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Abstract: In the present work, the influences of n—n interactions in superoxide
dismutase (SOD) active centers were analyzed. The majority of the aromatic
residues are involved in -7 interactions. Predominant type of interacting pairs
is His—His and His—Trp pairs. In addition to m—n interactions, 7 residues also
form m-networks in SOD proteins. The m—n interactions are most favorable at
the pair distance range of 5-7 A. We observed that most of the m—r interactions
shows stabilization energies in the range from —4.2 to —12.6 kJ mol'!, while the
metal assisted m—m interactions showed an energy in the range from —83.7 to
—334.7 kJ mol-!. Most of the n— interacting residues were evolutionary con-
served and thus probably important in maintaining the structural stability of
proteins through these interactions. A high percentage of these residues could
be considered as stabilization centers, contributing to the net stability of SOD
proteins.

Keywords: superoxide dismutase; dispersive forces; catalytic site.

INTRODUCTION

Interaction between the arene systems (m—m) has been recognized as a key
stabilizing force in supramolecular chemistry, drug design, biochemistry, crystal
engineering and molecular science.! -0 Interactions between aromatic amino acid
side chains are abundant in proteins, it has been reported and gained widespread
acceptance that majority (about 60 %) of all the aromatic residues in proteins are
involved in aromatic interactions and among them more than 80 % are involved
in imparting stability to proteins.”-8 The nature of m—m interaction was primarily
thought to be dispersive with notable electrostatic contribution depending on the
system in question.? At the supramolecular level, the aromatic rings can interact
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224 STOJANOVIC and ZLATOVIC

in different ways: stacked arrangement (face-to-face, perfect alignment, offset,
slipped, parallel displaced) and edge-to-face, T-shaped conformation.!9 Although
n—7 interactions are accepted as a weak, they still play an important role in the
folding and the thermal stability of proteins.!1:12 The calculated n—n interaction
energies of the parallel, edge—face (T-shaped) and offset stacked are —6.2, —10.3
and —10.4 kJ mol1, respectively,!3 and the major source of attraction is not short
range (such as charge-transfer), but long-range interactions (quadrupole—quadru-
pole electrostatic and dispersion).14 It has been suggested that the perpendicular
and the parallel-displaced configurations are more common than the sandwich
geometry as these, especially as the former one exposes three aromatic faces to
the outside, offering greater possibility for additional interactions with other
groups.!5 Aromatic residues show a high tendency towards forming clusters bey-
ond the dimer, having a significant influence on protein folding, structure, and
stability 216

The presented study expands on our previous work on the anion—n and cat-
ion—r interactions of SOD crystal structures by analyzing the same protein group
with respect to m—r interactions, in order to better understand their stabilizing
role.!7:18 We have focused our study at the SOD active centers and hence the n—n
interactions within a protein are not considered. Results from this study might be
used for understanding of structure-function relationships and can provide a new
dimension of molecular recognition and self-assembly.

EXPERIMENTAL
Dataset

For this study, we used the Protein Data Bank (PDB), accessed on May 10, 2021, at
that moment listing 183,118 resolved structures.!® The selection criteria for superoxide dis-
mutase to be included in the dataset were as follows: 1) crystal structures of proteins
containing E.C. Number 1.15.1.1 (superoxide dismutase) with metal were accepted; 2) theo-
retical model structures and NMR structures were not included (these structures were not
accepted as it was difficult to define the accuracy of the ensemble of structures in terms of dis-
placement that was directly comparable to the X-ray diffraction studies); 3) only crystal struc-
tures with the resolution of 2.0 A or better and a crystallographic R-factor of 25.0 % or lower
were accepted; 4) we included only representatives having at least 30 % sequence identity.
After assembling the dataset, several structures containing ligands and mutant amino acids
were rejected, leaving 43 proteins that were actually used as the dataset in our analysis. Hyd-
rogen atoms were added and optimized, where needed, using the program Reduce,?? with def-
ault settings. Reduce software adds hydrogen atoms to protein and/or DNA structures in stan-
dardized geometry, optimizing them to the orientations of OH, SH, NH;*, Met methyls, Asn
and Gln sidechain amides and His rings. Software determines best hydrogen positions by sel-
ecting the best overall score from all of the possible combinations, taking into the account
single scores assigned for each individual residue and for groups containing movable protons
partitioned in closed sets of local interacting networks. The PDB IDs of selected protein chain
structures were as follows: lar5:A, 1cbj:A, 1d5Sn:A, 1hIS:A, lids:A, lisa:A, 1kkc:A, 1luv:A,
Imy6:A, 1gnn:A, 1srd:A, 1to4:A, lunf:X, 1xre:A, 1xuq:A, 1y67:A, lyai:A, 1yso:A, 2aqn:A,
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-1 INTERACTIONS IN SOD 225

2cw2:A, 2g0j:A, 2rev:A, 2wTw:A, 3ak2:A, 3cel:A, 3dc6:A, 3evk:A, 3f71:A, 3hls:A, 3js4:A,
3lio:A, 3lsu:A, 3mds:A, 3pu7:A, 3tqj:A, 4br6:A, 4cTu:A, 4f2n:A, 4ftk:A, 4yet:A, 5a9g:A,
5vi9:A and 6bej:A.

77 interaction analysis

A computer program Discovery Studio Visualizer 20202 was used for the calculation of
various types n—r interactions and their geometrical features with default settings (Fig. 1). n—n
interactions are determined following the methodology of McGaughey.!® This method finds
stacked and staggered m—m interactions by performing the following tests: 1) the distance
between the centroid of each pair of & rings is determined to find those which fall within the
n—m centroid (Rye,) cutoff distance (R, < 7 A). For these, an atom from each ring should be
within the closest atom distance (R,) cutoff distance (R, < 7 A). The angle 6 between the
normal of one or both rings and the centroid—centroid vector must fall between 0° and + €
angle cutoff (4 < 90°), and the angle 1 between the normal to each ring must fall between 0°
and + A angle cutoff (A < 90°). The aromatic systems include the aromatic side chains of the
residues tryptophan (Trp), tyrosine (Tyr), phenylalanine (Phe) and histidine (His). However,
as His can act either as cation or as an aromatic moiety depending on its protonation state, in
our study, both the possibilities are considered.

ring normal
Fig. 1. Parameters for m—m interactions: (R..,) the dis-
tance between the centroid of each pair of =« rings; (Rg,)
the distance between the closest atom of each = ring; (6)
the angle between the normal of one or both rings and the
centroid—centroid vector; and (1) the angle between the
normal to each ring.

ring centroid 79>

Computation of m—r interaction energy

In order to apply ab initio methods in determining the energies of m—m pairs on desired
level of theory, with sufficient level of accuracy and still in satisfactory time frame, calcul-
ations were performed on structurally reduced model systems: phenylalanine was simplified
to toluene (1), histidine to 5-methyl-1H-imidazole (2), tryptophan to 3-methyl-1H-indole (3)
and tyrosine was reduced to 4-methylphenol (4, Fig. 2).!7

Using of reduced model of large systems in calculations of specific intramolecular inter-
action is well known and already proved methodology,?? producing results accurate enough,
and still significantly reducing computation times and strength needed for them. Larger
models, like whole amino acids, or parts of protein chain, would unnecessary complicate cal-
culations and probably even bring in the errors. Numerous interactions mechanisms are pos-
sible in a larger protein structure, and a single binding energy computation cannot always cor-
rectly determine which of these interactions are present and to what amount they contribute to
overall stabilization. As a result, separating the involvement of the n—r interaction and their
energy contributions from the interacting pair residues involved in other noncovalent inter-
actions is difficult.
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226 STOJANOVIC and ZLATOVIC

CHjy
HNT
CHj \=\
1 2
OH
CHs
A\ : .
| I Fig. 2. Structurally reduced structures used for calculations
CH; of m—m interaction energy: 1 instead of Phe; 2 instead of
3 4 His; 3 instead of Trp; 4 instead of Tyr.

Ab initio calculations were performed using Jaguar from Schrédinger Suite 2018-1,23
using LMP2 method with triple zeta Dunning’s correlation consistent basis set?* and ++ dif-
fuse functions.?> All calculations were performed in vacuum. The LMP2 method applied to
the study of m—m interactions, showed to be considerably faster than the MP2 method, while
the calculated interaction energies and equilibrium distances were almost identical for both
methods.2¢ Several authors found that LMP2 represents an excellent method for calculation of
interaction energies in proteins.?’28 Sometimes, ab initio calculation results can be largely
influenced by BSSE, and considering it is mandatory, making the calculation times signific-
antly longer. Local correlation methods (such as LMP2) not only reduce the cost of the calcul-
ations, but the local Meller—Plesset second-order method LMP2 is well known for reducing
intramolecular BSSE.29-3!

Geometries of interacting structures were optimized using LMP2/cc-pVTZ(-f)++ level of
theory and their single point energies calculated at LMP2/cc-pVTZ++ level. For transition
metal atoms, we used the LMP2/LACVP** for geometry optimization and LMP2/LACV3P**
for energy evaluation with effective core potentials (ECPs). The LACV3P basis set is a triple-
contraction of the LACVP basis set,3? developed and tested at Schrodinger, Inc.?? Optimized
geometries were placed in space to match corresponding complexes by superimposing heavy
atoms onto their respective coordinates from crystal structures and then the energies of dim-
eric structures produced in that way were calculated.

The m—m interaction energies in dimers (n—m pairs) were calculated as the difference
between the energy of the complex and the sum of the energies of the monomers in their opti-
mized geometries. The m—7 interaction energies in the ternary complex with metal were cal-
culated as:

AEry = Enpn— (Emn t Er) (1
where Eynp, Evi; and E are the total energies of the ternary (metal-n—m), binary (metal-m)
and monomeric systems (r).33

Computation of stabilization centres

Stabilization centres (SCs) are defined as the clusters of residues making cooperative,
noncovalent long-range interactions.3* Measured as individual interactions, stabilisation forces
resulting from noncovalent long-range interactions are not very strong, but since they are
cooperative by their nature, in regions where they act in a group (SC), they could play an imp-
ortant role in maintaining the overall stability of protein structures. In order to analyse SC of
interaction-forming residues, we used the SCide program.3 The criteria SCide uses for deter-
mining SC are as follows: 1) two residues are in contact if there is, at least, one heavy atom—

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



-1 INTERACTIONS IN SOD 227

—atom distance smaller than the sum of their van der Waals radii plus 1 A; 2) a contact is rec-
ognized as “long-range” interaction if the interacting residues are, at least, ten amino acids
apart; 3) two residues form a stabilization centre if they are in long-range interaction and if it
is possible to select one—one residue from both flanking tetrapeptides of these two residues
that make, at least, seven contacts between these two triplets.34

Computation of conservation of amino acid residues

The conservation of amino acid residues in each protein was computed using the
ConSurf server.3® This server computes the conservation based on the comparison of the
sequence of given PDB chain with the proteins deposited in Swiss—Prot database3” and iden-
tifies ones that are homologous to the PDB sequence. The number of PSI-BLAST iterations
and the E-value cut-off used in all similarity searches were 1 and 0.001, respectively. All the
sequences, evolutionary related to each one of the proteins in the dataset, were used in the
subsequent multiple alignments. Based on these protein sequence alignments, the residues
were classified into nine categories, from highly variable to highly conserved. Residues with a
score of 1 are considered to be highly variable and residues with a score of 9 are considered to
be highly conserved.

RESULTS AND DISCUSSION

In this study, we have investigated the structural stability patterns of n—n
interactions in active centres of SOD proteins in relation to other environmental
preferences like preference of n—x interaction forming residues, interaction geo-
metries and energetic contribution of n—m interactions, stabilization centres and
conservation patterns. The analyzed protein set contains 43 protein chain crystal
structures and 1116 n—m interactions, there is an average of 26 m—m interactions
per active center in SOD.

Preference of aromatic residues for forming m—r interactions

We have analyzed the frequency of occurrence of aromatic amino acid resi-
dues which are involved in m—r interactions. The results are given in Table I. It
can be seen that the contribution of His residue exceeds those of other three
aromatic residues. The reason for this could be because, of all the aromatic amino
acids, His occurs most frequently in both coordination spheres of SOD active
centres.!7-38 The number of interactions involving other aromatic residues is sim-
ilar. We compared the occurrence of interacting pairs to find the preference by
SOD proteins (Table I). The highest percentage of interactions are seen between
His—His pairs. Among the hetero-pairs, the occurrences of His—Trp pair are more
frequent than other interacting pairs. Hence, these interactions may be quite imp-
ortant in the structural stability of SOD proteins.

A larger m-network will add more stability and play an important role in
understanding the structure of proteins.3® We analyzed the n—m networks in these
proteins as well. The analysis showed that about 73 % of the total n—m inter-
actions in the dataset are involved in the formation of multiple & interactions. The
connectivity of n-ring is found to increase along the length of a network from 2n
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228 STOJANOVIC and ZLATOVIC

to 7m. A large m-network can enhance the stability of a protein conformation and
can have a considerable influence on protein—ligand interactions. It has also been
shown that addition of an aromatic pair on the protein surface increases its stab-
ility.49 An illustrative example of a typical 7n-network of cambialistic SOD from
Propionibacterium shermanii is shown in Fig. 3.

TABLE I. Frequency of occurrence of n—r interaction-forming residues in active centers of
superoxide dismutase

Residue Number of occurrences?® Occurrence®, %
His 1067 47.80
Phe 256 11.47
Trp 510 22.85
Tyr 399 17.88
Total 2232 100
Interacting pair

His-His 344 30.82
His—Phe 64 5.73
His-Trp 204 18.28
His-Tyr 111 9.95
Phe—Phe 28 2.51
Phe-Trp 93 8.33
Phe-Tyr 43 3.85
Trp—Trp 69 6.18
Trp-Tyr 75 6.72
Tyr-Tyr 85 7.63
Total 1116 100

*The number of times a particular amino acid occurs in an appropriate interaction; “percent of amino acid occurs
in an appropriate interaction

Fig. 3. Example of a multiple 7 interactions (n-network) for the cambialistic SOD from
Propionibacterium shermanii (PDB code 1ar5); The interactions are marked with a
dashed lines (color version is given in Supplementary material to this paper).
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-1 INTERACTIONS IN SOD 229

Interaction geometries and energetic contribution of m—r interactions

On the basis of orientation of the aromatic rings, the m—m interactions
between two aromatic species have been broadly classified into three categories:
edge to face (T-shaped), parallel displaced, and parallel stacked.#! For example,
McGaughey et al. analyzed 505 proteins and determined that an offset parallel-
-stacked conformation was on average 4.2 kJ mol~! more stabilizing than a T-
-shaped geometry.10:42 We have also analyzed the frequency distribution of the
distance and angle parameters of n—x interacting pairs. These results are shown in
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230 STOJANOVIC and ZLATOVIC

Figs. 4 and 5. The distribution of the centroid—centroid distance (R¢epn) for m—n
interactions was found to be most favorable in the distance range of 5-7 A (Fig.
4a). This is because of T-shaped orientations having a longer R¢e, than parallel
orientations. At separation distances below 4.5 A, aromatic pairs are rarely obs-
erved, a result of obvious physical constraints. The plot of R, distance distri-
bution derived from m—m interaction pairs (Fig. 4b), shows distribution mainly
below 5.0 A. An analysis of the plane—plane angles (6) indicate that coplanarity,
capable to maximizing n—m stacking and packing,*> was observed in relatively
high number of cases (Fig. 4c). An analysis of angle 4 showed a preference for T-
shaped orientations with angles above 30° (Fig. 4d). The native structure is the
compromise of a large number of noncovalent interactions that exist in proteins
and the geometrical features relating two residue-types are expected to be rather
broad. Overall, there was no clear overall preference for either “stacked” or “T-
-shaped” arrangements. For the latter, a clear orientational preference has not
been determined experimentally.44.45
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To estimate the stabilization energy of the different 7—= pairs, energy calcu-
lations were carried out. To avoid calculation of more than 1000 interactions, we
carefully selected 200 structures representing almost all the interactions which
had been found. The results of calculations of the interaction energies for all
possible interacting pairs are presented in Fig. 5.

The calculated energies range between —33.5 and 16.7 kJ mol~!, with a most
populated bin in the range from —4.2 to —12.6 kJ mol~!. The energies calculated
for many of the m—m interactions are substantially stabilizing, with 16 % of the
total showing positive (repulsive) predicted interaction energies. The repulsive
nature of those interactions emerges from the unfavourable geometries of m—n
interactions in the crystal structures and is usually counterbalanced by other
interactions.!7 The strongest attractive interaction (—32.7 kJ mol™1) arises for the
His27-Tyrl1 pair in MnSOD structure from Escherichia coli (PDB code 1d5n;
Fig. 6a). The energies associated with m—m interactions may be important contri-
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-1 INTERACTIONS IN SOD 23 1

butors to the overall stability of biomolecular structures and complexes and to
their function through substrate binding and protein—protein interactions.

As support for the context of the m—m interactions in the protein structure
affecting the energetics of the system, we have analyzed the occurrence of
M-n—n (M = Zn2") interactions in the dataset and found 40 cation—m interactions
between Zn2* and the m systems of surrounding amino acids. For these ternary
complexes the interaction energies are large (at least ten times larger than those
calculated for individually interactions). The n—m interaction energies are large
and negative, ranging from —83.7 to —334.7 kJ mol~! due to the strong electro-
static effect caused by the proximity of the metal centre, thus revealing a syner-
gistic effect between the different interactions. Quantum chemical calculations
indicate that the metal ion assisted n—7 interaction strengths may become com-
parable in magnitude to that of the hydrogen bonding interaction. From our
results on the interplay between cation—m and n—m interactions we suggest that
these interactions can provide additional stability to the SOD proteins. Due to the
presence of a great number of cation—n and n—m interactions in biological sys-
tems, this effect is important and helps to understand some biological processes
where the interplay between both interactions exist. It also should be taken into
account in supramolecular chemistry and crystal engineering fields.3°

- . -
Fig. 6. Details of m—r interactions: a) the strongest attractive m—n interaction of Escherichia
coli MnSOD (PDB code 1d5n). The interaction is marked with a dashed line:
AHis27-A:Tyrl1; Reen =5.70 A, Ry, =3.61 A, #=59.77°, A =51.92°, E=-32.7 kJ mol};
b) interaction energy of n—m interaction in the presence of metal cation (Zn?") in Cu/Zn tomato
chloroplast SOD (PDB code 3pu7): A:Zn2"—A:His27-A:Tyr11; R,y =3.97 A, Ry, =2.98 A,
6=26.01°, 2 =41.21°, E=-327.7kJ mol'! (color version in SM).

In Fig. 6b, we showed structural details of the n—m interaction involving tran-
sition metal ion of bovine Cu/Zn Tomato Chloroplast SOD (PDB code 3pu?7).
The degree of cooperativity of cation—n and n—r interaction may be quantified by
comparing interaction energies in the absence of Zn2* (-19.3 kJ mol-!) and in
the presence of this cation (-327.7 kJ mol1).
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Stabilization centres and conservation of amino acid residues

Proteins should have well-balanced stability allowing structural fluctuations
and concomitantly ensuring the long-lasting equilibrium structure. Residues can
be considered part of stabilization centers if they are involved in medium or long-
-range interactions.3* We have computed the stabilization centers for all n—x int-
eraction forming residues in SOD active centers. Considering the whole data set,
45.2 % of all stabilizing residues are involved in building n—r interactions. It was
interesting to note that all residues involved in m—r interactions were included in
at least one stabilization center. These observations strongly reveal that these
residues may contribute significantly to the structural stability of these proteins in
addition to participating in n—m interactions.

The level of evolutionary conservation was often used as an indicator for the
importance of certain position in maintaining the protein’s structure and/or func-
tion.46 Among the n—7 interacting residues, 74.6 % of them showed a conser-
vation score of higher or equal to 6. From our results we are able to infer that
most of the amino acid residues involved in m—rm interactions might be evolut-
ionarily conserved and might have a significant contribution to the stability of
SOD proteins.

CONCLUSION

In the present study, the analysis of the role of n—r interactions in SOD pro-
teins indicate that most of the aromatic residues are involved in n—x interactions
and contribute significantly to the structural stability of SOD proteins. Consider-
ing the individual contribution of aromatic residues towards n—n interactions, His
residues are found to have exceeded the other three aromatic amino acids.
Among the interacting pairs, the His—His and His—Trp pairs have the highest fre-
quency of occurrence than other pairs. The significant number of n—n interacting
residues identified in the dataset is involved in the formation of n- networks. We
also find that all these interacting pairs are favorable in the distance range of 5—7
A. An analysis of the plane—plane angles indicate no clear overall preference for
either the “stacked” or “T-shaped” arrangements. The analysis of the energetic
contribution of the protein interacting residues has revealed that most of the n—=n
interactions have an energy in the range —4.2 to —12.6 kJ mol-l. The strongest
interactions (from —83.7 to —334.7 kJ mol-!) arise for the metal assisted m—m
interactions. We found that, all the residues found in 7m—m interactions are
important in locating one or more stabilization centers, 45.2 % of all stabilizing
residues are involved in building m—m interactions, providing an additional
stabilization of the SOD proteins. Moreover, the majority of the residues (74.6
%) involved in m—r interactions were evolutionarily conserved. In conclusion, the
results obtained from this study will be very helpful in further understanding the
structural stability and functions of SOD proteins.
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SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/11744, or from the corres-
ponding author on request.
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U3BOJ
HNCIIUTUBAE YJIOTE KATJOH—r UHTEPAKIIUJA Y AKTUBHUM IEHTPUMA
CYIIEPOKCHI-OIUCMYTA3A

CPBAH B. CTOJAHOBUR' 1 MAPHO B. 3/IATOBUR’

'Yuusepsuineimn y Beoipagy — Unciiuiiiyii 3a XeMujy, TexHOTOTUjy u Memanypiujy, Beoipag u ZXemujcxu
axynitewi, Ynueep3uiieii y beoipagy, Beoipag

Y oBOM pafly aHa/lIM3UPaHU Cy YTULAjU T—1 MHTEpaKLHja Y aKTUBHUM LIEHTPUMa CyTiep-
okcup-gucmyrtasze (SOD). BehuHa apoMaTUYHUX OCTaTaka je YK/byueHa y m—t MUHTepaKIuje.
[MTaposu His—His u His—Trp cy ZOMHUHAHTHH THI MapoBa y UHTepaKUWju. [lopen n—n UHTEP-
akuuja, m octanu takohe opmupajy n-mpexe y SOD npoTenHuMa. n—t HHTeparyjyhu napoBu
Cy HajTIOBOJBHHJH Y OIICeTy aucTaHuy of 5—7 A. Ipumernn cmo ma BehuHa -1 HHTepaKuyja
uMa eHeprujy y omcery on —4,2 o —12,6 kJ mol ™, mok Cy m—T UHTEPaKLHje y3 aCUCTEHLH]jy
MeTasa nokasane eHeprujy y omcery —83,7 no —334,7 kJ mol ™. Behura n—n HHTeparyjyhux
ocTataka OWJIM Cy eBOJyTHBHO KOH3€pBUpPaHH U MOIVIM OM OUTH Ba)XKHHU y OJp)KaBamwy CTPYK-
TypHe CTabWJIHOCTH KpO3 OBe MHTepakldje. BUCOK ImpolieHaT OBHX OCTaTaka MOKE Ce CMa-
TpaTH cTadUIU3allMOHUM LIEHTPUMa KOjU AoNpHHOCe HeTo cTadunHoctd SOD mpoTenHa.

(ITpumsbeHo 4. anpuia, peBuaupano 25. Maja, mpuxsaheno 11. jyna 2022)
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