF at 25 
°C. The supernatant from this step was retained and filtered through a 0.2 microfilter and applied 
to a 5-mL cation exchange sepharose column (Hitrap SP Sepharose, Cytivia, Pittsburgh, PA) via an 
AKTA Prime FPLC system, which was equilibrated with buffer (10 mM monobasic sodium 
phosphate at pH 5.5), followed by five column volumes of washing with the equilibration buffer 
and eluted using a similar buffer of higher ionic strength (10 mM monobasic sodium phosphate, 
500 mM NaCl at pH 7.0). For CYS variants, DTT was added to each fraction that contained protein 
to ensure the reduction of any disulfide bonds formed. The final concentration of DDT was 1 mM 
(~ 5x protein concentration).  The purity of the fractions was assessed via SDS-PAGE. Suitably pure 
fractions that showed a single band in the 20 kDa region were pooled and concentrated via an 
Amicon 10 kDa cutoff centrifugal filter unit prior to buffer exchange to 10 mM monobasic sodium 
phosphate pH 7.0, via a Hi-Prep 26/10 desalting column. This step also ensured any DTT in the 
solution was removed. Immediately after this, spin labeling of BLSA cysteine constructs with MTSL 
(S-(1-oxyl-2,2,5,5-tetramethyl-2,5 dihydro-1H-pyrrol-3-yl)-methyl methanesulfonothioate) was 
performed. MTSL (~ 0.5 mg) was dissolved in 50 µL of ethanol and an appropriate volume was 
added to give ~ ten-fold molar excess to the BLSA solution concentration (note: sample has five-
fold DTT) and reaction was allowed to proceed overnight at 4 °C. Excess spin label was removed 
using the Hi-Prep 26/10 desalting column, doing a final buffer exchange into 2.5 mM monobasic 
sodium phosphate, 21.5 mM sodium chloride, pH 7.0. This choice of buffer allowed samples to be 
concentrated to a level targeted for future spectroscopic and hydration studies [22]. The sample 
was once again concentrated via the Amicon 10  kDa cutoff centrifugal filter to ~ 200 μM. Enzyme 
concentration was determined using the bicinchoninic acid assay and corroborated by measuring 
optical density at 280 nm at which the theoretical molar extinction coefficient of the enzyme is 
24,410 M−1cm−1 [26]. Spin-labeling was confirmed via Mass Spectrometry analysis (Table S8) 

2.4 EPR Data Collection 

A Bruker E500 spectrometer with a dielectric resonator was used to collect CW X-band EPR 
spectra. For all experiments the temperature was kept at a constant 27.0 ± 0.3 C using air passed 
through a copper coil submersed into a water bath, while monitored with a temperature probe 
and thermometer from OMEGA Engineering Inc (Norwalk, CT) as described in detail earlier.[70] 
Samples were loaded via capillary action in cleaned and dried (0.50 inner-diameter. x 0.84 outer-
diameter) suprasil capillary tubes and sealed with Cha-seal from Fisher Scientific Inc (Hampton, 
NH) tube sealing compound. All spectra are reported as an average of 20 scans, collected as 100 
G sweep width, 0.6 G modulation amplitude, 25 ms conversion time, 100 kHz modulation 
amplitude, and 2 mW incident microwave power. Spectra were normalized using LabVIEW-based 
software (obtained from Christian Altenbach/Wayne Hubbell) allowing for baseline correction and 
double integral area normalization. 

2.5 EPR Line Shape Fitting 

EPR spectra were fit using chili and esfit functions of EasySpin,[71] with the following values for the 
A and g-tensors: Axx= 6 G, Ayy=6 G, Azz= 37 G, gxx=2.0089, gyy= 2.0021, gzz= 2.0058. [72-75]  Other 
parameters used in the EPR line shape fitting include linewidth (which can be reflective of spin-
spin interactions), correlation time of motion (c), and the ordering potential C20, which was used 
to calculate the motional order parameter S.[72-75] Fitting results of all R1-BSLA EPR spectra are 
reported as single component fits in Table S-9 and shown in Figure S12. 



2.6 CD Data Collection and Analysis 

All CD spectra were obtained over the wavelengths of 190 to 260 nm on a Chriascan V100 CD 
spectrometer (Applied Photophysics Inc, Charlotte NC) with a quartz cuvette to minimize 
absorption any extra absorption in the lower wavelengths. The buffer for each sample was 2.5 
mM monobasic sodium phosphate, 21.5 mM sodium chloride at pH 7.0. Three separate protein 
samples from an individual expression/purification/labeling batch were prepared to provide 
triplicate data. The CD spectra were obtained at 25 °C, and the thermal melts were obtained over 
a range of 20-90 °C   by monitoring the value of molar ellipticity at 222 nm (222) as a function of 
temperature. Values of 222 were converted to fraction of unfolded protein, which was then 
analysed as a function of temperature through sigmoidal shaped fits to obtain values for Tm, which 
is the temperature at which the fraction of folded state available is at 0.5. The derivative of the 
sigmoidal fit generates a Gaussian shaped curve, where the full width at half maximum (FWHM) 
provides an assessment of the degree of cooperativity of the transition.  

2.7 BSLA Enzymatic Activity Assays 

Enzyme kinetics experiments were carried out for WT and all R1 spin-labelled variants. The 
experiment was conducted using a Varian Cary (Agilent, Santa Clara CA) 50 UV/Visible 
spectrophotometer, equipped with a Peltier-based temperature control system to maintain a 
constant temperature of 25°C. The substrate used was p-nitrophenyl butyrate (pNPB), which was 
dissolved in acetonitrile at a concentration of 50 mM [19]. The final buffer of the solution 
composition was 2.5 mM monobasic sodium phosphate and 21.5 mM sodium chloride, adjusted 
to a pH of 7.0. The final enzyme concentration for each system was 10 μM (added from a stock of 
200 μM concertation), with the varied final substrate concentrations of 1.0, 2.0, 4.0, 5.0 and 10.0 
mM. Each experiment with a specific substrate concentration was conducted in triplicate. Hence, 
each experiment consisted of a 1 mL quartz cuvette with a pathlength of 0.1 cm was loaded with 
the reaction mixture containing the pNPB substrate, BSLA buffer, and finally, the enzyme. The 
spectrophotometer was set to measure the absorbance of the reaction mixture at the wavelength 
of 420 nm for a period of 10 minutes. The collected absorbance data were subsequently analyzed 
to provide the initial reaction rates. To account for any self-degradation of the substrate, a control 
measurement was also performed alongside each enzyme catalyzed hydrolysis experiment. The 
control samples included all reagents except for the enzyme, and rates of self-degradation of 
substrate were subtracted from the enzyme catalyzed rates. From the corrected initial velocity 
values, the Michaelis-Menten kinetic parameters were then determined from the corresponding 
Lineweaver-Burke plots. 
 

3. Results and Discussion 

3.1 Criteria and Methods for Choosing Sites for Cysteine Modification in BSLA 

Nitroxide spin-labels are oftentimes incorporated into biomacromolecules through chemical 
modification of a unique cysteine residue [47,49]. Given WT BSLA has zero naturally occurring CYS, 
it offers a natural template for our studies. Our overall goal is to generate a series of SL reporter 
sites around the surface of BSLA such that ODNP and EPR can be utilized to interrogate how 
polymer conjugation [22,26,37] or amino acid engineering [20,21,76] impact surface mobility and 
hydration. Additionally, various studies show that the thermostability of BSLA is easily altered by 
amino acid substitutions, hence, it is not trivial to predict which surface locations on BSLA will 
retain stability.  Furthermore, we desire sites of spin-label incorporation that provide a strong 



“signal” of interaction with the biopolymers, a probe of surface hydration near the site of 
bioconjugation, and where local dynamics are similar amongst sites in the absence of 
bioconjugation, where in the native state these sites can be exquisitely sensitive to changes in 
molecular crowding, solution polarity and hydration. For the present studies, this means spin-
labelled sites that result in high side-chain nitroxide mobility; thus, giving rise to EPR line shapes 
at X-band frequency that are reflective of the fast-limit regime (c ~ 0.5 to 1-2 ns),[43,47,48,77,78]. 
In this way, reporter sites on BSLA will be expected to probe the local hydration environment of 
different areas of the protein in different forms (e.g., polymer conjugates versus native versus 
modified constructs). For this purpose, we chose the following criteria for filtering potential sites 
for labelling: 
 

A. Reporter site should not affect known function. Sites identified by others in the literature 
as essential for function were discarded [16,79,80].  

B. Must be solvent accessible. The spin label cannot be crowded by other elements of the 
protein. Hence, this positive filter selected those residues identified with > 50% relative 
solvent accessibility (RSA). Although this value can be determined using an existing PBD 
structure and analysis of spin-label rotamers via MMM [59], within we utilized the average 
from obtained from atomistic simulations to allow for molecular motions and to minimize 
potential crystallographic artifacts from crystal-crystal packing. 

C. Minimal perturbation to thermal stability and catalytic activity. The hypothesis here is that 
H-bonding is important for catalytic activity and thermal stability and as such the spin-label 
should not replace an amino acid that is involved in the H-bonding network of the protein 
This step removed sites with > 30% occupancy of a H-bond within the protein determined 
from atomistic simulations.  

D. The site should be near the surface accessible LYS residues that will be the future anchoring 
sites for conjugation of polymer chains, as this closeness should induce alterations in 
mobility and hydration. In this step, we discarded surface LYS residues and the N- and C-
terminal sites and positively selected for those sites remaining that were within a 5 Å shell 
of the LYS sites previously identified as likely location for bioconjugation [26]. 

 
These steps are graphically depicted in Figure 2 with the resultant sites chosen for modification to 
R1 shown in Figure 3. 

Step A: Identifying Functionally Relevant Residues.  

Typically, the first step in any labeling study is to discard sites known to be important for function. 
BSLA is a globular protein of 181 residues bearing the alpha-beta hydrolase fold [3]. The alpha-
beta hydrolase fold belongs to the doubly wound alpha-beta superfold in the Structural 
Classification of Proteins (SCOP) classification standard. The components of the common alpha-
beta hydrolase fold include a central, parallel β-sheet with eight beta strands, where only the 
second strand (β2) is antiparallel, along with six α helices on the sides of the central β-sheet that 
connect the strands β3 to β8. Prior studies of others have outlined residues that comprise the 
active site [16] as well as those having critical interactions with the active site shown to modulate 
enzymatic activity [80]. These include the catalytic pocket [81], the oxyanion hole [82], which 
stabilizes the substrate in the transition state, and a 9-amino acid region containing hydrophobic 
residues described by some as a lipid-binding segment [83]. These ten identified residues, (D40, 
F41, W42, D43, K44, T45, G46, S77, D133, H156) were removed (Negative Filter 1) from 
consideration of CYS modification.   



Step B: Determining the Relative Solvent accessibility of BSLA  

To provide a quantitative metric for identifying solvent accessible residues, the relative solvent 
accessible surface area was calculated for all residues. In this study, the per-residue solvent 
accessible surface area (SASA) is calculated by averaging the per-residue SASA over 2.0 μs of the 
molecular dynamics production. Given the solvent of consideration is water, the calculation for 
SASA necessitates the use of a 1.4 Å “probe radius” [84]. This means that a sphere of radius 1.4 Å 
is “rolled” over the surface of the molecule, and the surface area that is traced by such a sphere 
is taken to be the absolute SASA. Based on SASA values, amino acid residues of a protein can be 
classified as buried or exposed.  
 
There are various methods of quantifying SASA, from relative solvent accessibility to absolute 
surface areas. Here, we chose to utilize the relative surface area (RSA) as the selection parameter. 
To calculate the relative surface area (RSA), a normalization factor is used for each amino acid. By 
convention, these normalization values are derived by evaluating the maximum surface area 
around a residue of interest X when placed between two glycines, to form a Gly-X-Gly tripeptide 
[85]. The reason for doing this is to be able to use a residue specific normalization method that 
encapsulates a suitable upper bound absolute SASA. The normalization values for each amino acid 
calculated this way is reported by Tien et al.[85]  (given in Table S1). Upon calculating the absolute 
per residue SASA for BLSA, each value was divided by its respective normalization value as to give 
results plotted in Figure 3. Those residues with RSA < 0.5 were discarded as potential sites for spin-
labeling, leaving 38 possible surface exposed sites for consideration. It is worth noting that 
although the N- and C- termini of the graph show very high RSA values, consistent with being 
located at the N- and C- termini of the protein, and also because the normalization values for each 
residue are obtained by considering absolute SASA values from the gly-X-gly tri-peptide model, 
these were discarded as potential spin-label reporter sites in a later filter.  As expected from the 
crystal structures of BSLA, the highly buried residues often correspond to the beta-sheet 
secondary structures, which are shown in yellow on the x-axis in Figure 3. 
 

 
Figure 3. Bar graph of RSA for each residue of BSLA. The x-axis is color coded based on the type of 
secondary structures the residues are part of. Pink and yellow being representative of helices and 
beta sheets respectively. Residues with RSA < 0.5 (dotted line) were discarded as possible reporter 
sites. Bars rendered in grey represent residues identified via MD simulations as those involved in 
> 30% fractional occupancy of H-bonds with the catalytic center of the enzyme or being critical in 
enzyme functionality as reported by others in the literature.  
 



Step C: Hydrogen Bonding Analysis 

The cpptraj module [86] from the AMBER software package was utilized to analyze the trajectory 
files generated from the atomistic simulations. Specifically, the module was employed to calculate 
and identify hydrogen bonding interactions within the system based on a predefined geometric 
criterion. The hydrogen bonding criteria used in this analysis were as follows: a hydrogen bond 
was considered to exist if the distance between the hydrogen-bond donor and acceptor atoms 
was below 3.0 Å, and the angle formed by the donor, hydrogen, and acceptor atoms was equal to 
or greater than 135° [62,67]. The 2 µs simulation was monitored using this method, and hydrogen 
bonding occupancies were calculated. As defined in the work by Ramanathan et al. [68], hydrogen 
bonds that had an occupancy equal to or greater than 30% of the total simulation were evaluated 
as possible imporant interactions for enzymatic activity, and thus discarded within this filtering 
step. The list of H-bonding residues hence generated were used as a negative filter (i.e.- any 
residue on the list of H-bonding residues will eliminated from our list of potential spin-labelling 
sites). Filter C, brings our list of potential labelling sites from 38 to 33, revealing that only 5 surface 
exposed sites (S28, R57, K88, L124, and N174), which were previously not already identified as 
important for enzymatic activity (note surface accessible sites D40, W42, and T45 were exluded in 
Step A) posses > 30% hydrogen bonding interactions within the protein to the catalystic pocket. 
The relative H-bonding occupancy for each discarded residue is summarized in Table S2. All H-
bonds were calculated based off geometric criteria [62,67]  for the entire simulation. 

Step D: Identifying Sites Near Surface Exposed LYS Residues. 

Surface accessible LYS residues are often used as attachment sites for protein-polymer 
conjugation. Chado and coworkers have used PAcMO (poly-acryloyl morpholine) polymers 
attached in this manner to create ionic liquid-stable BSLA constructs [26]. Hence, the proximity to 
any surface LYS residue was used in this case to further filter the list of potential labelling sites. 
Surface LYS residues at positions 61, 69, 88, 112 and 122 are hence not chosens as sites for CYS 
modification, leaving 29 possible locations. The N- and C-terminal sites were also removed from 
consideration within this step (A1, E2 and N181), bringing available sites to 26.  
 
Because our future goals are to investigate how polymer conjugation to the surface LYS alters 
hydration, accessibility and local dynamics, all residues within a 5.0 Å zone of each of these 
polymer grafting sites were identified with the use of UCSF Chimera [62]. These data were used 
to create a positive filter, which could be used to identify all potential labelling sites within close 
proximity to potential polymer attachment sites. This criterion brings our list down from 26 to 8. 
The identity of the amino acids remaining were I12, G13, A20, V54, L108, N120, Q121, and Q150. 
Sites G13 and N120 were further discarded from this list, mostly because of their proximity to 
other potential labelling sites of I12 and Q121; additionally, we avoided glycine as a site for CYS 
substitution. To produce control reporter sites that had all the vital features except for the 
proximity to LYS polymer attachments sites, two residues that were filtered out during Filter D 
were added back to the list, Y49 and S163. These two sites were chosen as they were the furthest 
apart from each other. These adjustments give us the final list of labelling sites that were explored 
in this study: I12, A20, Y49, V54, L108, Q121, Q150, and S163 shown in Figure 3. 
 
It is instructive to list all possible surface sites without the restrict location of being within a 5.0 Å 
zone of surface LYS sites. This list of 26 potential spin-labeling sites includes I12, G13, F17, A20, 
S24, G30, R33, D34, Y49, V54, D64, E65, G67, L109, T117, P119, N120, Q121, I135, M137, Q150, 
H152, G153, I157, S163, and Q164. In general, other factors to consider when choosing labeling 
sites would be to generally avoid susbstituting glycine and proline residues and trying to match 
the relative hydrophobicity of the spin-labeled CYS residue. As such, acidic sites and those that 
can participate in salt-bridge interactions are also typically avoided. 



 
 

 
 
Figure 4. (A) DSSP results for WT BSLA showing secondary structure assignment for a given residue 
over the simulation time course and (B) resultant MD secondary structure assignments mapped 
onto the crystal structure ribbon diagram of BSLA (PDB ID 1ISP).  
 
 

3.2 Secondary Structure Analysis of R1-BSLA Variants.  

Both atomistic molecular dynamics simulations and circular dichroism (CD) spectroscopy were 
used to assess the impact of the R1 substitution on BLSA structure.  DSSP analysis [69] of the 2 μS 
simulation data of wild-type and each spin-labeled BSLA construct was performed. DSSP results 
for WT BSLA are plotted as shown in Figure 4 where for each residue the secondary structure type 
is assigned a color, and the traces plot the secondary structure type over time. The general trend 
observed is an overall lack of changes in the secondary structure over time for WT and all R1 
labeled BSLA constructs investigated.  
 
Experimental CD spectra of BSLA variants (Figure 5) have similar overall spectral features as WT 
BSLA, but minor differences are observed. Further analysis of the spectra of wild type via the Bet-
Stel [87] server yielded the constituent percentages shown in Fig. 5 inset. This processing was 
performed for all BSLA R1 variants (Table S3) and the changes of secondary structural elements 
compared to wild type are given in Figure 6A.  Figure 6B plots an analogous analysis of the 
atomistic simulation data, which was analysed by the DSSP algorithm. Overall, incorporation of 
the R1 substitution had minor perturbations on BSLA structure, with both CD and MD analyses 
showing most changes to be < 10% where the highest fluctuations occur in regions containing 
secondary structures identified as “turns” or “others”.  Importantly, these comparisons 
demonstrate the robustness of the MD methods for evaluating the impact of the R1 substitution 
on the overall protein secondary structure. The perturbations are small, and for the most part 
track exceedingly well with those detected via CD spectroscopy. 
 

A B



 
Figure 5. Overlay of experimental CD data for WT and R1 BSLA variants. Inset showing pie-chart 
depicting relative percentages of secondary structural elements for WT BSLA as evaluated with 
BeStSel [87]. 
 
 

 
 
Figure 6. (A) Graph summarizing the impact of R1 substitutions on experimental CD spectra of 
BSLA compared to WT. Data were analyzed with BeStSel [87]. (B) Graph summarizing the impact 
of R1 substitutions determined from DSSP analysis of 2 μS simulation data. 
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The largest change in secondary structure is observed for Q121R1, which has undergone a 
decrease in parallel beta sheet character and an increase in “turn” typed secondary structure. 
These observations are recapitulated in both the experimental and computational studies (Figure 
6). Previous studies have shown that disruptions in the parallel sheets of the BSLA can affect its 
overall fold, and hence destabilize the protein [88]. Hence, we measured the thermal stability of 
all constructs via CD spectroscopy. Results are shown in Figure 7. where the Q121R1 variant has 
the lowest Tm at 54 ± 2 °C; albeit only a 5% difference from WT with Tm = 56.7 ± 0.7 °C  
 
 

 

Figure 7. Thermal stability of BSLA R1 variants determined from CD spectroscopy melting curves showing 
fraction of the native state as a function of temperature. Tm values determined from the midpoints of 
sigmoidal fits  to the melting curves (Given in Figures S2-210) are summarized inTable 1. 

 
 
 
Overall, most sites chosen showed less than 10% difference in secondary structure elements with 
less than 5% change in thermal stability, with the largest perturbations of R1 incorporation at the 
Q121 site. This is noteworthy, as the site of Q121 is located on a loop and is relatively mobile as 
shown by our RMSF calculations of the atomistic simulation data. Studies by Nestl and Hauer [88] 
have shown in similar alpha/beta hydrolase fold-type proteins however, that modification of loops 
directly connected to the main parallel sheet core/twisted-sheet core tend to affect the stability 
and functionality of the protein. Inspection of the 3D structure of the protein shows us that the 
Q121 site lies on a loop directly connected to the main beta-sheet core of the protein. 
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Table 1. Kinetic and thermal stability parameters of spin-labeled variants compared to WT BSLA.  

Variant Km 

(mM) 
kcat (min-1) kcat/Km  

(x10-2mM-1min-1) 

Relative Catalytic  
Efficiency[a] 

Tm  

(°C) 

WT 0.44 ± 0.05 600 ± 140 13.5 ± 1.8 1.00 ± 0.14 56.7 ± 0.7[b] 

I12R1 0.36 ± 0.04 420 ± 90 11.8 ± 1.7 0.87 ± 0.14 55 ± 1 

A20R1 0.52 ± 0.02 690 ± 50 13.2 ± 1.6 0.97 ± 0.13 56.9 ± 0.9 

Y49R1 0.25 ± 0.04 290 ± 50 11.8 ± 1.9 0.87 ± 0.16 56.9 ± 0.8 

V54R1 0.36 ± 0.05 440 ± 40 12.4 ± 1.4 0.91 ± 0.12 55.4 ± 0.7 

L108R1 0.25 ± 0.04 280 ± 10 11.3 ±1.5 0.83 ± 0.13 58 ± 2 

Q121R1 0.37 ± 0.05 410 ± 80 11.0 ± 1.4 0.81 ± 0.11 54 ± 2 

Q150R1 0.27 ± 0.04 350 ± 100 12.9 ± 1.8 0.94 ± 0.14 55 ± 1 

S163R1 0.42 ± 0.04 630 ± 150 14.7 ± 2.3 1.08 ± 0.19 58 ± 2 

[a] kcat/Km/(kcat/Km)WT ; [b] This value is consistent with that reported by Rao and co-workers for WT BSLA 
expressed in soluble form [19]. 
 

3.3 Enzymatic Activity of R1-BSLA Variants 

 
The impacts of the R1 substitutions on BSLA enzymatic activity were assessed using the 
chromogenic substrate para-nitrophenol assay (PNPA). Michelis Menten kinetics parameters were 
calculated for each variant from triplicate experiments (Results shown in Tables S4-S7) with a 
given purification of R1 labeled protein. Table 1 summarizes results of these studies showing that 
all R1 constructs have comparable enzymatic activity to WT within the 95% confidence interval as 
validated by a t-test (Figure S11).  Together, the experimental data demonstrate that the R1-BSLA 
variants are structurally and functionally comparable to WT, with spin-labeling at site Q121 
showing the largest changes relative to WT.  Interestingly, although I12R1 resides within the 
mobile loop-2, proposed to act as part of a mobile lid in BSLA [15], susbtitution at this site did not 
significantly alter the secondary structure or kinetic activity of BSLA. 
 

3.4 EPR Spectra of the R1-BSLA Variants 
 

It has been shown that the X-band EPR spectrum of the R1 spin-label on proteins is modulated by 
motional averaging that arises from several sources such as protein backbone motions and local 
side-chain fluctuations that generate specific lineshape features that track with secondary 
structure [47,48,74,75]. Specifically, SDSL studies on T4 lysozyme (T4L) and other proteins have 
utilized lineshape parameters of the inverse central linewidth, ΔH0

-1, and inverse second moment 
<H2>-1 to cluster EPR spectra in an effective phase space that correlates with locations in loops, 



surface exposed helices and beta-sheets, sites of tertiary contact and buried locations [89,90]. 
Because motional averaging narrows the X-band nitroxide EPR spectrum, R1 located in loops 
generates an EPR spectrum with higher inverse values of both line shape parameters whereas R1 
located in buried sites of the macromolecules have spectra with smaller inverse values of both 
parameters. SDSL studies of the GCN4 leucine zipper, which is a coiled double helix that binds to 
DNA, provide a detailed analysis of the R1 side chain dynamics from experimental and simulations 
defining the inverse central linewidth, ΔH0

-1, as a semiquantitative measure of mobility of the 
nitroxide chain [74].   In that study, a parameter called the scaled mobility, Ms, is defined to 
normalize the central linewidth in comparison to other spectra reported in the literature. 
 

 

𝑀𝑠 =
𝛿𝑒𝑥𝑝

−1 −𝛿𝑖
−1

𝛿𝑚
−1−𝛿𝑖

−1                                                                                                (1) 

 

 
Where 𝛿𝑒𝑥𝑝 is the central linewidth of R1 of the current experimental data and 𝛿𝑚 and  𝛿𝑖 are 
corresponding values representing mobile and immobile sites observed for R1 in proteins. We 
note that these values are somewhat arbitrary and for usage here we used the procedure utilized 
by Columbus et al. where values of 2.1 G and 8.4 G were utilized as limiting values; respectively 
[74].  The values of Ms range typically from 0 to 1, with 1 indicating high mobility and 0 indicating 
restricted mobility. EPR spectra were also fit using chili and esfit functions of EasySpin [71] to 
obtain correlation times (Figure S12; Table S9).  Table 2 summarizes values of ΔH0

-1 Ms and c for 
each R1-labeled BSLA construct studied here. Our initial goal was to utilize computational analyses 
to predict site that once labeled with R1 would give “fast limit spectra, with c ~ 0.5 to 1-2 ns. 
Results show c values span 0.7 to 1.7 ns, indicating the design strategy was successful in providing 
labeling site with the desired EPR spectral mobility. 

 

Figure 8. 100 G X-band EPR spectra for R1-BSLA plotted with normalized central line intensity and grouped 
according to secondary structure-type predicted by structural models. Spectra are plotted with 
normalized central line intensity.  

 A20R1

 S163R1

3320 3340 3360 3380 3400

 Y49R1

 Q121R1

 I12R1

 L108R1

Ho

3320 3340 3360 3380 3400

 Q150R1

Magnetic Field (G)

Loops or
End of helixes

b-sheet

 V54R1

Helix 
surface

L108R1

I12R1

Q121R1

Q150R1

S163R1

V54R1

Y49R1

A20R1

Magnetic Field (G)



 
The CW (X-band) EPR spectral line shapes of the 8-spin labeled R1-BSLA constructs are shown in 
Figure 8 and are grouped according to the secondary structure components observed in the X-ray 
co-ordinate structure (PDB ID 1ISP), and for which DPPS analysis of our atomistic simulation agree. 
This effective phase space analysis of the EPR spectra shown in Figure 8 is plotted in Figure 9; 
showing excellent agreement with the EPR spectral features and structural components where 
they reside in BSLA. 

 

Figure 9.  Plot of the inverse second moment (for 100G integral area normalized scan) versus 
inverse central linewidth for R1-BSLA EPR spectra compared to data reported in the literature for 
R1 incorporated into loops (gold), helical surfaces (blue), tertiary contact in helices and sheets 
(green) and buried locations (pink) [48]. 

Table 2. Summary of EPR line shape parameters for R1-BSLA. [a]  

Variant ΔHpp 

(±0.05G) 
Ms 

(±0.03) [a] 
τc 

(± 0.1 ns) [b] 
Structural element 

I12R1 2.28 0.89 0.9 loop 

A20R1 3.40 0.49 1.1 helix 

Y49R1 3.21 0.54 1.2 helix 

V54R1 2.96 0.61 1.2 helix 

L108R1 2.36 0.85 0.8 loop 

Q121R1 1.95 1.11 1.2 loop 

Q150R1 4.17 0.34 1.8-2.2 Beta sheet 

S163R1 2.86 0.65 0.8 helix 

[a] Ms is calculated as described by Hubbell and co-workers.[74] 
[b] Determined from fits with Easy Spin[71] using parameters reported by Hubbell and co-workers. [72-75]  

 

Sites Q121R1, L108R1 and I12R1 are in loop regions of BSLA and have spectra with Ms > 0.8 and  
ΔH0

-1 and <H2>-1 that cluster in the highly mobile region of this phase space with spectra consistent 
to those of other proteins that are labeled within “loop regions”. Inspection of the BSLA structure 
reveals that I12R1 is in a mobile loop, Q121R1 occurs at the end of a surface exposed beta-strand, 



which has higher crystallographic b-factors than the buried beta-sheets of BSLA, and L108R1 
appears at the edge of a small helical turn. All these structural sites would be expected to generate 
R1 spectra reflective of high mobility, as the results confirm.  
 
The most immobile spectrum is observed for site Q150R1, which resides in the middle of the 
surface exposed face on the outermost beta-strand of BSLA. The backbone structure of the beta-
strand is expected to provide the decreased mobility of the nitroxide seen at this site. In general, 
analysis of R1 mobility within beta-sheets can be problematic due to local interactions [91-93], 
however, the results obtained within are consistent with our expectations. The remaining four R1 
sites all reside on the surface of alpha helices. A20R1 resides within the middle of a surface helix, 
with V54R1 and S163R1 occupying a position near to the helical ends. Although Y49R1 appears 
near the end of the helix, this site might come into tertiary contact with other surface residues of 
the nearby helix. Overall, the lineshape analysis of the X-band EPR spectra confirms the expected 
surface location with little to no tertiary contact. 
 
 

3.5 Mobility from MD Atomistic Simulations 

 
As discussed above, one of the motions that affects the nitroxide EPR spectral lineshape is the 
mobility of the protein backbone. The mobility of the backbone of WT- and R1-BSLA constructs 
can be evaluated via RMSF calculations (Figure 10A). Additionally, RMSF calculations of each BSLA 
variant compared to WT to generate RMSF values (Figure 10B) reveal if and how incorporation 
of the R1 side chain modulated mobility compared to WT BSLA, which reveals deviations in 
mobility by the incorporation of the R1 substitutions, with the locations of the spin labels 
annotated in the graph. When analyzing these data, the C- and N- termini of each construct (and 
their deviations from WT) were disregarded; as termini are unstructured and hence exhibit a large 
conformation space that cannot be effectively sampled across simulations.  
 
Figure 10 B shows deviations in mobility from WT for regions of residues 10-20, 110-120 and 130-
140 as the RMSF values in these regions exceeded a 0.88 Å cutoff, which represents the the 
range of the RMSD values of WT BSLA for its 2 s simulation. Of these, DSSP analysis shows 
residues 10-20 are observed to switch back and forth for short periods of time between a 3-10 
helix and bend conformation and 130-140 switch back and forth between a 3-10 helix and α-helical 
conformation (Figures 4A and S13). Hence, we attributed the small differences seen in mobility 
across these residues to be attributed to the arbitrary definitions used in each method to sample 
this type of structural transition. Sampling of such  transitions is beyond the scope of the work 
presented here, which might require enhanced sampling methods, such as the use of adaptive 
steered molecular dynamics by Zhuang and coworkers.117 The remaining region of perturbed 
mobility is seen for residues 105-120, and is most dramatic for constructs V54R1 and Q121R1 
compared to WT.  The impact of the Q121R1 substitution on mobility of its local region may not 
be surprising given this residue occupies the end of a beta strand where the substitution is shown 
via CD and DSSP analysis (Figure 6) to increase turn characteristic and remove beta structure, as 
shown in the increased dynamics seen in the atomistic simulations. We also see experimentally 
that the Q121R has the largest perturbations in enzymatic activity and thermal stability when 
compared to WT and the other R1-BSLA constructs (Table 1). In contrast, site V54R1 is distally 
located from the 105-120 region, but by hydrophobic cluster analysis via Protein Tools [94], V54 
is contained within a hydrophobic cluster connected to the unstructured loop 110-122 through 
hydrophobic contacts to L114. V54R1 retains 90% catalytic efficiency and only shows a 2°C 
decrease in thermal stability. So, although this substitution appears to impact dynamics via 



atomistic simulation, there is only a minor perturbation on thermostability and enzymatic 
function. 
 

 

Figure 10. (A) RMSF plot as a function of residue number for WT and all R1-BSLA constructs. (B) 
Plot of DRMSF to reveal the difference in mobility over all residues induced by a given R1 
substitution. Sites of each substitution are labeled with vertical lines.  
 

 

4. Conclusion 

The experimental results for the eight R1-BSLA variants demonstrate a success of the computationally 
based rationale for choosing sites to incorporate a cysteine substitution for labeling with MTSL for EPR 
investigations. CD data confirm minimal perturbation to the protein secondary structure, and by 
considering hydrogen bonding interactions within the protein structure the R1-BSLA variants have no 
significant perturbation in enzyme function or thermal stability. Our original design strategy did not 
include consideration of hydrophobic clusters as we assumed that none of these residues would appear 
“surface exposed”. Interestingly, site V54, although not showing major perturbations to structure or 
function, did slightly impact local dynamics and is contained within an identified hydrophobic cluster in 
BSLA.  Hence, for future investigations, the results suggest additional screening for amino acids involved 
in hydrophobic clustering be removed during selective filters for choosing sites for spin-labeling that 
would minimize perturbations to structure, dynamics, and function. 
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