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Abstract: In this work, the influence of amide—r interactions on stability and
properties of superoxide dismutase (SOD) active centres was analysed. In the
data set of 43 proteins, 5017 amide—n interactions were observed, and every
active centre formed averagely about 117 interactions. Most of the interactions
belonged to the backbone of proteins. The analysis of the geometry of the
amide—r interactions revealed two preferred structures, parallel-displaced and
T-shaped structure. The aim of this study was to investigate the energy
contribution resulting the from amide—n interactions, which were in the lower
range of strong hydrogen bonds. The conservation patterns in the present study
indicate that more than half of the residues involved in these interactions are
evolutionarily conserved. The stabilization centres for these proteins showed
that all residues involved in amide—r interactions were of use in locating one or
more of such centres. The results presented in this work can be very useful for
the understanding of contribution of amide—r interaction to the stability of
SOD active centres.

Keywords: catalytic site; distribution of distances; stabilization of the SOD
proteins.

INTRODUCTION

Noncovalent interactions involving aromatic rings (m-stacking, cation-—,
anion—n, X—H/m, efc.) play vital roles in many chemical and biochemical pheno-
mena.l=3 The attractive interactions between aromatic groups of amino acids and
nearby amides, in polypeptides and proteins (Ar—HN), are weakly polar and have
a quadrupole—dipole nature. These interactions can be effectively modelled by
the electrostatic interaction between the partial negative charge of an aromatic
ring and the partial positive charge of an amide hydrogen.* The strength of this
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interaction in vacuum (-1 to —4 kcal* mol~!) is almost comparable with that of a
conventional hydrogen bond (2 to —7 kcal mol~!1).4-¢ Therefore, the function
and the formation of Ar—NH interactions in the protein structure are heavily
dependent on the conformational consequences of stronger forces, such as the
conventional hydrogen bond. On the basis of the location of the NH group in a
polypeptide, the interactions between an aromatic ring and NH can be character-
ized as either Ar—NH(side chain) or Ar—NH(backbone). Furthermore, as the pro-
tein backbone is less flexible than the amino acid side chains, it should be simp-
ler to target amide stacking interactions through the structure-based drug design.”
Additionally, the large number of intra-protein hydrogen bonds involving back-
bone amides means that the n-face of these functional groups is typically more
accessible for the interactions with ligands.8

The importance of aromatic interactions in proteins were pointed out first by
Burley and Petsko,? in their work on interaction between phenylalanine residues.
Studies by Burley and Petsko suggested the involvement of Ar—NH interactions
in the stabilization of protein tertiary structures, on the basis of their spatial distri-
bution.10:11 Further investigations by various research groups established the role
of these interactions in the ligand recognition and the stabilization of secondary
structures, mainly B-sheets and helix termini.!2~15 The Diederich lab has taken
the lead in increasing our understanding of these interactions and the knowledge
gained from this structure-activity relationship study and the detection of the
binding mode has been continuing to inspire their use in rational design.16-22

The planar residues, such as His, Tyr, Asp, Arg, Pro, efc. are usually playing
an important role at the catalytic and binding sites.23 Furthermore, the amide
groups are abundant in protein binding sites, either as part of the backbone or
asparagine and/or glutamine side chains. Therefore, to explain the role of amide—
—7 interactions in the secondary and the local structures of superoxide dismutase,
as well as to improve the prediction of the amide—r interaction, 43 protein struc-
tures for the amide—m interactions between the aromatic ring of His, Phe, Trp,
and Tyr and the amide group of any residue in superoxide dismutase (SOD) act-
ive centres were analysed.

EXPERIMENTAL
Dataset

For this study, the Protein Data Bank (PDB) October 5%, 2020, list of 173,420 structures
was used.2* The selection criteria for the superoxide dismutase to be included in the dataset
were as follows: 1) the crystal structures of proteins containing E.C. Number 1.15.1.1 (super-
oxide dismutase) with metal were accepted; 2) the theoretical model structures and the 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 displacement, that was directly compar-
able to the X-ray diffraction studies); 3) the only crystal structures with the resolution of 2.0 A

*1kcal=4184 ]
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AMIDE-n INTERACTIONS IN SOD 783

or better and a crystallographic R-factor of 25.0 % or lower were accepted; 4) only repre-
sentatives at 30 % sequence identity were included. After assembling the dataset, several
structures containing ligands and mutant amino acids were rejected, thus leaving 43 proteins
that were actually used as the dataset in our analysis. The hydrogen atoms were added and
optimized, where needed, using the program Reduce,? with default settings. Reduce software
adds hydrogen atoms to protein and/or DNA structures in standardized geometry, optimizing
them to the orientations of OH, SH, NH;", Met methyls, Asn and Gln sidechain amides, and
His rings. The software determines the best hydrogen positions by selecting the best overall
score from all of the possible combinations, taking into the account individual 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 structures (protein chains) are as
follows: lar5:A, lcbj:A, 1d5n:A, 1h15:A, 1lids:A, lisa:A, 1kkc:A, Imy6:A, 1qnn:A, Isrd:A,
1tod:A, lunf:X, 1xre:A, 1xuq:A, 1y67:A, lyai:A, 1yso:A, 2aqn:A, 2cw2:A, 2goj:A, 2rcviA,
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, 4ffk:A, 4yet:A, 5a9g:A, SviD:A, 6bej:A, and 6gsc:A.

Amide—rm interaction analysis

For the selection of the protein structures having various types of amide—m interactions,
Discovery Studio Visualizer 2020 was used,2® with some specific criteria and geometrical
feature settings. Amide—m stacked interactions occur between an amide group and a 7 ring if
the following criteria are satisfied (Fig. 1): 1) the distance between the centroid of the amide
group and the 7 rings falls within the -7 centroid (max dist, Rye,; 7 A); 2) an atom from the
each group should be within the -7 closest atom (max dist, Ry,; 7 A); 3) the angle @between
the normal of one or both groups and the centroid—centroid vector must be between 0° and +
the stacked m—amide theta angle cut-off distance, and the angle y between the normal to each
must be between 0° and + the stacked m—amide gamma angle cut-off. The centroid of amide
group plane was taken as the midpoint of C and N atoms. Compared to the criteria applied in
the studies of small molecules found in the Cambridge Structural Database (CSD) these
criteria were a bit more relaxed. The slightly looser criteria were selected because the struc-
tural variations in crystal structures of proteins are generally larger than in crystal structures of
small molecules. The earlier publications confirmed = interactions as long-range interactions,
having notable binding forces even at intermolecular distances of 7 A.27-29

ring normal

ring centroid

Fig. 1. Parameters for amide— interactions: (R ;) the
distance between the centroid of the amide group and
the m ring; (R.,) the distance between m—m closest

0 atoms from each group; (6) the angle between the

\\ amide—centroid vector and a chosen vector on the
C—N .. . .

/ \ principle axis of the aromatic ring; and () the angle
R R' between the normal of each ring.
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784 STOJANOVIC, PETROVIC and ZLATOVIC

Computation of amide—n interaction energy

In order to apply ab initio methods in determining the energies of amide—r pairs on the
desired level of theory, with the sufficient level of accuracy and still in satisfactory time
frame, the calculations were performed on structurally reduced model systems.?’ We used
formamide (1) as mimics for amide groups. Phenylalanine was simplified to methylbenzene
(2), histidine to 5-methyl-1H-imidazole (3), while tryptophan and tyrosine were reduced to
3-methyl-1H-indole (4) and 4-methyphenol (5), respectively (Fig. 2).

o CH,
/7
H—C, HNT
NH, CH, \—N
1 2 3
CH, OH
@ Fig. 2. Structurally reduced structures used for
H calculations of amide—= interaction energy: 1 ins-
CH,
4 5

tead of amide; 2 instead of Phe; 3 instead of His;
4 instead of Trp; 5 instead of Tyr.

The use of a reduced model systems in calculations of specific intramolecular interaction
in large systems is a well-known and already proved methodology,?? producing the results
which are accurate enough, but significantly reducing the computation times and the strength
needed for them. Larger models, like whole amino acids, or parts of protein chain, will com-
plicate the calculations unnecessarily and can probably even bring in errors. Numerous inter-
actions mechanisms are possible in a larger protein structure, and a single binding energy
computation cannot always determine the accurate result, meaning which of these are present
and to what amount they contribute to overall stabilization. As a result, separating the
involvement of the amide—m interaction from the interacting pair, based on their energies
residues involved in other noncovalent interactions, is difficult.

Ab initio calculations were performed using Jaguar from Schrédinger Suite 2018-1,3!
using local Meller—Plesset second-order method (LMP2) method with triple zeta Dunning’s
correlation consistent basis set?2 and ++ diffuse functions.33 All calculations were performed
in vacuum. The LMP2 method applied to the study of amide—n interactions, showed to be
considerably faster than the MP2 method, while the calculated the interaction energies and the
equilibrium distances were almost identical for both methods.3* Several authors found that
LMP2 represents an excellent method for calculation of interaction energies in proteins.3%-36
Sometimes calculation results can be influenced largely by BSSE, so taking it into the account
is mandatory, therefore the calculation times are longer. The local correlation methods (such
as LMP2) not only reduce the cost of the calculations, but the local Meller—Plesset second-
order method LMP2 is well known for reducing the intramolecular basis set superposition
error (BSSE).37-39

Geometries of the interacting structures were optimized and their single point energies
calculated using LMP2/cc-pVTZ(-f)++ level of theory. The optimized geometries of mole-
cules were placed to match the corresponding complexes by superimposing heavy atoms onto
their respective coordinates, taken from the crystal structures, and the energies of dimeric
structures produced which were calculated way.
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The amide—n interaction energies in dimers (amide—r pairs) were calculated as the differ-
ence between the energy of the complex and the sum of the energies of the monomers in their
optimized geometries.

Computation of stabilization centres

The stabilization centres (SC) are defined as the clusters of residues which make cooper-
ative, noncovalent long-range interactions.*® Measured as individual interactions, the stabil-
ization forces resulting from noncovalent long-range interactions are not very strong, but since
they are cooperative by their nature they could play an important role in maintaining the
overall stability of protein structures in regions where they act in a group (SC). In order to
analyse SC of interaction-forming residues, we used the SCide program.*! The criteria SCide
uses for determining SC are as follows: 1) two residues are in contact if there is, at least, one
heavy atom—atom distance smaller than the sum of their van der Waals radii plus 1 A; 2) a
contact is recognized as “long-range” interaction if the interacting residues are, at least, ten
amino acids apart; 3) two residues form a stabilization centres if they are in long-range inter-
action 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.4!

Computation of conservation of amino acid residues

The conservation of the amino acid residues in each protein was computed using the
ConSurf server.*? This server computes the conservation based on the comparison of the
sequence of given PDB chain with the proteins deposited in Swiss—Prot database** and finds
the 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, that were 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 resi-
dues 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 con-
sidered to be highly conserved.

RESULTS AND DISCUSSION

A detailed analysis of the amide—m interactions in SOD involving backbone
and side-chain groups, which are fully or partially in the active centres, is presented
here. Our study was focused on the active centres, thus the amide—r interactions
within the rest of the protein structures were not considered. In the dataset, there
are 173,420 proteins. Using the geometrical criteria described in the Experimental
section, we found 43 protein crystal structures. The analyzed protein set contains
5017 amide—r interactions. Thus, on average, every active centre forms 117 inter-
actions. The quantification of such interactions is of great importance for a rational
approach to biological systems including protein structure and function, as well as
for the further development of drug design processes.

Distribution of amide—r interactions

The occurrence of different types of amide—m interactions found in the pre-
sent dataset is presented in Table I. We noticed that almost all of the interactions
were of backbone amide—r interactions type. These kind of interactions stabilize

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

(CC) 2021 SCS.



786 STOJANOVIC, PETROVIC and ZLATOVIC

tertiary and local structures and strengthen protein—ligand interactions.4 How-
ever, although all protein structures contain side-chain amide groups (Asn, Gln
and Arg) in the active centres, in our dataset those accounted for only 0.04 % of
all amide—r interactions. It has been found that among the aromatic residues, the
most efficient m-acceptor is the imidazole group of the histidine residue, followed
by the indole group of tryptophan and the phenol moiety of tyrosine. This might
be because, of all the aromatic amino acids, His occurs most frequently in both
coordination spheres of active centres.2?

TABLE 1. Frequency of occurrence of amide—r interaction-forming residues in active centres
of superoxide dismutase

Resid Amide b

esidue Number? Occurrence, %P Number Occurrence, %
Backbone 5015 99.96 — 0
Side-chain
Asn — 0 — 0
Gln 1 0.02 - 0
Arg 1 0.02 - 0
His - 0 1719 34.26
Phe - 0 633 12.62
Trp — 0 1461 29.12
Tyr - 0 1204 24.00
Total 5017 100 5017 100

4The number of times a particular amino acid occurs in an appropriate interaction; bpercent of amino acid
occurs in an appropriate interaction

A typical interface with some of the amide—r interactions involving back-
bone planar residues (A:lle36:C,0;Met37:N—A:His40) and side-chain residues
(A:GIn14:N-A:Tyr16) is shown in Fig. 3a and b, respectively.

Gin14

Fig. 3. Assorted examples of amide—r interactions for the MnSOD from Aspergillus fumigatus
(PDB code 1kkc); a) backbone amide—TT interaction, b) side-chain amide—r interaction. The
interactions are marked with pink dashed lines.

The analysis showed that around 70 % of the total interacting residues in the
dataset are involved in the formation of multiple amide—m interactions. In many
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crystal structures of superoxide dismutases it is shown that a backbone amide is
capable of binding with several aromatic residues. This type of interaction is
marked as furcation. An illustrative example of amide—r interactions involving the
presence of three aromatic groups surrounding one backbone amide is shown in
Fig. 4. A backbone amide group from A:Met37-Glu38 can interact with three
aromatic rings of A:His40, His42 and Trp92 simultaneously. This emphasizes the
previous findings that furcation is an inherent characteristic of the superoxide dis-
mutase.2? The importance of multiple non-covalent weak interactions for the
cooperativity and the governing of the multicomponent supramolecular assemblies
has been already reported.#> The another additional feature is the observed additive
property of these interactions, showing an effect on the strength of the host—guest
system.

Fig. 4. Example of a multiple amide—r
interaction for the MnSOD from Asper-
gillus fumigatus (PDB code 1kkc); the
interactions are marked with dashed
lines.

Interaction geometries and energetic contribution of amide—r interactions

The frequency distribution of the distance and the angle parameters of amide—
—T interaction pairs were analyzed (Fig. 5). The distribution of Ry, the centroid—
—centroid distance, for the amide—r interactions was found to be in the rather broad
range of 4.5-7.0 A (Fig. 5a), without showing a clear geometrical preference.
However, a small number of interactions also occurs at distances below 4.5 A,
indicating an attractive interaction. A distribution of the R, distances shows a
clear maxima of about 5 A. This is in accordance with the centroid distances. The
majority of furcated interactions exhibit longer distances than the simple non-fur-
cated interactions, as expected.2 The native structure represents the compromise
of a large number of noncovalent interactions existing in proteins. The geometrical
features relating two residue-types are expected to be rather broad.

The aromatic ring—amide angles were distributed between full range (0-90°
range), with a preference for higher angle values (Fig. 5d). A distribution of the
angles below 30° shows coplanarity, possibly due to the maximizing amide—n
stacking and packing,4® while the axial aromatic—amide pairs are more likely to
have T-shaped orientation s(y> 60°). In general, as the distance of the backbone
amide from the aromatic residue increases, the occurrence of perpendicular
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orientations increased as well. Values of the #angle (Fig. 5¢) were in good agree-
ment with distributions of aromatic ring—amide angles. The freedom of rotation
of the aromatic ring is restricted, whereas the rotamer distributions usually
depend on the backbone conformation. There is no significant statistical differ-
ence in the Y angle distribution between the multiple and the single amide—m
interactions. The preferred orientations are quite similar to those found in aro-
matic-aromatic interactions,*’ and T-shaped orientation is observed. In the paral-
lel-stacked case, van der Waals contribution is the dominant effect and the elec-
trostatics contribution is actually repulsive, although small in value (<1 kcal mol1).
On the other hand, the van der Waals contribution in the T-shaped case is not
overwhelming, and it is the attractive electrostatics contribution that results in the
overall binding of ~2.0 kcal mol~1.7:46
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Fig. 5. Interaction geometries of amide—r interactions: a) R, distance distribution, b) R,
distance distribution, ¢) &angle distribution, d) yangle distribution.

To estimate the stabilization energy of the different amide—r pairs, the energy
calculations were carried out. To avoid the calculation of more than 5000 inter-
actions, 150 structures were selected and they represent almost all of the inter-
actions which had been found. In our database we found that the amide—m inter-
actions energy is lower than —7 kcal mol~!, and most of them have energy in the
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range —1 to —4 kcal mol-! (Fig. 6). The energies of the weakly polar amide—
interactions examined here are in the lower range of strong hydrogen bonds (—4 to
—15 kcal mol 1), as classified by Desiraju and Steiner.*8 Thus, the amide—r inter-
actions make a substantial impact on the conformational stability of proteins. The
energy of the interaction between the aromatic ring backbone amide has a complex
dependence on side chain rotamer orientations and the dynamics of the backbone.

504
47

Number of occurrences
N w S
< < Q

o
L

0 Fig. 6. Interaction energies of amide—n
E/kcal mol ! interactions.

Fig. 7 shows the preferred amide—r interactions of FeSOD from the thermo-
philic cyanobacterium Thermosynechococcus elongatus.

Fig. 7. Example of the structure preferred amide—m interactions of FeSOD from the Therm-
osynechococcus elongatus (PDB code 1my®6): a) parallel-displaced and b) T-shaped structure.
The interactions are marked with dashed lines.

The results of our ab initio calculations of optimized structures showed that
the strongest attractive amide—n interactions exists in two preferred intermolecular
structures, parallel-dis—placed (A:Asnl45:C,0;Alal46:N—A:Trpl63; £ = -7.05
kcal mol!; Reen = 4.8A; Rgo = 2.9 A) and T-shaped structures
(A:GIn75:C,0;Val76:N A:His79; E = —6.89 kcal mol™!; Reen = 4.8 A; Rejo =2.8 A).
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Stabilization centres and conservation of amino acid residues

Stabilization centres (SC) are composed of certain clusters of residues,
involved in the cooperative long range interaction of proteins that regulate flex-
ibility, rigidity and stability of the protein structures. The most frequent stabil-
ization centre residues are usually found at buried positions and have hydro-
phobic or aromatic side-chains, but some polar or charged residues may also play
an important role in stabilization. The stabilization centres, when compared with
the rest of the residues, showed a significant difference in the composition and in
the type of the linked secondary structural elements. The performed structural
and sequential conservation analysis showed a higher conservation of stabiliz-
ation centres over protein families.*0 The stabilization centres for all amide—m
interaction forming residues in SOD active centres were computed. Considering
the whole data set, 39.6 % of all stabilizing residues are involved in building the
amide— interactions. It is interesting to note that all the residues involved in
amide—7 interactions were included in at least one stabilization centre. These
observations strongly suggest that those residues may contribute significantly to
the structural stability of the studied proteins in addition to participating in
amide—r interactions.

From the presented analysis, it was found that more than 69 % of amide—nt
interacting residues in SOD were highly conserved, with a score >6, revealing
their importance in the stability of protein structure.

CONCLUSION

The influence of amide—n interactions on the stability of SOD active centres
was analysed in this research. It was found that most of the interactions occurs in
the backbone of proteins. From the results it can be underlined that around 70 %
of the total interacting residues in the dataset were involved in the formation of
the multiple amide—r interactions. The distribution of distances for the amide—n
interactions was found to be in the rather broad range of 4.5-7.0 A, without clear
geometrical preference. The amide—r interactions exists mainly in two preferred
geometries, parallel-displaced and T-shaped structures. There is no significant
statistical difference in the distances and the angle distribution between the mul-
tiple and the single amide—m interactions. the results suggested that the majority
of the amide—r interactions showed some energy mostly in the range —1 to —4
kcal mol~1. Moreover, the majority of the residues involved in amide—T inter-
actions were evolutionarily conserved; all residues involved in amide—7 interact-
ions are included in at least one stabilization centre, thus providing an additional
stabilization of the SOD proteins. The quantification of such interactions is of
great importance for a rational approach to the biological systems including their
protein structure and function, as well as for the further development of drug
design processes.
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U3BOJ
AMUI-r UTHTEPAKIUJE ¥ AKTUBHOM LHEHTPY CYIIEPOKCUI-JUCMYTA3A

CPBAH B. CTOJAHOBUR', 30PAH 3. IETPOBUR’? 1 MAPUO B. 3JIATOBUR?

1YHueep3uu7.em y Beoipagy-Hnciuutiyw 3a xemujy, wexHoaoiujy u metmanypiujy, beoipag, *Mamemamuuru
axynitewi, Ynueep3uitieii y beoipagy, Beoipag u 3Xemujcrcu paxynitewi, Ynusep3uiiei y beoipagy, Beoipag
Y oBOM pafy je aHalIW3WpaH yTHLAj aMHUA—T MUHTEpaKLHja Ha CTaOUIHOCT U OCOOMHE
aKTHUBHOT LIeHTpa cynepokcuna-gucmytase (SOD). [Tpumeheno je 5017 aMmug—n uHTepaknuja y
ceTy mogartaka of 43 mpoTewHa, Te, MPOCeYHO, CBAKH aKTUBHU LieHTap ¢dopmupa 117 unrep-
axuuja. Behuna uHTepakuyja je ykbyuyeHa y OCHOBHH JIaHal] TPOTeHHa. AHanu3a reoMeTpuje
aMUI—T UHTEpaKIHja OTKPUBA JBe NMPUOPUTETHE CTPYKType, MapajenHo-usMewrteH (parallel-
-displaced) n T-odmuk (T-shaped) cTpykrype. OBa CcTynuja UMa 3a LWb UCTPAXKUBAKE JOMPH-
HOCa €HEpryuje aMUA—T UHTEpaKUHja YMje jaurHe Cy y JOBEM PAHIy jakUX BOJOHMYHUX Be3a.
[Tpernen KOH3epBUPAHOCTH IOKasyje Ia je BUILE Of MOJIOBUHE OCTaTaka YK/byuyeHHX Y OBe
UHTEepaKlMje eBOMyTUBHO KOH3epBUpaHOo. CTadUan3alMoOHH LIeHTPH OBUX ITPOTEHHA MOKasyjy
Ia Cy CBM OCTalld KOjU YMHE aMHJ— UHTEPaKLHje BaXKHU y pacrnopehrBamy jeJHOT WK BULIE
TaKBUX LeHTapa. CBEYKyIHO, pe3ysiTaTh y 0BOM pamy he OUTH BP0 KOPHCHH 3a pasyMeBame
TIOIPpUHOCA aMUA—T MHTEPaKLHja Kajia Ce aHaJIM3KWpa CTadUIHOCT akTUBHUX LieHTapa SOD.

(ITpumsbeHo 21. MapTa, peBugupaHo 1. jyna, mpuxsaheno 2. jyna 2021)
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