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Thermotoga maritima Arginine Binding Protein has been extensively characterized because of its peculiar features
and its possible use as a biosensor. In this characterization, deletion of the C-terminal helix to obtain the mono-
meric protein TmArgBP2°-233 and dissection of the monomer in its two domains, D1 and D2, have been per-
formed. In the present study the stability of these three forms against guanidinium chloride is investigated by
means of circular dichroism and differential scanning calorimetry measurements. All three proteins show a
high conformational stability; moreover, D1 shows an unusual behavior in the presence of low concentrations
of guanidinium chloride. This finding has led us to investigate a possible binding interaction by means of isother-
mal titration calorimetry and X-ray crystallography; the results indicate that D1 is able to bind the guanidinium
ion (GuH™), due to its similarity with the arginine terminal moiety. The analysis of the structural and dynamic
properties of the D1-GuH™* complex indicates that the protein binds the ligand through multiple and diversified
interactions. An exhaustive survey of the binding modes of GuH™ to proteins indicates that this is a rather com-
mon feature. These observations provide interesting insights into the effects that GuH™ is able to induce in pro-

tein structures.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The Arginine Binding Protein isolated from Thermotoga maritima
(TmArgBP) is a member of the Substrate Binding Proteins (SBPs) family,
a group of proteins which interact with the bacterial ATP-Binding Cas-
sette (ABC) system, responsible of the transportation of molecules
across the periplasmic membrane [1].

TmArgBP has been extensively studied not only for its possible use
as a biosensor but also for its peculiar structural features [2-9]. It specif-
ically binds arginine, with a dissociation constant (Kp) of 1.3 + 0.9 nM
[8], and is highly thermostable, having a denaturation temperature

Abbreviations: TmArgBP, wild-type Arginine Binding Protein isolated from Thermotoga
maritima; TmArgBP?°~23, residues 20-233 of TmArgBP; D1, domain 1 of TmArgBP; D2, do-
main 2 of TmArgBP; SBP, substrate binding protein; GuHCl, guanidinium chloride; GuH™,
guanidinium ion; RMSD, root mean square deviation; RMSF, root mean square fluctuation;
PDB, Protein Data Bank; CD, circular dichroism; RMSIP, root mean square inner product;
DSC, differential scanning calorimetry; ITC, isothermal titration calorimetry; PBS, phos-
phate buffered saline.

* Corresponding author.
E-mail address: graziano@unisannio.it (G. Graziano).

https://doi.org/10.1016/j.ijpiomac.2020.06.290
0141-8130/© 2020 Elsevier B.V. All rights reserved.

(Tq) of 114.9 4 0.3 °C in the ligand-free form [5], despite its loose do-
main swapped dimeric structure [8]. Given these characteristics, it is a
promising scaffold for an arginine biosensor, as already described in
the literature [5,6,8,10-12]. Moreover, the studies conducted so far
have shed light on important topics such as domain swapping [13]
[14], structure/function relationships [8,10], stability/flexibility issues
[15].

In one of the more recent publications on TmArgBP [10], a dissection
of the protein in its two major domains, named D1 and D2, is presented.
The domains are studied for their thermal stability and ability to interact
with arginine, and are compared to TmArgBP2%-2%3, the truncated form
of the wild-type protein, in which the terminal swapping helix is de-
leted to obtain a monomeric structure; D1 has a binding site for the ar-
ginine, and retains a good affinity for this ligand, while the isolated D2
does not interact with it, despite its cooperation in substrate binding
in the wild-type protein. Nevertheless, D2 presents a high thermal sta-
bility and represents an interesting system to investigate stability-
structure relationships in proteins [10].

To continue the study of the thermodynamics of these domains,
whose conformational stability against temperature has already been
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studied [10], the stability of TmArgBP?°-233 and its domains D1 and D2
against the denaturing action of guanidinium chloride (GuHClI) is here
investigated. Two approaches have been used: (a) chemical denatur-
ation of the protein samples is performed and recorded by means of cir-
cular dichroism (CD) measurements, and by analyzing data according to
the linear extrapolation method [16]; (b) differential scanning calorim-
etry (DSC) experiments have been performed in the presence of differ-
ent GuHCI concentrations. These experiments collectively show that
both domains proved to be very stable against GuHCI, with a GuHCI con-
centration at half denaturation larger than 4 M and a denaturation tem-
perature above 75 °C in aqueous solution with 2.5 M GuHCl. In addition,
D1 has shown an unusual behavior as it is stabilized by low concentra-
tions of GuHCI. Isothermal titration calorimetry (ITC) measurements
and the determination of the crystal structure of D1 in the presence of
GuHCI have provided a structural interpretation of this intriguing find-
ing. Moreover, a comprehensive analysis of the Protein Data Bank
(PDB) indicates that proteins and the guanidinium ion (GuH™") interact
through multiple and diversified interactions. The implications of this
observation for interpreting the impact of this ion on protein structures
are also discussed.

2. Materials and methods
2.1. Materials

Tris(hydroxymethyl)aminomethane hydrochloride (TrisHCI) and
sodium chloride (NaCl) salts were purchased from Sigma-Aldrich. Phos-
phate salts (NaH,PO,4 and Na,HPO4) were from J.T. Baker, while PBS
(Phosphate Buffered Saline) tablets were from Life Technologies/
Gibco. To prepare the buffer solutions, the salts were dissolved in
Milli-Q (Millipore, Bedford, MA) water. Guanidinium chloride (GuHCl)
was a ready-to-use 8 M buffered solution from Sigma Aldrich. Dialysis
membranes (cut-off 6000-8000 Da) were from Spectrum Laboratories,
Inc.

2.2. Protein cloning, expression and purification

TmArgBP?%-233, the monomeric form of the protein obtained by the
deletion of the C-terminal helix, and its domains D1 (residues 20-114
and 207-233 linked by a GGGGSG segment) and D2 (residues
115-206) were expressed and purified as previously described
[10,15]. The contructs of the domains D1 and D2 also bear a histidine
rich tag with sequence LEHHHHHH at the C-terminus to improve the
purification procedure. The D1 domain, which hosts most of the resi-
dues that cooperate for arginine binding, was purified in the arginine-
bound form. To obtain the ligand-free form, D1 was dialyzed against
6 M GuHCl for two days and then the denaturant was removed by ex-
tensive dialysis in a buffer solution containing 50 mM TrisHCl and
150 mM NaCl, pH 8, for 5-6 days; D1 was finally purified using a
Superdex S75 16/60 column, pre-equilibrated in the dialysis buffer.

Before the spectroscopic or calorimetric measurements, protein
samples were dialyzed in PBS solution at pH 7.4, and their concentration
after dialysis was obtained applying the Lambert-Beer equation by mea-
suring the absorbance at 280 nm and considering the theoretical molar
extinction coefficient calculated according to Pace et al. [17].

2.3. Circular dichroism spectroscopy

Circular dichroism (CD) spectra were recorded on a J-715 spectropo-
larimeter (Jasco Europe, Cremella (LC), Italy) equipped with a Peltier
temperature control system. Measurements in the far-UV region
(190-260 nm) were carried out at 25 °C using a 0.1 cm optical path
length cell. The parameters were set as follows: 4 s response time,
2 nm bandwidth, 20 nm min~! scan rate; the signal was averaged
over at least two scans.

Protein samples were diluted in 10 mM sodium phosphate buffer,
pH 7.4 at a final concentration of 0.1 mg mL™!. A buffer scan was re-
corded before each scan of protein samples.

To perform the chemical denaturation of each protein, 20 samples
were prepared keeping constant the protein concentration, and increas-
ing GuHCl concentration from 0 M to 7 M. The measurements were per-
formed in duplicate for each species. Reversibility was checked by
removing the denaturant by dialysis and repeating the CD measure-
ments under the same conditions.

CD spectra were corrected by buffer subtraction and normalized per
mole of residue. Denaturation curves were obtained by reporting the
molar ellipticity at 222 nm as a function of GuHCI concentration. The
sigmoidal curves were analyzed by means of the linear extrapolation
model, LEMV, fitted using a nonlinear least squares method, that assumes
a linear dependence of the denaturation Gibbs energy change upon the
denaturant concentration, i.e. A;jG = A4G(H,0) — m[Den] [16]. Accord-
ing to Pace et al. [18], the following equation has been implemented in
the Origin8 software package to perform a nonlinear regression:

(v? -+ mg[Den)) + (y% + my[Den]) exp ((—AqG(H20) + m[Den])/RT)
1+ exp ((—AgG(H20) + m[Den])/RT)

Here, y is the signal of interest (molar ellipticity at 222 nm, [6]227, at
different GuHCI concentrations); y2 and yJ indicate the intercepts of the
pre- and post-denaturation lines; mr and my, the corresponding slopes;
m the slope of the curve in the transition region; [Den] the denaturant
concentration at each point; R is the gas constant, equal to
8.314] mol~' K~! and T is the temperature expressed in Kelvin. This ap-
proach allows the calculation of the value of the Gibbs energy change as-
sociated with the denaturation process in the absence of denaturant,
A4G(H,0).

2.4. Differential scanning calorimetry

Differential scanning calorimetry (DSC) measurements were per-
formed on a Nano-DSC (TA Instruments, New Castle, DE, USA) under a
total pressure of 3 atm applied with nitrogen gas to both cells in the cal-
orimeter, and using a scan rate of 1 °C min—'. The samples were pre-
pared at a concentration of 0.4 mg mL™! in a 2 mL calibrated flask, by
mixing a suitable amount of protein and, where needed, denaturant
and then adding PBS buffer until reaching the final volume. In this
way any concentration error due to the different densities of the solu-
tions is minimized. The samples were then degassed for 5 min before
the measurements. Each measurement has been repeated twice; before
each one, a blank (consisting of buffer or buffer plus GuHCl) was re-
corded using the same sample parameters so as to subtract contribu-
tions not due to the sample. All thermodynamic data are given per
mole of protein (considering a molar mass of 23.7 kDa for
TmArgBP?%-22315.3 kDa for D1 and 11.2 kDa for D2).

The Nano-Analyze software package supplied by the manufacturer
has been used for data analysis. The excess molar heat capacity function,
<AC,>, is obtained after a baseline subtraction, assuming that the base-
line is given by the linear temperature dependence of the native-state
heat capacity. The denaturation temperature, Tq, corresponds to the
maximum of the DSC peak; the denaturation enthalpy change, AqH
(Tq), is the integrated area under the DSC peak. The uncertainties are
40.3 °Con T4 and within 6% of the reported value on AqH(Ty). The cor-
rectness of the use of the two-state N = D model to describe the dena-
turation processes is given by the closeness to one of the cooperative
unit parameter, CU, given by the calorimetric to van't Hoff enthalpy
ratio, CU = A4H(T4)/AqH(T4)vr [19,20].

The denaturation heat capacity change, A4Cp, couldn’t be obtained
directly due to the high denaturation temperatures [10]; an indirect
method has been used, based on the thermodynamic relationship be-
tween AqH(Tq) and Tg: AyC, = 0A4H(T4)/0T,. To apply this relationship,
different experimental conditions can be used, that are proven not to
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affect the final A4C,, value (i.e., pH variation, increasing denaturant con-
centration, etc.) [21]. An increasing denaturant concentration, but still
within the pre-denaturation region, has been used in the present study.

Having the A4C;, value, it is possible to determine the denaturation
Gibbs energy change at each temperature, A4G(T), and in particular its
value at 25 °C, using the Gibbs-Helmholtz equation:

AqG(T) = AgH(Ta)(1=T/Tq) + BaCp[T=Tg—TIn (T/Tq)]

2.5. Isothermal titration calorimetry

ITC measurements were performed using a Nano-ITC III (TA instru-
ments, New Castle, DE, USA) at 25 °C. A 35 uM D1 protein solution (li-
gand-free form) was titrated with a 300 pM GuHCl solution at pH 7.4.
Each injection was of 10 pL, with 500 s intervals between the individual
injections; the heat variation after each addition is measured with re-
spect to a reference cell filled with buffer. Small heat changes recorded
after full saturation, caused by ligand dilution and other nonspecific ef-
fects, have been subtracted from the areas of the initial peaks. Data
fitting was conducted with the Nano-Analyze software package sup-
plied by the manufacturer. The binding enthalpy change, A,H, is given
by the height of the sigmoidal binding curve; the stoichiometry of the
process comes from the molar ratio corresponding to the inflexion
point; the binding constant, Ky, which is the reciprocal of the dissocia-
tion constant, is obtained by fitting experimental data to an indepen-
dent binding model. ITC runs were repeated twice to evaluate the
reproducibility of the results.

2.6. Protein crystallization, data collection and structure refinement

Crystallization experiments were performed at 293 K on a solution
containing both the D1 domain and GuHCI by using hanging-drop
vapor diffusion methods. Crystals of the putative adduct were obtained
using a protein concentration of 6 mg mL™! and a medium containing
0.2 M NaCl, 0.2 M GuH(l, 0.1 M Bis-Tris (pH 5.5), and 25% (w/v) poly-
ethylene glycol (PEG) 3350.

Diffraction data were collected in-house using a Rigaku Micromax
007 HF generator equipped with a Saturn944 CCD detector at 100 K.
The data were collected by flash-cooling in the supercooled N, gas pro-
duced by an Oxford Cryo-system after the addition of 20% ethylene gly-
col to the harvesting solution.The data set was scaled and merged using
the HKL2000 program package [22]. The crystals, which contain two
molecules per asymmetric unit, belong to the P1 space group and
diffracted at 1.7 A (Table 1).

The structure of the putative complex was solved by molecular re-
placement using the program Phaser [23] and the structure of the
ligand-free form of D1 (PDB code 6GPD) as starting model. From this so-
lution a reliable model was obtained by the automatic modeling per-
formed with ARP/WARP [24]. The crystallographic refinement of the
structure has been carried out using the program REFMAC [25]. Inspec-
tion of the putative GuH™ binding site revealed the presence of electron
density that could correspond to the ion. In particular, the ion is clearly
visible in the pocket of one molecule present in the asymmetric unit
(Molecule A) (Fig. S1A), whereas the electron density observed in the
other one has been interpreted with a GuH" ion with a 0.5 occupancy
and with an alternative pair of water molecules also with a 0.5 occu-
pancy (Fig. S1B). Water molecules were incorporated into the structure
in several rounds of refinements. The final model presents R-factor and
R-free values of 0.162 and 0.187, respectively. The stereochemistry of
the final model has been checked by using both standard validation pro-
tocols (wwPDB validation, https://validate-rcsb-2.wwpdb.org/) and
Molprobity [26] and innovative approaches that are based on the eval-
uation of the conformation-dependent variability of the peptide geom-
etry (http://study.ibb.cnr.it/quiproqua/) [27-30]. As shown in Table 1,
the analysis of the final model performed using Molprobity indicates

Table 1
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Data collection and refinement statistics of the D1-GuH™ complex. Values in parentheses

are for the highest resolution shell (1.76-1.70 A).

Protein ArgBP D1-GuH™"
X-ray device Rigaku FROO7HF with CCD detector
Space group P1

a,b,c(A) 35.45, 45.81, 52.41
o, By (%) 64.07, 70.33, 90.02
Resolution range (A) 50.00-1.70
Wavelength (A) 1.54

Average redundancy 2.7

Unique reflections 25,777
Completeness (%) 85.0 (45.9)

R merge (%) 6.6 (25.1)
Average 1/0(I) 20.2 (2.7)
Asymmetric unit dimer

R/R-free 0.162/0.187

No. of residues 254

No. of ligand molecules 4 (2 GAL 2 EDO)
No. of water molecules 263

Mean B values (A2)

Protein atoms 19.8

Ligand atoms 20.0

Water atoms 28.0

R.m.s. bonds (A) 0.008

R.m.s. angles (°) 1.623
MolProbity statistics

MolProbity score 1.56

Clashscore, all atoms: 6.46
Ramachandran allowed 254/254 (100%)
Ramachandran favored 250/254 (98.4%)
Ramachandran outliers 0/254 (0%)
Favored rotamers 206/216 (94.1%)
Poor rotamers 4/216 (2.3%)

Cp deviation >0.25 A 0/232 (0%)

Bad bonds 0/2010 (0%)

Bad angles

5/2715 (0.18%)

that it is endowed with a good stereochemistry. Indeed, the @, values
of all residues fall in allowed regions of the Ramachandran plot with
the vast majority adopting favored conformations (98.4%). Moreover,
no bad bonds and C(3 deviations are detected whereas a negligible num-
ber of valence bonds presents a distorted geometry. To further evaluate
the accuracy of bond and dihedral angles of the final model, the variabil-
ity of backbone valence angles and of the peptide planarity as a function
of the local conformation was checked. As shown in Fig. S2 and Table S1,
the variability of these parameters follows the trends detected in highly
accurate protein structures [27-29]. The atomic coordinates of the D1-
GuH™ complex have been deposited in the PDB with the identification
code 6y16.

2.7. Molecular dynamics: models and protocol

Two independent molecular dynamics (MD) simulations were per-
formed on the crystallographic model of the D1 domain generated in
the present study. In particular, we performed the simulation on the
complex with GuH™ and, for comparative purposes, on the ligand-free
form of the domain that was obtained by removing the ion from the
binding pocket. The three-dimensional structure of molecule A was
used as starting model in the simulations. MD simulations were carried
out using the version 2018.3 of GROMACS package and the OPLS-AA
force field [31]. The protein models were solvated with water molecules
(the TIP4P model was used) in triclinic boxes imposing a minimum dis-
tance of 10 A between the proteins and the box. The systems were neu-
tralized adding sodium counterions. Electrostatic interactions were
treated by means of the particle-mesh Ewald (PME) method with a
grid spacing of 1.6 A [32], together with a 10 A cut-off for the
Lennard-Jones (LJ) interactions. The LINCS algorithm was used for
constraining bond lengths [33]. Systems were first energy minimized
using steepest descent and then equilibrated in two steps. In the first
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phase, the temperature of the systems was stabilized at 300 K for 500 ps
(NVT). Equilibration of pressure at 1 atm was then conducted for other
500 ps (NpT). The Velocity Rescaling and Parrinello-Rahman algorithms
were applied for temperature and pressure control, respectively [34,35].
The production runs were carried out for 200 ns for each system with a
time step of 2 fs. The convergence of the production runs has been
checked by calculating the root mean square inner product (RMSIP) be-
tween the two halves of the equilibrated trajectory considering the mo-
tion of the protein C* atoms along the first 10 eigenvectors [36,37]. In
detail, the last 100 ns of each trajectory was divided in two halves
(100-150 ns and 150-200 ns). The high values of the RMSIP (0.81 for
D1 and 0.83 for D1-GuH™) between these two trajectory portions sug-
gest that a satisfactory level of convergence is reached. Structural anal-
yses of trajectory structures were performed using GROMACS routines
and the program VMD [28,29,38].

2.8. Survey of guanidium-containing structures in the Protein Data Bank

The initial search for the protein structures containing the GuH" ion
was performed by interrogating the entire Protein Data Bank (release of
April 2020) using as a query the three letter code GAI that identifies this
ion in PDB files. The server identified 91 entries where GAI is present as
a standalone ligand. Of these, 10 entries were excluded as they corre-
spond to RNA-GuH ™ complexes. The remaining 82 GuH™" ion containing
protein structures (including the structure of D1-GuH™ here reported;
PDB entry 6y16) were initially analyzed in terms of the number of
GuH™ present in the asymmetric unit (Fig. S3 and Table S2).

Inspection of Table S2 highlights that some entries refer to the same
protein molecule. To avoid redundancy, when the same protein type
was reported in multiple PDB entries, we selected the one containing
the highest number of GuH™ ions in the asymmetric unit (A.U.). In the
case of entries containing the same number of bound ions, the structure
solved at the highest resolution was considered (Table S3). In the case of
the Arginase protein, two distinct entries (3cev and 2ef5) have been
considered in the analysis since the two proteins are derived from dif-
ferent species (B. caldevelox and T. thermophilus; 53.9% sequence
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identity). After this selection, we ended up with a total of 167 GuH™
ions bound (see GuH™ in A.U. of Table S2). The interactions established
by all these GuH™ ions with the protein residues (and cofactors/ions)
were computed using the LigPlus [39] server together with manual in-
spection of the PDB structures. LigPlus identifies the protein residues
or cofactor/ions interacting with ligands using the following criteria:
(a) a distance within 3.35 A for H-bonding and (b) a distance within
3.90 A for the interactions with the aromatic/aliphatic groups. Since
LigPlus does not consider interactions of the ligand with (i) water mol-
ecules and (ii) symmetry-related mates in the crystalline state, we indi-
vidually inspected all these entries using COOT and annoted also this
type of interactions.

As shown in Table S3, in 15 (entries underlined in the table) out of
the 37 entries selected for our analysis the asymmetric unit contains
more copies of the biological assembly (B.A.). In the latter cases, the
same enviroment of the GuH™" ion is frequently detected in the different
B.A. present in the same A.U. When this happens, to avoid redundancy,
we selected only one representative example of the repetitive binding
site within different B.A. present in the same entry. After this selection,
we ended up with a total of 117 protein-bound GuH™ ions (see the col-
umn GuH™ in B.A. of Table S3). Additionally, for multimeric proteins a
similar/identical enviroment of the GuH" ion is observed for the differ-
ent chains of the oligomer and, again, to avoid redundancy, we selected
only one representative example of the repetitive binding site within
protein oligomers. After this further selection, we ended up with a
total of 92 independent GuH™ ions bound (see independent GuH™ in
Table S3).

3. Results
3.1. Chemical denaturation

As in other substrate binding proteins, in TmArgBP the functionality
of the protein is assured by an intricate mutual rearrangement of its two

constitutive D1 and D2 domains (Venus fly-trap mechanism [40]). We
here investigated the stability against GuHCI of these domains in their

15 D

-
o
n

o o
L

N
o
T

>
-

[6],,z,, (deg dmol”'cm?)*10
&

-
o
T

210 220 230 240 250

Wavelength (nm)

200 260

Fig. 1. Left panels: chemical denaturation curves from CD measurements of A) TmArgBP?°-223, B) D1 domain and C) D2 domain. Right panels: reversiblity check of D) TmArgBP?°-2*3 E) D1
domain and F) D2 domain denaturation processes; black lines indicate native spectra, red lines represent the spectra of the denatured samples after GuHCI removal.
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Table 2

Parameters from chemical denaturation experiments on TmArgBP2°-2*3 D1 and D2, ob-
tained by fitting the corresponding plots of [6],2, versus [GuHCI] by the nonlinear least
squares method described in Section 2.3. The value of R? is 0.99 for each curve.

Sample Cip m A4G(H,0)
(M) (kJ mol~! M~1) (kJ mol 1)
TmArgBp20-233 5.0 11+ 1 54 + 8
D1 4.5 12+ 1 55+ 8
D2 5.9 8+ 1 46 + 7

isolated states and compared it to the one exhibited by the monomeric
functional form TmArgBP2°-23, All three proteins show a high stability
towards the denaturing action of GuHCI: the values of the denaturant
concentration at half of the transition, C; , are always larger than 4 M
(see Fig. 1 and Table 2). The GuHCl-induced denaturation curves, ob-
tained by recording the CD signal at 222 nm, have a clear sigmoidal
shape indicative of a cooperative process. The latter proves to be revers-
ible: the far-UV CD spectra of the three proteins, after denaturation and
suitable removal of GuHCI, prove to be close to those of fresh protein
samples (see Fig. 1). Denaturation curves, analyzed by means of the
LEM model, have given the values of the m parameter and denaturation
Gibbs energy change at zero denaturant concentration, A4G(H,0), listed
in Table 2. The conformational stability of the two domains, D1 and D2,
is similar to that of TmArgBP2°-23: the three AqG(H,0) values are all
around 50 k] mol . The m parameter values (i.e., 11,12 and 8 k] mol~"
M~ for TmArgBP?°-233, D1 and D2, respectively) are compatible with
cooperative processes. These findings are also in line with the functional
role of these domains. Indeed, as they are structurally independent
when the substrate is released, they must be intrinsically endowed
with a remarkable stability. Nevertheless, the C;/, values suggest a
greater compactness and stability of D2 ([GuHCl]; », = 5.9 M) compared
to D1 ([GuHCl]y 2 = 4.5 M), which hosts the binding site for arginine
and is probably more flexible. In this scenario, the intermediate stability
exhibited by TmArgBP?°-233 is not surprising.

3.2. DSC measurements

The stability against temperature of TmArgBP?°-233, D1 and D2 in
aqueous buffer solution has already been investigated, and the
temperature-induced denaturation proved to be reversible for all the
three proteins [10]. The experimental values of Tq and AqH(Ty), in the
absence and in the presence of GuHCI at concentrations ranging from
0.2 to 2.5 M, are listed in Table 3; the corresponding DSC traces are
shown in Fig. 2. On increasing the GuHCI concentration, the T4 and

Table 3
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Fig. 2. DSC curves of A) TmArgBP?°->*3 B) D1 and C) D2 in the absence and in the presence
of GuHCl at the concentrations indicated in the boxes.

AqH(Ty) values decrease significantly, as expected for the denaturing
action of the guanidinium ion. The process is reversible, and the CU
value is close to one in all the cases, indicating that the temperature-
induced denaturation of the three proteins can be described as a revers-
ible two-state transition.

By plotting the AqH(Tq) values versus the T4 ones at 0 M, 0.5 M,
1.0 M, 2.0 M and 2.5 M GuHCl for all the three proteins (an exception
is D1, for which the point at 0.2 M GuHCl is considered instead of the
point in the absence of denaturant, because of an unusual behavior
that will be illustrated in the next paragraph), it has been possible to ar-
rive at reliable A4C,, estimates by performing a linear least-square re-
gression (see Table 3). The value of A4C, derived experimentally for
D2, 6.8 + 0.7 k] mol™! K™, is greater than the one for D1, 4.9 +
0.5 kJ mol~!' K~. This is in line with the measured AqH(T4) values: in
aqueous buffer solution the denaturation enthalpy change is greater
for D2 than for D1, suggesting that more and/or stronger interactions
are broken in the former upon denaturation (see Table 3). The A4G
(25 °C) values calculated using the obtained A4C, estimates in the
Gibbs-Helmbholtz equation, are similar to the corresponding A4G(H,0)

DSC data of TmArgBP?°-233, D1 and D2 in the absence and in the presence of GuHCl and the derived thermodynamic parameters Aq4Cp and A¢G(25 °C), obtained as described in Section 2.4.
The reported Tq and AqH(Tq) values are the average of three measurements. The uncertainties are 0.3 °C on Tq, 6% on AgH(Tg), 10% on A4C, and about 30% on A4G(25 °C).

Sample [GuHCl] Ty AH(Ta) cu AGC, A4G(25 °C)
(M) (°C) (kJ mol~1) (kJ mol~" K~ 1) (kJ mol 1)
TmArgBP?0-233 - 105.3 1000 1.0 17 56
0.5 99.8 980 1.1
1.0 96.0 920 1.1
2.0 87.8 800 1.0
2.5 83.0 660 1.0
D1 - 95.5 450 0.98 5 50
0.2 94.7 480 0.99
0.5 924 460 0.98
1.0 89.5 460 0.98
2.0 833 430 0.96
25 75.6 380 0.97
D2 - 102.6 470 0.96 7 36
0.2 100.8 450 0.96
0.5 98.2 440 0.96
1.0 94.0 430 0.98
2.0 86.2 370 0.95
25 81.5 320 0.97
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values obtained from the LEM analysis of GuHCl-induced denaturation
curves. D2 appears to be less stable using DSC data, but it should be re-
membered that the A4G(25 °C) values are affected by a high error, be-
cause their calculation requires extrapolation over an extended
temperature range; so a small error in AqCp, causes a significant change
in the final A4G(25 °C) value. The normalization per residue of the A4G
(25 °C) values indicates a greater stabilization in the case of the D1 and
D2 domains than for the monomer (about 400 ] mol~! res™! for the do-
mains versus 260 ] mol~! res™! for TmArgBP?%-233),

3.3. Binding of guanidinium ion to D1

DSC measurements of D1 in the presence of GuHCI at low concentra-
tions gave an unusual behavior (see Fig. 3). In the presence of 0.2 M
GuHCI, D1 exhibits AgH(T4) = 480 k] mol ™!, higher than the value in
the aqueous buffer solution alone, which corresponds to 450 k] mol~;
the denaturation temperature decreases slightly from 95.5 + 0.3 °C to
94.7 4+ 0.3 °C (see Table 3). At low concentration, then, the guanidinium
ion does not act as a denaturant for D1, suggesting that different mech-
anisms from the usual ones (e. g., [41,42]) play a role. To gain perspec-
tive, it has to be noted that, in the case of D2, the T4 value decreases
from 102.6 4 0.3 °C for the sample in aqueous buffer solution alone to
100.8 + 0.3 °C for the sample in 0.2 M GuHCl, and A4H(Ty4) decreases
from 470 to 450 k] mol . This confirms that GuHCl acts as a denaturant
for D2 also at low concentrations. The different effects that GuHCl has on
the two domains at low concentrations may be due to the different role
that D1 and D2 have in the binding of arginine whose guanidinium
group closely resembles the GuH™ ion. Although both domains cooper-
ate into the binding of the substrate in the wild-type protein [8], only
the D1 domain is able to bind arginine in its isolated state [10]. This ob-
servation suggests the possibility that the GuH" ion may be able to bind
the D1 pocket, despite the lack of the other anchoring groups that facil-
itate arginine binding, and to establish favorable interactions that stabi-
lize the domain.

To evaluate and possibly corroborate this hypothesis, we initially
performed ITC measurements (see Fig. 4). These data clearly indicate
that the guanidinium ion interacts with D1. On the other hand, no bind-
ing has been detected by ITC measurements in the case of D2. Table 4 re-
ports the values of n, Ky, and ApH obtained from the titration of D1 with
GuHCl, in comparison to those obtained from the titration of D1 with ar-
ginine (taken from [10]). The stoichiometry of the reaction is 1, while
the binding constant K, = 2.9-10° M, about one order of magnitude
lower than that for arginine (3.6-10° M~ "). This finding is not surprising
as the aminoacid forms with the protein a larger network of interac-
tions, both polar/electrostatic and hydrophobic, than that of GuH™.
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Fig. 3. DSC profiles of A) D1 and B) D2 in PBS (black lines) and 0.2 M GuHCI (red lines).
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Fig. 4. Titration of apo-D1 with GuHCl followed by means of ITC.

The binding enthalpy change is ALH = —3.6 & 0.3 k] mol~! for
GuH™, a value much smaller in magnitude than that for arginine bind-
ing, —54 + 2 k] mol~! [10]. This finding indicates an entropy-driven
binding process in the case of GuH™, in contrast with the enthalpy-
driven binding process of arginine.

34. Structure and dynamics of the D1-GuH™ complex

To gain further insight into the possible interaction that D1 can es-
tablish with GuH™, we grew crystals of the domain in the presence of
0.2 M GuH(l], a concentration at which the guanidinium ion does not
act as a denaturant. The crystal structure of the complex between D1
and GuH™ has been solved to 1.7 A resolution (the refinement statistics
are listed in Table 1). The two copies of the domain present in the asym-
metric unit of the crystal of the D1-GuH™ complex show a very similar
structure, as indicated by the low value (0.234 A) of the root mean
square deviation (RMSD) computed on the C* atoms of the two chains.
Small RMSD values (Table S4) are detected when the D1 domain of the
D1-GuH™ structure is compared to the previously reported D1 struc-
tures (ligand-free and arginine-bound forms). Larger RMSD values
(Table S4) are found when the present D1 domain is compared to struc-
tures where D1 is embodied in larger contexts (monomeric and dimeric
structures of TmArgBP). The inspection of the D1 substrate binding
pocket showed the presence of electron density that was interpreted
as a GuH™ ion in molecule A, and as a mixture of waters and GuH™
ion in molecule B (Fig. S1).

The analysis of the crystallographic structure indicates that the
GuH™ ion is anchored at the arginine binding site of the protein. In par-
ticular, it is located in the portion of the pocket that binds the
guanidinium group of the arginine, the natural ligand of the protein
(Fig. 5A and B). The tight anchoring of the ion is due to different types
of interactions (Fig. 5B and C). Of particular relevance is the role played
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Table 4
ITC data from the titration of ligand-free D1 domain with GuHCI compared to the values
from its titration with arginine [10].

Injectant n ApH Ky

(kJ mol ™) (M)
GuHCl 1 —3.6 +03 29-10°
Arg (from [10]) 1 —54 42 3.6-10°

by the aromatic rings of Phe19 and Phe57 that sandwich the GuH™" ion
through cation-m interactions, as recently seen in other adducts be-
tween the GuH™ ion and lysozyme [43]. The ion is also anchored by
polar (carbonyl oxygen of Ser74 and Ser16 and the Oy atom of Ser74)
and charged (side chain of Asp18 and Glu23) groups. On the basis of
the extensive network of interactions established by the ion in the sub-
strate binding pocket of the domain, it is not surprising the effect that it
has on the D1 stability.

In order to gain a dynamic view of the intricate interaction network
that characterizes the GuH* anchoring by D1, we performed a MD sim-
ulation on the complex. We also carried out a simulation on the GuH™-
free form of D1 for comparative purposes. The stability of the domain in
the MD simulations was initially evaluated by analyzing the time evolu-
tion of some structural indicators as the root-mean square deviation
(RMSD) of trajectory structures against the starting X-ray crystallo-
graphic model and the gyration radius (Fig. S4). The monitoring of
these parameters indicate that in both cases the systems reached a sat-
isfactory level of stability in the simulation timescale. Inspection of the
RMSD variability highlighted a plateau region in the 70-200 ns time-
scale interval.

Analysis of the specific interactions that stabilize the complex in the
trajectory structures indicates that those identified in the crystalline
state are rather preserved throughout the simulation, although a tem-
poral variability can be detected. In particular, the inspection of the
cation-m interactions indicates that the side chains of both Phe19 and
Phe57 remain in proximity of the GuH™ ion throughout the simulation
(Fig. 6A and B). Analysis of the polar interactions that stabilize the bind-
ing was conducted by separately considering electrostatic (Figs. 6C and
S5) and H-bonding (Figs. 6D and S6) interactions. Elecrostatic interac-
tions are rather well preserved in the trajectory structures. However,
analysis of the distance evolution points out that the interacting oxygen
atom of the aspartic/glutamic side chains frequently changes as a conse-
quence of the flipping motion of terminal carboxylate groups. The dis-
tances reported in Fig. S5 suggest that also the nitrogen atoms of
GuH™ can swap, and that the ligand moves within the binding pocket.
A similar picture emerges on looking at the H-bonds formed within
the binding pocket: the contacts are dynamically preserved thoughout
the simulation (Figs. 6D and S6). The only significant difference with
the pattern observed in the crystal state is the interaction of the GuH™

ion with Ser16. While in the crystallographic structure GuH™ forms a
H-bond with the oxygen atom of Ser16 backbone, in the trajectory
structures this interaction preferably involves the 0¥ atom of its side
chain.

Finally, we evaluated the impact of the GuH™ binding on the global
and local flexibility of D1 domain. In particular, we compared the root
mean square fluctuations (RMSF) values obtained from the simulations
carried out on the GuH " -free and bound state of the domain. As shown
in Fig. S7, in both simulations the most rigid regions correspond, as ex-
pected, to the secondary structure elements of the protein. Notably, a
comparative analysis of the RMSF values indicates that the regions de-
puted to the GuH™ anchoring become more rigid upon its binding
(Fig. 7).

3.5. Guanidium binding to proteins: a comphensive analysis of PDB

The elevated number of diversified interactions that stabilize the
complex between D1 and GuH™ promped us to check whether this is
a peculiar or common condition for guanidinium binding to proteins.
To this aim, we interrogated the entire Protein Data Bank (release of
April 2020) looking for protein-GuH™* complexes. As detailed in the
Materials and methods section, we found 82 PDB entries containing
such complexes. These entries correspond to 37 distinct proteins
(Table S3). After a detailed curation of these entries to avoid redundancy
(see the Materials and methods section), we identified a total of 92 in-
dependent GuH™ ions bound (see independent GuH" in Table S3). All
of these binding sites were inspected by using LigPlus and molecular
graphics to unravel and classify the interactions that favor the ion bind-
ing to proteins. In particular, the following interactions were consid-
ered: (a) H-bonds (with main chain or side chain protein residues),
(b) hydrophobic (aliphatic or aromatic) interactions, (c) salt bridges,
(d) contacts between GuH'-Arg and GuH"-GuH™ groups, and
(e) interactions with cofactors and solvent. In Table 5, the frequency
of these types of interactions is reported as the percentage of GuH™
binding sites displaying them.

As a general observation, we found that most of the GuH™" ions make
aremarkable number of diversified interactions with their protein part-
ner (Table 5 and Fig. S8). Frequent contacts include H-bonds, electro-
static and hydrophobic interactions. Some representative examples
are reported in Fig. 8. Of particular relevance is the finding that hydro-
phobic contacts are observed in almost all binding sites. These include
interactions with both aliphatic (a total of 172 contacts) and aromatic
(a total of 44 contacts) groups. The analysis of the interacting geometry
between the ion and the aromatic groups indicates that these are stabi-
lized by either stacking (32%) or non parallel interactions (68%) (Fig. 8B
and C). A significant number of GuH" ions interacts also with other
GuH™ ions or with the guanidinium group of the Arg side chain for a
total of 25 contacts (18 with the guanidinium group of Arg side chains).

Phel9(A)

PheS7(A)

Gai301(A)

[

Ser74(A)

Fig. 5. A) Cartoon representation of the crystal structure of the D1 domain in complex with GuH™; B) Zoom view of the binding site. The residues of the D1 pocket that interact with GuH™
ion are represented as sticks. For comparative purposes, the arginine amino acid (white) as bound in the D1-arginine complex (PDB entry 6GPC) is also shown; C) Network of the

interactions established by GuH™" with D1 residues obtained with LigPlus [39].
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A significant portion of them presents a stacking geometry between the
GuH™ groups. It is important to note that, in these cases, the surround-
ing is frequently rich in negatively charged residues (Asp or Glu) that
render feasible this electrostatically disfavored interaction.

A remarkable number of GuH™" ions are located at the protein-
protein interface. We identified 39 out of the 92 GuH™ ions (42%)
forming interactions with symmetry related molecules. Additionally,
10 out of the 92 GuH™ ions (11%) are located at the protein-protein in-
terface between chains within the oligomeric assembly, whereas only 4
GuH™ ions (4%) are located at the interface joining different protein
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chains that are present in the asymmetric unit. Finally, although many
of these ions interact with water molecules, almost one third of them
do not interact with solvent, suggesting that they are buried either in-
side the protein or at water-inaccessible protein-protein interfaces.

4. Discussion
The conformational stability of TmArgBP?°-233 and its D1 and D2 do-

mains towards GuHCl has been investigated using a combined calori-
metric and spectroscopic approach. The obtained denaturation Gibbs
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Fig. 7. RMSF values computed on D1 C* (A) or side chain (B) atoms in the 70-200 ns region of the MD trajectories in the simulations of D1 (black) and D1-GuH™ (red). The protein region
containing the residues that interact with the GuH™ ion is shown. Residues Ser16, Asp18, Phe19, Glu23, Phe57, and Ser74 are highlighted.
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Table 5
The frequency of interactions established by GuH™ ions in our ensemble of protein
structures is reported as the percentage of GuH™ binding sites displaying them.

Type of interaction Percentage (%)

H-bond 58.7
H-bond with main chain 48.9
H-bond with side chain 21.7
Salt bridge 424
Hydrophobic 96.7
Aliphatic hydrophobic 85.9
Aromatic hydrophobic 38.0
Salt Bridge with cofactor 6.5
Hydrophobic with cofactor 33
Interaction with ion/metal 11
GuH™-Arg guanidinium group 17.4
GuH*-GuH™ 6.5
H-bond with water 70.7

energy values suggest a similar stability of about 50 k] mol~" at room
temperature for the three forms under study. This result gives a differ-
ent scenario from the previously publicated one [10]. It can be

rationalized considering that the lower stability may be compensated
by a greater structural flexibility, as it was already proposed for the ther-
mal stabilities of the ligand-free form and the bound form of
TmArgBP2°-233 [15].

The second interesting result is the interaction of GuH" with D1: an
unexpected increase in AgH(Tq4) was noted in thermal denaturation of
D1 in the presence of low concentrations of GuHCL It was hypothesized
an interaction between this protein, which hosts the binding site for ar-
ginine, and the GuH™" ion, which resembles arginine terminal moiety.
ITC measurements and the crystal structure of the D1-GuH™ complex
support this hypothesis. The GuH™ ion in the complex forms the same
interactions as the arginine terminal moiety; the binding affinity is
one order of magnitude lower, but the dissociation constant is still in
the micromolar range.

Analysis of the interactions that contribute to the tight anchoring of
the GuH™ ion to D1 shows that different protein groups participate to
the binding. In the complex, GuH* makes seven different contacts
that include H-bonds (involving both main chain and side chain
atoms), salt bridges, and hydrophobic interactions (Fig. 5). The ability
of D1 to establish multiple and diversified interactions with the GuH™

Y Asp84
S
[ )

U Gai1002\ _/

Fig. 8. Representative examples of the different types of interactions established by GuH™ in protein structures: A) network of electrostatic, hydrophobic, H-bonding interactions (PDB
entry 3u4f, chain C); B) example of aromatic hydrophobic and GuH"-Arg interactions (PDB entry 2ddz, chain E); C) network of hydrophobic interactions (PDB entry 6a4q, chain A);
D) GuH"-GuH™ interaction (PDB entry 1umj, chain A). Residues containing at least one polar atom within 3.35 A and/or one apolar atom within 3.9 A from the ion are reported. In
panel D, the residues of the two symmetry-related mates that cooperates to the GuH™" anchoring are denoted with one or two stars.
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ion could be due to the fact that its binding pocket has evolutionarily
been designed to anchor the GuH™ group. To discern whether the situ-
ation detected in the D1-GuH™ complex was a special or common one,
we did a survey of the entire PDB. The annotation and classification of
the interactions that GuH* makes with proteins indicate that the
guanidinium ion has a general propensity to make numerous and varied
contacts. A significant number of GuH™ ions make interactions with
water molecules, aliphatic and aromatic hydrophobic groups, polar
atoms, negatively charged residues and even posivitively charged
groups (Arg side chains and other GuH™ ions). Although the propensity
of this ion to make contacts with different chemical groups of the poly-
peptide chain has been extensively investigated [43-48], its ability to si-
multaneously make many different contacts should be a fundamental
factor for its denaturing action.

To provide a rationale for the denaturing action of GuHC], it is useful
to look at experimental data on the transfer from water to 4.9 M GuHCI
of simple hydrocarbons, at 25 °C and atmospheric pressure [49]. The re-
ported Gibbs energy changes, referring to the transfer from a fixed posi-
tion in water to a fixed position in 4.9 M GuHCl, are: AG(in k] mol™!) =
1.0 for methane, 0.5 for ethane, —0.1 for propane, —0.7 for n-butane,
and —1.1 for neopentane. These AG values indicate that the process is
not thermodynamically favored for small hydrocarbons, but becomes
favored for larger ones [49,50]. In addition, the AG value for toluene is
larger in magnitude than that for neopentane, AG(in k] mol™!) =
—1.8 versus —1.1 [49,50]. This finding suggests that: (a) the aromatic
hydrocarbon is slightly more soluble in 4.9 M GuHCl than an aliphatic
hydrocarbon of similar size; (b) the occurrence of cation-m interactions
[51]among GuH " ion and toluene ring has an effect on solubility. This is
supported by the finding that AG = —0.6 k] mol~" for the transfer of
benzene from water to 5 M GuHCI at 20 °C [52]. On the other hand,
the transfer of N-acetyl-tryptophanamide from water to 5 M GuHCI at
25 °C has AG = —3.7 k] mol~! [53], indicating that the presence of
two peptide groups attached to the indole aromatic ring increases solu-
bility for the establishment of favorable interactions with the GuH™ ion.
These experimental thermodynamic data confirm the ability of the
guanidinium ion to make favorable interactions with both polar and
nonpolar moieties emerged from the analysis of protein crystal struc-
tures, and provide a molecular rationalization of its denaturing action.

In conclusion, the study of the conformational stability against
GuHCI of the D1 and D2 domains of the monomeric form of TmArgBP
has suggested the formation of a complex between D1 and the GuH™
ion. This has been verified by means of ITC measurements and by solv-
ing the structure of the D1-GuH ™™ complex. The multiple and diversified
interactions in which GuH™ is engaged in the complex prompted us to
verify their commonality in all the protein- GuH™ complexes existing
in the PDB. The ability of the guanidinium ion to form multiple and di-
versified attractive interactions emerges as a peculiar feature of the
GuH™ ion, holding not only in protein crystal structures, but also in
aqueous solutions. This combined study gives a general rationalization
of the GuH™ denaturing action towards the folded state of globular
proteins.
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