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ABSTRACT

The surface hydration diffusivity of Bacillus subtilis Lipase A (BSLA) has been characterized by
low-field Overhauser dynamic nuclear polarization (ODNP) relaxometry using a series of spin
labeled constructs. Sites for spin-label incorporation were previously designed via an atomistic
computational approach that screened for surface exposure, reflective of the surface hydration
comparable to other proteins studied by this method, as well as minimal impact on protein function,
dynamics, and structure of BSLA by excluding any surface site that participated in greater than 30
percent occupancy of a hydrogen bonding network within BSLA. Experimental ODNP
relaxometry coupling factor results verify overall surface hydration behavior for these BSLA spin-
labeled sites similar to other globular proteins. Here, by plotting the ODNP parameters of relative
diffusive water versus the relative bound water, we introduce an effective “phase-space” analysis,
which provides a facile visual comparison of ODNP parameters of various biomolecular systems
studied to date. We find notable differences when comparing BSLA to other systems, as well as
when comparing different clusters on the surface of BSLA. Specifically, we find a grouping of
sites that corresponds to the spin-label surface location within the two main hydrophobic core
clusters of the branched aliphatic amino acids isoleucine, leucine and valine cores observed in the
BSLA crystal structure. The results imply that hydrophobic clustering may dictate local surface
hydration properties, perhaps through modulation of protein conformations and samplings of the
unfolded states, providing insights for how dynamics of the hydration shell is coupled to protein

motion and fluctuations.



INTRODUCTION

Lipases have several biotechnologically interesting characteristics.!” The extracellular lipolytic
activity of B. subtilis was first observed in 1979 by Kennedy and Lennarz.® However, intensive
molecular research did not start over a decade later in 1992, with the cloning and sequencing of a
lipase gene, lipA (lipaseA),” followed by recombinant expression, purification and functional and
structural characterizations.'® B. subtilis lipases are the smallest lipases known with molecular
masses of ~19.5 kDa, and are representative of lipases that have no lid domain.!!"" 1 Because of
this, they do not show any activation in the presence of an oil water interface; the catalytic serine
(Serine-77) is located on the surface of the protein and is freely accessible to the solvent.!!"!3
Recently, it has recently been proposed from molecular dynamic simulations that loop 1- within
B. subtilis lipase A (BSLA) can act as a “lid” and induce reorientation at an interface as a form of

enzymatic activation.'> '* Given its unique utility because of its status as a lid-less lipase,'" 1% 1

16 many studies have been conducted with the objective towards understanding its mechanism of
function'® as well as engineering BSLA to have enhanced thermostability, chemostability,

substrate specificity, and solubility.!”” Of particular interest is understanding modifications, such

as amino acid substitutions and polymer conjugation, that allow BSLA to function in organic

24, 25,32 34,36, 37

solvents,*” ionic liquids, and as solvent-free protein biofluids.

In summary, much work has been conducted in the quest to push the functional limits of BSLA as
an enzyme for biotechnological applications. Many of these studies touch on effectively
manipulating the intra-molecular forces and overall structure of the protein, while others rely on
modifying the surface of the protein in some form to bring about a desired effect. The focus of

characterizing the underlying mechanisms of these changes has demonstrated how protein



structure and intra-molecular interactions impact stability and function. Yet, the fundamental
characterization of the hydration of BSLA is known only from approaches to enhance solubility

within organic solvents.?" 33

Here, to further elucidate the local hydration dynamics around the surface of BSLA, Overhauser
dynamic nuclear polarization (ODNP) relaxometry is used to characterize the local hydration
within the 5-15 A sphere around each spin-label on the surface of a wild-type-like R1 BSLA
construct (Figure 1, Table S1). The results gained show a narrow dispersion in hydration behavior
for diffusive waters and bound water behavior that bunch together according to the location of the
reporters within two main hydrophobic clusters of the branched aliphatic amino acids isoleucine,
leucine, and valine (ILV) cores observed in the BSLA crystal structure. Thus, these results set a
reference for future comparative studies of other BSLA constructs and modified (bioconjugate or
tethered) systems. Additionally, the results imply that hydrophobic clustering may dictate local
surface hydration properties; perhaps through modulation of protein conformations and samplings

of the unfolded states.384®
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Figure 1. Two different views of spin-labeled sites in BSLA (PDB ID 1ISP) with Ca carbons
shown in Van der Waals format displayed in yellow for those sites substituted by cysteine.
Catalytic triad, S77-N133-H156, shown in red, with loop 1 (Y129-R142) — a hypothesized
amphipathic lid, rendered in cyan. Figure on the left (A) orients BSLA to show the typical alpha
beta hydrolase fold, whereas the ribbon diagram on the right (B) shows an alternative orientation
of the 8 spin-labeled sites. (C) R1 spin labeling scheme of a cysteine residue.

BACKGROUND FOR ODNP

Low-field ODNP relaxometry is a technique that combines X-band CW-EPR spectroscopy and 'H
NMR spectroscopy to probe local water relaxometry surrounding a nitroxide spin label.*-3! It
exploits the unpaired electron of the nitroxide radical to enhance the proton NMR signal of water
through polarization transfer via Overhauser cross relaxation.’> 3 This polarization transfer

happens locally from the cysteine substituted spin labeled residue giving hydration dynamic



information within 5-15 A of the nitroxide radical.**- > The water 'H nuclei signal enhancement is

determined by the polarization coupling efficiency (¢), calculated by the following equation:>% 33

1 for) = k, (cross relaxivity) |
¢ (coupling factor) = k, (self relaxivity)

Where k, and k, are local cross- and self-relaxivity (s™™) scaled for spin probe concentration,
respectively. These time dependent variables scale relative to the distance between the spin label
electron and the 'H water nuclei within 5-15 A. These relaxivities reflect the diffusive dynamics
of the amount of water within this distance. Equation 2 represents a relationship for ¢, based on
the applied force free hard sphere (FFHS)** model, demonstrating an analytical form of the spectral

density function J(w) thus describing a translational dipolar correlation time of local water (z).>
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Where, Equation 3 shows the form of the is the spectral density function, JFFSH (w, tc) ,defined

by the FFHS model.>*
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@e and on represent the proton and electron Larmor frequencies in radian/sec, respectively. At X
— band frequencies and electron lamor frequencies, relative with the standard use of a nitroxide
probe, @we = (2m)9.8 GHz and wun = (2m)14.8 MHz, making @ = wn approximately equal to @e. 7
is interpolated from the experimentally measured coupling factor (Equation 2), assuming the
spectral density function given in Equation 3. By using this relationship, it is possible to generate
a plot of § as a function of 7., and mark all the coupling constant values of previous hydration

studies (Figure 2). In this manner, ODNP relaxometry has been used to probe different types of



hydration environments.*% 5%-55-6 In this routine, the solid line in Figure 2 represents the theoretical
dependence of & on 7 dictated by Eq. 2 and Eq 3 and the dotted lines represent boundaries of bulk-
like(& >0.27), surface DNA and polyampholytes (0.153 < & <0.27), surface globular proteins
(0.076< £ <0.153), intermediate (0.043< & <0.076) and buried (& <0.043) hydration diffusivity.
These demarcations represent a semi-objective classification of water location determined from
the myriad of systems encompassing proteins, nucleic acids, polymers and lipid dispersions

previously characterized by ODNP by Han and co-workers, % 3357, 61-64.69
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FIGURE 2: Plot of collective literature-based & values and their modeled relationship to z * for
lipid systems (solid squares), proteins (grey circles), DNA (grey diamonds)®® and synthetic
polymers (white triangles).>% 36 37- 61-64. 69 Data obtained for R1-BSLA variants are shown as
orange circles. Figure modeled after those shown by Han and co-workers.’® The solid line is the
theoretical relationship between the coupling factor and the correlation time determined from the
spectral density function with the force free hard sphere model. Dotted lines represent designated
water-type areas characterized for systems studied by ODNP.



Han and co-workers have further shown that the ODNP cross-relaxation and self-relaxation
parameters can be further analyzed in terms of k- and kiow that allows for the selection of different
regimes of water motion in the analysis of hydration water dynamics.>® > %% €0. 68 Thig analysis
provides a differentiation of fast diffusing water (DW) on the picosecond timescale (ks), and
slower diffusing or “bound” water (BW — waters that have rotational correlation times dictated by
the macromolecule) on the millisecond-nanosecond timescale (kiow).* 3> ¢ Equation 4 gives the

relationship to calculate values of kiow.>°

5 7
kiow = gkp - gka 4

For easy comparison to other systems studied by ODNP relaxometry, a scaled parameter for DW
via Equation 5, can be obtained by referencing ODNP relaxometry parameters obtained for sites
on a macromolecule to those values obtained for a nitroxide spin-label in bulk water, ks bulk.”®

-1
koscaled = (M) (5)

ko buik

Because data for ko bulk > ko site as reported to date in the literature,®® Eq. 5 is written as an
inverse function to give values > 1, and this scaled parameter is referred to within as the relative
DW hydration, that scales this parameter to discuss quantitatively a slowing of the surface diffusive
water layer or can alternatively be viewed as reflecting on the “enthalpic cost for disrupting and
displacing the hydration water that is collectively strengthened by the attractive interactions
between the protein surface and the hydrogen-bonds of the local water network” ® compared to
those waters interacting with the nitroxide in water; which is defined as bulk hydration diffusivity.
Analogously, kiow enhancements, referred to within as relative BW, can be compared to bulk values

as defined by Equation 6. % ¢



kiow,sit
Kiow-enhancement = (M) (6)

Kiow,bulk

Note that Eq. 6 is not an inverse with literature reports showing ranges of this value from 0.25 to

~3 68

MATERIALS AND METHODS

Preparation of Spin-Labeled BSLA.

We recently generated a series of surface spin-labeled BSLA constructs (Figure 1), there are no
native cysteines in B. subtilis lipase A,”® and showed these spin-labeled variants retained near wild-
type structure, thermal stability, and enzymatic activity.”! Spin-label sites were chosen to reflect
high side-chain mobility, to have high surface accessibility and to be located close to locations of
future bioconjugation to surface lysine residues. The results of our studies are intended to elucidate
the relationships among sequence, structure, dynamics and bioconjugation in relationship to
surface hydration for understanding rational protein engineering of the BSLA surface to achieve
specific desirable properties and protein function. Here, wild-type, cysteine substituted variants
(I12C, A20C, Y49C, V54C, L108C, Q121C, Q150C, and S163C) of wild-type BSLA sequence
(Table S1) within plasmids were transformed into L21(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-p-galactoside) for 24 hours. Protein was isolated, purified, and spin-labeled via a

29,7172 a3 is described in detail in the

procedure we modeled after those reported earlier by others,
Supporting Information. Finally, the spin-labeled samples were verified via mass spectrometry

(Table S2) and stored at 20°C in a buffer of 10 mM Na>HPOs4 at pH 7.0.



ODNP sample preparation. Approximately 3.5ul of a given R1-BSLA construct in 10 mM
Na:HPOs4 at pH 7.0 in was drawn into 0.6 mm [.D. x 0.84 mm O.D. Supracil/quartz capillary tubes
(Fiber Optic Center; New Bradford, MA), via capillary action. The samples were sealed with a
protective layer of Critoseal on the top and bottom. The concentration of WT and spin labeled
BSLA constructs were calculated by measuring A2gonm value at diluted volumes of each stock
solution in triplicate. The theoretical molar extinction coefficient of the enzyme is 24,410
M 'em™!.% Spin label concentration was verified by comparing the double integral area of the R1-
BSLA EPR spectrum to those from X-band CW EPR spectroscopy of a TEMPO standard curve
and was > 90% comparable to A2sonm measured protein concentration. Given comparable spin label
concentration and > 95% spin labeling efficiency determined through mass spectrometry mass
analysis, final protein concentration used for sample preparation and data analysis was determined
from TEMPO standard curve, as the MTSL moiety likely increases the theoretical molar extinction
coefficient, rendering A2sonm values that have a systematically higher value than that determined
from UV-VIS measurements. X-band (9.5 GHz) CW-EPR absorption spectra for standard curve,
spin-concentration, and verification of sample integrity before and after ODNP, were collected at
room temperature using a Bruker ES00 spectrometer with a dielectric resonator. Spectra were
reported as an average of 16 scans with 120 G sweep width, 0.6 G modulation amplitude, 100 kHz
modulation frequency and 2 mW incident microwave power. EPR spectra were baseline corrected
and double integral area normalized using Origin software. Each sample was prepared to ~ 200
UM protein concentration. BSLA tended to aggregate at higher concentrations. To achieve a
concentration suitable for ODNP measurements, solution parameters utilized in previous NMR

studies®® were employed. We also found that unmodified purified his-tagged BSLA* would

10



precipitate out of solution above 80 pM; hence this motivated our overexpression strategy’! to
follow the inclusion body approached of non-his-tagged BSLA utilized by Kaar and co-workers
in their NMR investigations,” as our ODNP signal enhancements were low for concentrations <

100 pL.

ODNP Data Collection.

All samples were run using a Bruker dielectric resonator modified with inserted ODNP probe
(Bridgel2, Inc,) with an X-band/Q-band Bruker E500 EPR spectrometer with a custom-built 2 W
9.8 GHz source similar to the one described by Han and co-workers.” The frequency of the
microwave source was set to ~9.6 GHz (monitored via a Phase Matrix, Inc. EIP model 28B
frequency counter) and determined by the field (~0.35 T) of the central resonance of the EPR
spectrum of the nitroxide labelled protein. The rf tuning circuit was tuned to ~14.8 MHz to match
the applied magnetic field. Microwave power was monitored by Gigatronics 8541C Universal
Power Meter. A Benchtop Techmag spectrometer was utilized for NMR data acquisition. The 90-
degree pulse width for the NMR experiment was set at 2 microseconds as determined by nutation
experiment. Recycle delays were typically set ~ 20 s to ensure 5-8x the longest 71. The 'H free
induction decay signal and the 77, ;1 relaxation time for each sample were measured as a function
of microwave power from 0 to ~400 mW. Both the 77, 1z and T1,0 (spin lattice relaxation of the
sample without spin label) was measured using inversion recovery pulse sequences. Each
enhancement and 77 experiment pair were performed in triplicate, where each run was performed
on a separate sample from the same purification/labeling batch and placed in fully cleaned (0.60
inner-diameter. x 0.84 outer-diameter). capillary tubes. Dried air, regulated to 25°C by passing

through a recirculating water bath, flowed past the sample. Data was analyzed via Microsoft Excel,

11



with the solver add-on used to generate fits for all data from this experiment, as performed
previously.®® ODNP data and analysis are given in the Supporting Information (Figures S9 and
S10, Tables S6 and S7) and follow the procedures described previously.* 6% ™ ®8Final plots for
Figures within were generated using either MS Excel, Origin 8.5 and protein image rendering was

done via VMD (version 1.9.3) or Biovia Design Studios.

RESULTS AND DISCUSSION

ODNP Data Analysis

Each R1-BSLA sample was subjected to three types of "H NMR experiments. The first of these is
the Overhauser DNP enhancement experiment, which records the ~14.6 MHz 'H NMR signal as
a function of applied microwave radiation (~ 9.6 GHz) to saturate the nitroxide spin resonance.
Analysis of the enhancement data provides values of ks (Figure 3). In the enhancement
experiment, the first data point is obtained by collecting a ~14.6 MHz '"H NMR signal from the
sample with no incident microwave power. Every datapoint succeeding this is collected with a
level of irradiated MW power. To minimize heating effects and to help prevent protein aggregation
over the course of the experiment, we vary the power of the data collection in a manner where all
even numbered attenuations of MW power were collected first, in descending order (32 dB, 30
dB, 28 dB, etc.), with odd numbered attenuations of MW power collected in ascending order
(16dB, 18 dB, 20 dB, etc.). Integrals of the 'H NMR signal obtained at different levels of MW
power are then processed via Equation 4, where I(p) and /(0) are peak integrals at microwave

€C__9

powers “p” and “p = 0” respectively.*’

12
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The second type of experiment is a series of ~14.6 MHz 'H NMR T measurements as a function
of ~ 9.5 GHz microwave power, Ti(p), that spans the powers utilized in the enhancement series.*’
It has been demonstrated that increased microwave irradiation leads to sample heating, thus
requiring 71 measurements as a function of power.*>0 Together, the values of &(p) are used in
combination with longitudinal relaxation time from the 71(p) experiments to calculate ks. As
mentioned by Franck and Pavlova, the e(p) can be written as shown in equation 5 and rearranged

to give Equation 6. >

We

e(p) = T1(p)kyss(p)Cs, o

0.015167) e(p)

kas(p) = ( T1(p)

Csy

Here, T1(p) is the NMR longitudinal relaxation time—i.e., the time constant for relaxation of the
NMR signal to thermal equilibrium, s(p) is the saturation factor (the net electron spin saturation
across all three hyperfine transitions of the nitroxide) for a range of microwave powers, p, CsL
is the concentration of the spin label, and we and wn are the electron and proton Larmor

frequencies, respectively.

13
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FIGURE 3: Plot of representative R1-BSLA ODNP enhanced 'H NMR signal curve according to
Equation 6. Data given here are for Q121R1. Dotted red line shows a fit to the data using Equation
7. Inset shows the corresponding 71 values determined for samples under the given value of
microwave power. Linear regression of the measured 71(p) was used to provide values in Equation
6. The increase observed in 71 as a function of applied microwave power indicates sample
heating.*%>°

Figure 3 show representative ODNP relaxometry enhancement data for BSLA with 71(p) results
shown as an inset. Enhancement and 71(p) profiles were collected for each R1-BSLA variants in
triplicate using fresh protein samples from a given purification of spin-labeled BSLA for each
experimental run. All enhancement and 7i(p) curves are given in the Supporting Information
(Figures S2-S9). Values for k, are obtained from fitting the enhancement curves to the right side
of Equation 7.

_ ksSmaxP

kos(p) =————
oS\D p1/2+p 7
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Here, p1 /pp @ parameter that reports the microwave power that achieves half saturation of the

electron spin transition, and K, Sy, 4, are the fit parameters. It is known that s,,,,, 1is approximately

49,50 \which is the case in our

equal to 1 for nitroxides tethered to biological macromolecules,
experiments, and hence it is possible to obtain k, through the fitting. Table 1 summarizes values

of k, obtained for all R1-BSLA variants.

Table 1. Summary of ODNP parameters determined for R1-BSLA.

Variant Ko (ko/ ko Kiow Kiow/ Kiow_bulk & Tc Tc/Tebulk
M ko'bulk)-l (s'™M1) (s'™M1) (x1ns)

112R1 41+ 5 230+0.29 43050 600 =100 1.6 £0.3 0.09 £0.02 182 2.31+0.29
A20R1 384+22 247+0.15 383 £25 550+40 1.47+0.19 0.100+0.006 180 2.47+0.15
Y49R1 444 +£1.7 2.13+0.10 460+20 670+30 1.78+0.21 0.096+0.002 187 2.13+0.10
V54R1 37.3+0.8 2.54+0.08 460 £+ 5 680+ 9 1.81 +£0.19 0.081£0.002 215 2.54+0.08
L108R1 30.8+1.2 3.07+0.14 340+10 493+14 1.32+0.15 0.091+0.002 195 3.08+0.14
QI121R1 43+3 2.18+0.16  330+20 450 + 30 1.20£0.15 0.131+0.010 141 2.20+£0.16
QI50R1 33.0+0.2 2.85+0.07 352+17 500+30 1.36+0.16 0.095+0.002 189 2.87+0.07
S163R1 33+3 2.86+0.27 360+40 530+80 1.42+£0.26 0.092+0.018 194 29+03

The “bulk” values for nitroxide (TEMPO) in water are 94.71 (s"M") and 375.1 (s'"M™) for k, and k;,,,, respectively.
These values were obtained from previous work by Frank et al.4% >

The third type of measurement is an NMR 71 experiment in the absence of any microwave
irradiation to obtain values for k,. The 71 measurements of the spin labelled, and non-spin labelled

. . . . 50
(WT) protein samples are then used in equation 8 to yield k,,.

15
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Where 71 and T, are the 71 measurements of the spin labelled and non-spin labelled (i.e. WT)
samples respectively. Values of k, for R1-BSLA variants are also given in Table 1. Next k, and
k, values are used to calculate the ODNP coupling parameter ¢ according to Eq (1). These
calculated values of values of & and their corresponding values of z (via Eq. 2 and Eq. 3) are
given in Table 1. Values of the ODNP coupling factors, &, for each R1-BSLA variant are given
in Table 1 and plotted in Figure 2 in a style consistent with the Han group presentation of X-band

ODNP results.>® Our results for BSLA are plotted in Figure 2 as orange spheres, where each shows

surface-like hydration diffusivity of the waters surrounding all of the chosen spin-labelled sites.

The ratio of &/&puik (or 7o/ 7epulk ), where bulk are the values obtained hydroxy-tempo in bulk

water 4% 50, 56

can be used as a comparative parameter to describe the effective impedance in
hydration diffusivity relative to bulk water.’® Our results indicate the hydration waters on the
surface of BSLA are 3-4 times slower than those of bulk water around a spin-label. Additionally,

the ODNP results demonstrate that the computational approach to picking surface sites of BSLA”!

resulted in successfully identifying surface-like hydration sites.

Distinguishing Diffusive Versus Bound Water on BSLA

As we described in our recent ODNP studies of an intrinsically disordered protein, A3, an analysis
of k, and ky,, values normalized to bulk water values plotted against one another provides a

graphical “phase space” that disperses the difference in hydration behavior arising from DW versus

16



BW scaled to bulk.® Figure 4 shows the phase space representing the heterogeneity of the
hydration environment of the BSLA for the surface sites we selected. Results show a relatively
tightly clustered region of hydration diffusivity for BSLA when compared to results for CheY,
which may be expected given our method of choosing reporter sites was to achieve comparable
surface hydration behavior at each site.”! For R1-BSLA variants, kgscated ranged from ~ 2-3 for all
sites. Results indicate that surface waters on BSLA diffuse similarly to GroES,¢ but more slowly
(i.e. higher kgscaled values), on average, than that on DNA> or peptides of CheY®® and the IDP 1A3

(not shown in Figure 4) % but less hindered (i.e. lower koscatea values) than DW on lipid bilayers

or membrane proteins, which have kgscated values ranging up to > 6 (not shown in Figure 4).6% 6.7

For R1-BSLA sites, klow enhancements range from ~1.2-1.8 (defined as the ratio to kiow of
TEMPO in water). Values of kiow enhancements > 1 are reflective of a population of bound water
molecules.®® The kiow enhancements for the R1-BSLA variants are similar to those observed for
some of the 5-mer CheY peptides but higher than others® and on average higher than for double
stranded DNA (12 bp and 24 bp),> and are higher than the dehydrated folding chaperone GroES

7 but lower than other sites investigated on CheY (Figure 4).

17
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Figure 4. The BSLA phase space overlaps with that of the globular protein Chemotaxis Y, studied
by Barnes et al.%° and all other points in this figure were adapted from previous studies on local
hydration dynamics.*>>% % Three additional sites on CheY were characterized and the data are left
off this plot because they have values that extend beyond the boundaries shown.

Relating Surface Hydration Dynamics to Hydrophobic Clustering

Understanding patterns and trends in this phase space and how they relate to protein structure may
help us identify the physical principles behind the changes in hydration environment from one site
to another, from one variant to another, and upon addition of bioconjugates. Although the ODNP
results for surface sites of RI-BSLA constructs occupy a tighter phase space than studies
performed on CheY, there does appear to be some dispersion of hydration behavior. Towards
elucidating the origins of the dispersion, we first evaluated if the pattern of the spread of diffusivity
parameters for the R1-BSLA constructs had any relation to the secondary structure identity of each
spin-labelled site. Figure SA shows that the secondary structure identity of the spin labeled site did

not directly appear to produce a straightforward pattern or trend in the phase space.
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Figure 5. Relative ODNP relaxometry hydration results plotted to separate relative DW behavior
(y-axis) from BW behavior (x-axis) for RI-BSLA. (A) Data points are shape and color coded
according to secondary structure type. (B). Phase space of BSLA variants labeled according to the
ILV cluster they reside. Error bars represent the standard deviations from three replicate
measurements with errors propagated accordingly. Errors for TEMPO (bulk water) were not
reported by Han and co-workers, so we estimated those values to be the average of all our errors
reported in Table 1.

Recalling evolution, design and folding studies of the tryptophan synthase TIM barrel

38-40, 42-48 and the impact of the hydrophobic sliding mechanism on HIV-1PR,7¢%2 we

protein
performed a structural ILV hydrophobic clustering of BSLA (PDB ID 1ISP). ILV clusters are
domains in the protein identified by calculating close contacts of the sidechains of Isoleucine (I),
Leucine (L) and Valine (V).!?! These clusters prevent the intrusion of water molecules and serve
as cores of stability in globular protein structures. Using this method, the structure of BSLA was
calculated to have two large (> 1000 A2) and two small (< 200 ILV A?) clusters (Table S4). The
amino acid residues that comprise these groups are given in Table S5. Cluster 1 occupies ~ 2900
A3 contains 71 contacts with an average of 3.9 contacts/residue. Cluster 2 occupies ~ 1800 A®,
contains 55 contacts with an average of 3.2 contacts/residue. The relative hydration phase space

of DW and BW is partitioned into these two main groupings that are separated based on their

location on the surface of either of the two large ILV clusters. Figure 6 shows three different views
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of BSLA indicating location of the R1 incorporation and residues comprising cluster 1 and cluster

Figure 6. Ribbon diagrams depicting three different views of the hydrophobic clusters in BSLA
(PDB ID 1ISP) rendered in VDW view with cluster 1 colored in dark cyan and cluster 2 colored
in bronze. Sites chosen for R1 incorporation are displayed in yellow in ball and stick format. V45
is displayed in VDW and yellow indicating this chosen site occurred at a residue contained within
an ILV cluster — yet still possesses surface accessibility. Active site residues S77, D133 and H156
are rendered in ball and stick format. Figures generated with Biovia Discovery Studio.

ILV analysis of the ODNP results reveals (Figure 5B) Rlsites in cluster 1 (A20RI,
L108R1, Q150R1, S163R1) have on average lower values of relative BW (1.38 =£0.07 vs. 1.60 +
0.28) and more hindered relative DW (2.82 £ .25 vs. 2.29 £ 0.17) than sites in cluster 2 (I112R1,
Y49R1, V54R1). If, in this evaluation we exclude site Q121R1 in cluster 2 as it appears to be an
“outlier” in its BW values compared to the other data for cluster 2, relative BW values become
1.38 £ 0.07 vs. 1.73 £ 0.10 with values of 2.82 + .25 vs. 2.33 + 0.20 for relative DW when
comparing sites in cluster 1 to cluster 2. Additionally, in support of the hypothesis that the
hydrophobic clusters influence the surface hydration properties, the relative hydration dynamics
(both DW and BW) of site L108R1(cluster 1) vary significantly from those of sites [12R1 and
Y49R1 (cluster 2), even though these residues reside within secondary structure elements that
extend outwards from the ILV clusters and are located within close physical proximity to one

another (Figure 6).
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QI21IRI is located within an unstructured loop (P115-G116-T117-D118-P119-N120-
Q121-K122) that extends outside of the hydrophobic cluster (Figure 6C; Figure S10) and is
comprised solely of polar/charged/structure depleting amino acids, like those found in intrinsically
disordered proteins (IDPs). 33-%¢ In fact, the relative BW behavior of Q121R1 BSLA, with value
of 1.2; is on par with those of the N-terminal yeast aspartic protease inhibitor IAs — which we
recently characterized by ODNP relaxometry,®® having relative BW values of 1.4, which is also
similar to the values obtained for the IDPs a.-synuclein,®> % Atau-187%*67 and 5-residue peptides.®
Accordingly, this implies that Q121R1 in BSLA, which has kiow enhancements ~1.4 has a sparse
to no BW population. Although, our earlier computational and experimental circular dichroism
studies of R1-BSLA variants showed that site Q121R had ~ 10% decrease in parallel beta sheet
character and an increase in “turn” typed secondary structure, with catalytic activity ~ 80% of WT
and a 3°C decrease in Tm of unfolding,”! we view these as minor perturbations to the BSLA
structure and function. We propose that the origin of the mitigated relative BW of Q121R1 in this
loop region (compared to other sites in cluster 2 and cluster 1) is dictated by the high percentage
of polar and charged residues of this loop; thus, resulting in relative BW hydration dynamics like

those of peptides of CheY and other IDPs.

Regarding cluster 1, the relative DW behavior at site A20R1 differs from the remainder of
the grouping. Although A20 is not considered within an ILV hydrophobic core, Figure 6C shows
that A20 is positioned in close contact with V54 of cluster 2. Thus, perhaps the location of A20
near the interface of the two cluster domains influences the relative DW hydration behavior. In
fact, relative DW values for A20R1 and V54R1 are quite similar. We further note that V54 is
contained within the cluster 2 core and makes hydrophobic contact with V39 (Figure S11).

Previously, our atomistic simulations indicate that V54R1 BSLA, compared to WT BSLA, may
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have increased backbone fluctuations for residues 110-122 and hypothesized this observation may

76, 77. 97 communication through the ILV cluster to L114."!

arise from hydrophobic sliding
Experimentally, the V54R1 substitution in BSLA resulted in a purified enzyme that retained 90%
catalytic efficiency with only a 2°C decrease in thermal stability. Again, we viewed these as minor
purturbations, not significantly different from any of the other R1-BSLA constructs, so not
expected to alter the DW and BW hydration behavior. Interestingly, the ODNP parameters for
V54R1 and A20R1, with similar DW values but different BW values, may provide a bridge or
continuum in the dispersion among values of DW and BW that impart an intermediate hydration

environment that corresponds to a structural/functional association at the interface between the

two hydrophobic ILV clusters.

Comparing Errors of Cross-Relaxation and Self-Relaxation Measurements.

The percentage errors in measurements of ks and kp averaged 5-6%; because kiow is determined
from both ks and k;, values (Eq. 9), the propagation of error increases the relative error in kiow to be
averaged near 8% for our studies reported here. This current level of error precludes a conclusion
to be drawn regarding the statistically significant separation of our data into two to three groupings
as more sites on the surface of BSLA would be needed for a more thorough and valid statistical
analysis. Nevertheless, the suggested pattern of separation of the hydration diffusivity of fast
diffusive waters and bound water behavior correlating with hydrophobic clusters advocates for
continued investigations into this potential relationship between structural fluctuations within a

given hydrophobic cluster and the impacts projected onto protein surface hydration dynamics.
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Conclusions

ODNP relaxometry measurements on a series of R1 spin-labeled BSLA variants reveal overall
surface-like hydration diffusivity. Spin-labeled chosen for this study were previously characterized
to have WT-like enzymatic behavior, secondary structure, backbone dynamics as well as thermal
stability as WT-BSLA."! These detailed studies allowed for evaluation in understanding the origins
of dispersion in DW and BW hydration parameters. Results indicate that hydrophobic core
clustering location correlates with the dispersion of relative DW and BW. Hence these results set
a foundation for comparison of hydration dynamics in BSLA as alterations are made to enhance
thermostability, stability in organic solvents, or bioconjugation for activity in ionic liquids.
Additionally, we propose that hydrophobic clustering may directly impact surface hydration
through transient sampling of the unfolded conformers. Further studies will be performed to test
this idea; as it seems reasonable based upon what is known about how amino acid substitutions

impact the folding pathway of the tryptophan synthase TIM barrel protein.>84% 4748
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