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Abstract

Background: The maintenance of protein structural stability requires the cooperativity among spatially neighboring
residues. Previous studies have shown that conserved residues tend to occur clustered together within enzyme
active sites and protein-protein/DNA interfaces. It is possible that conserved residues form one or more local
clusters in protein tertiary structures as it can facilitate the formation of functional motifs. In this work, we systematically
investigate the spatial distributions of conserved residues as well as hot spot ones within protein-RNA interfaces.

Results: The analysis of 191 polypeptide chains from 160 complexes shows the polypeptides interacting with tRNAs
evolve relatively rapidly. A statistical analysis of residues in different regions shows that the interface residues are often
more conserved, while the most conserved ones are those occurring at protein interiors which maintain the stability of
folded polypeptide chains. Additionally, we found that 77.8% of the interfaces have the conserved residues clustered
within the entire interface regions. Appling the clustering characteristics to the identification of the real interface, there
are 31.1% of cases where the real interfaces are ranked in top 10% of 1000 randomly generated surface patches. In the
conserved clusters, the preferred residues are the hydrophobic (Leu, Ile, Met), aromatic (Tyr, Phe, Trp) and
interestingly only one positively charged Arg residues. For the hot spot residues, 51.5% of them are situated
in the conserved residue clusters, and they are largely consistent with the preferred residue types in the
conserved clusters.

Conclusions: The protein-RNA interface residues are often more conserved than non-interface surface ones.
The conserved interface residues occur more spatially clustered relative to the entire interface residues. The
high consistence of hot spot residue types and the preferred residue types in the conserved clusters has
important implications for the experimental alanine scanning mutagenesis study. This work deepens the
understanding of the residual organization at protein-RNA interface and is of potential applications in the
identification of binding site and hot spot residues.

Keywords: Protein-RNA interfaces, Conserved residues, Clustering characteristics, Hot spot residues, Binding
site identification

Introduction
Protein-RNA interactions play important roles in a wide
variety of cellular processes, such as regulation of gene
expression, RNA splicing, protein synthesis and virus as-
sembly [1, 2]. Proteins are under certain evolutionary
pressures for selecting their RNA partners in a crowded
cellular environment [3]. Consequently, the interaction

interfaces experience relatively higher evolutionary pres-
sures, and therefore interface residues are generally more
conserved [4, 5].
How are these conserved residues organized at

protein-RNA interfaces? Are they scattered across the
interface, or clustered together in three dimensions?
How are the preferences of residue types and hot spot
residues (contributing significantly to the binding free
energy) for different interface regions? Whether can
these characteristics be used to identify the real inter-
face? These questions are not quite clear currently.
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The previous study has shown that for protein-protein
interactions, 96.7 and 86.7% of the interfaces of homodi-
mers and heterocomplexes respectively have the con-
served residues clustered within the overall interface
regions [6]. And Ahmad et al. found that for the proteins
interacting with DNAs, about half of the observed con-
served residue clusters are in the interfaces with DNAs
and the remaining are in the interfaces with proteins or
ligands, or embedded in the structural scaffolds [7].
The higher packing density of the conserved residues

within the interface may suggest the cooperativity be-
tween them in the cluster. It is likely that the most sta-
bilizing residues or putative hot spot residues are those
that occur as clusters of conserved residues, contributing
more to the stability and function of interactions than
others, which has been confirmed in protein-DNA inter-
faces by Ahmad et al. [7]. Landgraf et al. and Mada-
bushi’s group have found that in protein tertiary
structures and enzyme active sites, the evolutionary con-
served residues also occur clustered together [8, 9].
These conserved residues form one or more localized
clusters within the tertiary structure or interface, which
will facilitate the formation of “functional motifs”. Add-
itionally, the relationship between hot spot residues and
conserved residue clusters is a significant topic in the
study of protein structure and stability [10].
In this work, we investigate the spatial distribution

characteristics and amino acid composition of the evolu-
tionary conserved residues within protein-RNA inter-
faces, and also explore the relationship between interface
hot spots and the conserved residue clusters. The results
show that the conserved residues are not randomly dis-
tributed within the interface, but are obviously clustered
together, which can be used to identify the real protein-
RNA interfaces. Furthermore, the identification of these
clusters will be a useful guide for mutagenesis studies to
determine the appropriate hot spot regions.

Materials and methods
Construction of dataset of protein-RNA interfaces
A total of 1031 protein-RNA complexes were extracted
from the Protein Data Bank (PDB), which were solved
by X-ray diffraction with resolution better than 3.0 Å
[11] (June 2018). After excluding the complexes that
have protein chains of less than 30 amino acids or RNA
chains of less than 5 nucleotides, we clustered the
redundant complexes that contain proteins with > 30%
sequence identity and the same RNAs. From each clus-
ter, the structure with the highest resolution was chosen
as the representative. The cases that are composed of re-
dundant proteins and different RNA molecules were
kept for considering different interfaces. Thus we ob-
tained 182 non-redundant protein-RNA complexes.

As the sequence entropy is needed in this work, the
complexes where the protein has enough homologous
sequences to calculate the sequence conservation will be
remained. Multiple sequence alignments (MSA) were
carried out by ClustalW [12, 13] against the UniRef90
database [14] with default parameters and Gonnet sub-
stitution matrix [15] for all protein chains in 182 com-
plexes. ClustalW, developed by Thompson, improves the
sensitivity of progressive multiple sequence alignments
through sequence weighting, position-specific gap penal-
ties and weight matrix choice [12, 13]. As one of the
most widely and classically used MSA programs [13],
ClustalW has been used in many studies such as protein
phylogenetic and conserved motif analyses [16], evolu-
tionary distance analyses [17], and residue level molecu-
lar function prediction [18].
For the aligned sequences, we removed the sequences

with sequence identity less than 45% or missing residues
more than five. A protein that has more than five hom-
ologous sequences retained was put into the dataset.
Eventually, we constructed a dataset of 160 protein-RNA
complexes (183 interfaces) involving 191 polypeptide
chains. According to the molecular functions, the dataset
is divided into five different classes: protein-mRNA (8),
protein-tRNA (53), protein-rRNA (23), protein-viral
RNA (7) and protein-other RNA (69) complexes
(Table S1 in supplementary materials).

Determination of protein interface, non-interface surface
and interior residues
The non-interface surface residues are defined as those
having relative solvent accessible surface area (SASA,
calculated with NACCESS [19]) > 5% in the complex
structure. A residue’s relative SASA is computed as a ra-
tio of its SASA in the complex to its SASA in the ex-
tended tripeptide (Ala-X-Ala), where X is the concerned
residue. The interface residues of proteins are those that
lose more than 0.1 Å2 of SASA upon complexation with
RNA. And those residues that are not the interface and
the surface ones are protein interior residues [20].

Calculation of sequence conservation
The protein sequence conservations at each interior,
interface and non-interface surface residue position are
calculated as the Shannon entropy (s) in a set of hom-
ologous protein sequences [21]:

s ið Þ ¼ −
X

pi kð Þ � log2 pi kð Þð Þ; ð1Þ

where pi(k) is the probability that a residue of type k oc-
curs at the ith position in the sequence alignment. The
lower value in sequence entropy of a position hints that
it has suffered a higher evolutionary pressure.
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Here, the amino acids are grouped into seven classes
based on the similarity of their environment in protein
structures, and mutations within a given class are as-
sumed to be conservative and do not cause a penalty
[22]. The following is the classification of amino acid
classes: (1) Thr, Gly, Ser; (2) Val, Ala, Ile, Cys, Met, Leu;
(3) Gln, Asn; (4) Glu, Asp; (5) Trp, Tyr, Phe, Pro; (6)
His; and (7) Lys, Arg [23]. The sequence entropy s(i)
ranges between 0 (there is only one class of residues oc-
curring at position i) to ~ 2.81 (there are seven classes of
residues that are equally distributed at position i in the
sequence aligment). For each protein chain in complex,
<s > is the mean value of sequence entropy over all the
residue positions.

Identification of conserved interface residues
For each interface (owning n residues), an average value
of sequence entropy is computed:

< s>int ¼
X

s ið Þ
� �

=n; ð2Þ

Three criteria are utilized to define the conserved
interface residues, which have different stringent levels.
Here the purpose of using different criteria is to see that
with the decrease of the number of interface conserved
residues, what changes occur to the clustering property
of conserved residues within the interface? The con-
served interface residue is defined as that with sequence
entropy value (1) lower than the average value (<s > int)
of the interface where it occurs, (2) lower than half of
the average value (<s > int/2), and (3) equal to 0.0,
namely, the fully conserved residues, respectively.

Measure of the spatial clustering degree
We use the average inverse distance among all pairs of
residues in a set of residues to evaluate the spatial clus-
tering degree of that set [24]:

Ms ¼< 1=r >¼ 1
Npairs

XNs−1

i¼1

XNs

j¼iþ1

1=rij
� �

; ð3Þ

where rij is the distance between Ca atoms of residues i
and j, Npairs is the number of different residue pairs, and
Ns is the number of residues in the set. The larger the
value of Ms, the greater the spatial clustering degree of
the residues in the set. The Ms value for the whole set
can not be influenced obviously by one or a few outlier
positions, which is the benefit of the inverse-distance
based formula.
For each interface, we define a ratio ρ to reflect the

clustering degree of the conserved interface residues
relative to all interface residues:

ρ ¼ Ms;cons=Ms; int ; ð4Þ

where Ms,cons and Ms,int are the spatial clustering degrees
of the subsets of conserved and entire interface residues,
respectively. ρ can be used to evaluate whether or not
(and to what extent) the evolutionary conserved residues
are clustered within the interface. The conserved inter-
face residues are clustered, then ρ > 1.0. Here, we remove
the interfaces that own an isolated conserved residue
when measuring the size of the conserved residue
cluster.

Identification of sub-clusters of conserved interface
residues
We found the conserved residues are spatially clustered
together, rather than scattered in the structure. And
within the entire interface, the conserved residues may
constitute be consist of one or more sub-clusters. The
average linkage method [25] is used to identify the num-
ber of sub-clusters. We adopt the threshold distance 20
Å involved in the algorithm which equals to half the
mean value of the maximum distances between any two
conserved residue atoms in all the interfaces.

Generation of surface patches and comparison of the
clustering of conserved residues at the interface with that
at surface patches
We utilize three methods to generate surface patches.
From method 1 to 3, the generated surface patch in a
protein is more and more close to its own interface in
size. Method 1: for all the proteins with their partner
RNAs removed, NACCESS is conducted on their atomic
coordinates and surface residues are identified based on
the same definition mentioned above. In generating a
surface patch process, we take a random surface residue
(represented by its Ca atom) and then choose all the sur-
face residues that are less than a fixed radius away from
the taken residue as belonging to the surface patch with
the taken residue as the center. Between any two atoms
of all the interfaces, the mean maximum distance is 40
Å, and thus we use 20 Å- half of 40 Å to produce surface
patches. Method 2: for each protein we use its own cut-
off, rather than a uniform one, according to its interface
size. Method 3: surface neighbors meeting two criteria
the distance cutoff, and a vector constraint are selected
around the randomly selected central residue [26]. The
vector constraint avoids generating the surface patches
which include the residues from “opposite sides” of a
protein. In this step, we compute a ‘solvent’ vector
(pointing into the solvent) for each surface residue of a
protein. The direction of the ‘solvent’ vector of a surface
residue is from the geometrical center of its nearest ten
residue neighbors to its Ca atom. We remove the residue
out from the patch if the angle between the solvent vec-
tors of it and the central residue of the patch is ≥110°
during generating a surface patch.
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Each of the three procedures thus defines a number of
contiguous, overlapping patches of surface residues,
roughly similar in size to the interface region. For the
generated surface patches from each procedure, con-
served residues within each patch are selected and the
Ms values (Eq. 3) for both the conserved and the overall
residues in the patch are calculated. The calculation is
repeated for each patch. Finally, for each of the three
procedures, all the surface patches from a protein are
ranked in descending order of ρ (Eq. 4) and the rank of
the real interface in relation to all the other surface
patches is found out.

Experimental alanine scanning mutagenesis data
A set of 41 protein-RNA complexes with experimental
alanine scanning mutagenesis data on the interface resi-
dues are available in the dbAMEPNI database [27]. Hot
spot residues are selected from the 139 interface residues
based on three criteria respectively, i.e. experimental
ΔΔG value ≥1.0, ≥ 1.5, and ≥ 2.0 kcal/mol (Table S2 in
supplementary materials).

Results
Evolution of polypeptide chains in protein-RNA
complexes
To explore the difference in evolutionary conservation
of polypeptide chains with difference functions, we cal-
culated the average sequence entropy of each chain (see
the section of Calculation of sequence conservation in
Materials and Methods) and its distribution for the five
function classes of protein-RNA complexes, as shown in
Fig. 1 and Table S1 (detailed values) in supplementary
materials, respectively. The average sequence entropy <

s > varies from 0.23 (4WSB_A, bat influenza polymerase)
to 1.36 (5I9F_A, designed pentatricopeptide repeat pro-
tein) in the entire dataset, which suggests that some
RNA binding proteins (RBP) evolve rapidly compared to
others. From the average values of <s > in different types
of complexes, the protein chains binding with tRNAs
have a largest average value (0.90) compared with other
types of protein chains, indicating that the polypeptides
interacting with tRNAs evolve relatively rapid, which is
consistent with previous work [20]. Additionally, for the
RBP with multiple chains, the evolutions of different
chains also present evident difference. For the complex
of human m1A58 methyltransferase with tRNA (PDB
code: 5CCB), we can see that its chain A has a lower
evolutionary pressure (<s > = 1.00), while chain B,
participating in the main interaction with tRNA, experi-
ences a higher evolutionary pressure (<s > = 0.68).

Evolutions of interiors, interfaces and non-interface
surfaces in protein-RNA complexes
We concern whether different parts of proteins experi-
ence different sequence evolutionary pressures. In order
to detect this point, we calculated the average sequence
entropies of the interior, interface and non-interface sur-
face residues for different types of protein-RNA com-
plexes. The results are shown in Table 1 and Fig. 2.
From Table 1, the three types of residues occupy 25.10,
11.61 and 63.29% of all residues respectively, which are
approximately equal to the corresponding values in dif-
ferent classes of protein-RNA complexes. From Table 1,
the average entropies <s > of the residues presented in
protein interiors and solvent exposed surfaces are equal
to 0.34 (the lowest) and 1.05 (the highest) respectively,

Fig. 1 Distributions of the mean sequence entropy <s > of polypeptide chains in different function classes of protein-RNA complexes
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and the value in between - 0.64 corresponds to the
residues at protein-RNA interfaces. The distribution
data in Fig. 2 also show that the residues at interfaces
are more conserved than those at solvent exposed
surfaces, and protein interior residues are the most
conserved, which is originally similar in all classes of
complexes (see Table 1).
Additionally, it should be pointed out that the residues

in the three regions of the protein chains interacting
with tRNAs possess significantly higher entropies than
those in corresponding regions of the other four types of
complexes (Table 1), which is consistent with the above
result that the polypeptides interacting with tRNAs
evolve relatively rapidly. Taking five cases belonging to
the five different classes of protein-RNA complexes for
example, Figure S1 in supplementary materials illustrates
the conservation distributions of the residues at protein
surfaces. In all the five structures, the protein surface
that interacts with RNA is relatively prone to owning

higher conservative property than the non-interface
surface.

Relative conservations of amino acid residues in interiors,
interfaces and non-interface surfaces
Next we want to know the relative conservations of 20
types of amino acid residues at protein interiors, inter-
faces and solvent exposed surfaces. We calculated the
average sequence entropies of 20 types of amino acid
residues in the three regions for all complexes, and the
results are shown in Fig. 3 and Table S3 in supplemen-
tary materials (detailed values). From Fig. 3, regarding to
the speed of evolution, compared with all types of resi-
dues at interfaces and interiors, the corresponding ones
at non-interface surfaces evolve faster, and still all types
at interiors evolve slower than the corresponding ones at
interfaces except for Phe. At interfaces, remarkably, the
aromatic residues Trp, Phe, and Tyr, as well as Ile, Gly,
Cys and Arg (owning the smallest values of <s>: 0.38,

Table 1 Occurring percentage and average sequence entropy of interior, interface and non-interface surface residues

Parameters Protein peptides complexed with All
peptidesmRNA tRNA rRNA viral RNA other RNA

% residues in

interior 21.50 26.72 24.35 21.60 24.36 25.10

interface 14.76 11.45 13.27 10.80 11.24 11.61

non-interface surface 63.76 61.83 62.38 67.60 64.40 63.29

Average < s>

interior 0.18 0.40 0.34 0.19 0.29 0.34

interface 0.50 0.73 0.67 0.48 0.57 0.64

non-interface surface 0.92 1.16 1.05 0.62 1.02 1.05

Fig. 2 Distributions of mean sequence entropy of the residues in interior, interface and non-interface surface regions in protein-RNA complexes
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0.39, 0.46, 0.32, 0.41, 0.42 and 0.52, relatively) are more
conserved than other types of amino acid residues. At
non-interface surfaces, the two neutral polar amino acid
residues Asn and Gln (having the highest values of <s>:
1.34 and 1.41, relatively) are more frequently mutated
compared with others. As for interiors, the hydrophobic
amino acids Trp, Val, Leu and Ile (0.18, 0.24, 0.24 and
0.20) and charged Asp, Lys and Arg (0.19, 0.22 and 0.26)
are most conserved. Hydrophobic amino acids are
prone to occurring inside proteins [28] while charged
amino acids existing in the interiors may serve a
functional role.

Clustering of conserved residues in protein-RNA
interfaces
The next question we concern is that the evolutionary
conserved residues in protein-RNA interfaces are scat-
tered or gathered together in three-dimensional struc-
tures. We calculated the spatial clustering degree Ms

(Eq. 3) for both subsets of the conserved (Ms,cons) and all
the interface residues (Ms,int), and their ratio ρ (Eq. 4).
Fig. 4 and Table 2 show the corresponding results ob-
tained based on different criteria of conserved residues
(see Table S4 for detailed values in supplementary
materials).
Fig. 4 displays Ms,cons and Ms,int for each interface.

From Fig. 4, most of the points are lying above the diag-
onal, resulting in the mean value of ρ 1.06, 1.11 and 1.15
corresponding to the gradually more stringent criteria of

conserved residues (s < <s > int, s < (<s > int/2) and s = 0.0),
respectively, which indicates that for most of the inter-
faces Ms,cons is greater than Ms,int with p-value 0.0311,
0.0044 and 0.0427. For all the protein-RNA complexes,
there are 77.8% (140/180), 78.5% (135/172) and 76.0%
(114/150) of interfaces where a ρ value of greater than
1.0 is obtained (see Table 2). From the analyses above,
the results imply that the conserved interface residues
are more spatially clustered relative to the entire inter-
face residues, and this tendency holds true for the defini-
tions of conserved residues with different stringent
levels. Additionally, for different types of protein-RNA
complexes, the tendency also holds true (Table S5 in
supplementary materials). A few representative examples
of the interfaces where the conserved residues are clearly
clustered together are shown in Fig. 5.

Formation of multiple conserved residue sub-clusters in
larger interfaces
The maintenance of the stability of biological systems
requires synergy among different functional units. Then
we concern whether multiple conserved residue sub-
clusters form at an interface. We calculated the number
of sub-clusters composed of the conserved interface resi-
dues for each interface with the average linkage method.
The distribution of the numbers of conserved residue
sub-clusters in interfaces as a function of the interface
area is displayed in Figure S2 in supplementary mate-
rials. From Figure S2, it can be observed that almost the

Fig. 3 Mean entropy of different types of amino acid residues in protein interior, interface and non-interface surface regions
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interfaces (153/180) owning single cluster have areas less
than 3000 Å2, and all (7) except for two which possess
three or more sub-clusters have the areas > 3000 Å2.
Thus, most of the protein-RNA interfaces own one sin-
gle cluster of conserved residues, and roughly, the larger
interfaces often form multiple detached sub-clusters.
Three representative cases whose interfaces own respect-
ively one, two and three sub-clusters of conserved resi-
dues are shown in Figure S3 in supplementary materials.
For the larger interfaces, it may be important to form
distinct binding sub-clusters (or “hot regions”) that
interact cooperatively via hydrogen bonds and salt brid-
ges for protein-RNA interaction stability.

Sub-cluster size
The conserved residues can occur alone, or organize into
multiple sub-clusters containing different numbers of
conserved residues. We analyzed the distribution of the
sub-cluster sizes (i.e., the number of conserved residues)
for the 204 different sub-clusters in all interfaces, and
the result is shown in Figure S4 in supplementary mate-
rials. On average, a sub-cluster consists of 10 conserved
residues. There are only 1.5% (3/204) of sub-clusters
composing of a single isolated conserved residue. There-
fore, it is evident that most of conserved residues prefer
to be clustered together rather than to occur isolated.

Preferred amino acid types in conserved residue clusters
Certain types of amino acid residues may have propen-
sities to occur in the conserved residue clusters. Here,
the propensity is evaluated using the relative enrichment
Ex which defines a probability of type X of the 20 amino
acid residue types occurring in the conserved interface
subsets compared to the whole interfaces.

EX ¼
No:of X in conserved subset

Total no:of conserved residues
No:of X in interface

Total no:of interface residues

The result of preferences of amino acids in conserved
residue clusters is given in Fig. 6. From Fig. 6, we can
see that the hydrophobic (Leu, Ile, Met) and all the aro-
matic residues (Tyr, Phe, Trp) along with Arg are pre-
ferred in conserved interface clusters. Our previous
study shows that all the three positively charged amino
acids Arg, Lys and His are the most preferred ones in
protein-RNA interfaces due to the negative electricity of
RNAs [29], but here interestingly only Arg is preferred
in the conserved subset of interface residues. Maybe this
point can be explained by that Arg (2.64) has a signifi-
cantly higher preference than Lys (1.78) and His (1.64)
(This value greater than 1 indicates that the residue
tends to appear on the interface) [29], which perhaps

Fig. 4 Plots of Ms,cons versus Ms,int for all protein-RNA complexes according to the three conserved residue definitions of gradually more stringent
levels: the conserved residue with sequence entropy lower than the average value (<s > int) of the interface where it occurs (a), lower than half of
the average value (<s > int/2) (b), and equal to 0.0, namely, the fully conserved residue (c), respectively

Table 2 Parameters describing the clustering of conserved interface residues

Criteria of
conserved
residues

Averagea Num of interfacesb

Ms,int Ms,cons ρ Total with Ms,cons >Ms,int

s < <s > int 0.082 (0.03) 0.087 (0.03) 1.06 (0.10) 180 140

s < (<s > int/2) 0.080 (0.03) 0.088 (0.03) 1.11 (0.18) 172 135

s = 0.0 0.078 (0.03) 0.087 (0.03) 1.15 (0.28) 150 114
a Standard deviations are in parentheses
b A smaller number of interfaces is obtained when using more stringent definitions of conserved residues
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Fig. 5 Representative examples of protein interfaces showing the clustering characteristics of evolutionary conserved residues. Protein is shown
in CPK (grey), the conserved residues are in green and non-conserved ones in blue. (a) The SXL-UNR translation regulatory complex (PDB code:
4qqb). In the first panel, RNA is in yellow and in the other two, it is removed to clearly show the clustering property of the conserved residues.
(b) The prolyl-tRNA synthetase from thermus thermophilus complexed with tRNA (PDB code: 1h4q). (c) The ribosomal protein s8-rRNA complex
(PDB code: 1i6u). (d) The bacterial protein-RNA toxin-antitoxin system (PDB code: 4rmo). (e) The human adenosine bound to dsRNA (PDB code: 5ed2)
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suggests Arg synergizes with other conserved residues in
clusters to play an important role in function.

Conserved residue clustering to discriminate the real
interface from other random surface patches
To what extent can the clustering property of conserved
residues be used to distinguish a real interface from the
random surface patches? We compared ρ value of the
interface region with those of the randomly generated
surface patches for each protein. For each protein, 1000
random surface patches were produced using the
method described in Materials and Methods. We ranked
the real interface and the 1000 random surface patches
in descending order of ρ for all proteins. A ranking of
the real interface relative to the 1000 random surface
patches was then calculated (on a scale of 1 to 10), and
the results are shown in Fig. 7. Thus, for a ranking list, a
rank 1 means that the real interface is ranked in the top
10% of all the randomly produced surface patches, and a
rank 10 indicates the bottom 10%. Here we performed
three different methods to generate surface patches.
From method 1 to 3, the generated surface patches in
a protein is more and more close to its own interface
in size.
Fig. 7 shows the extent to which the coefficient ρ can

distinguish the real interface region from all random
surface patches. The similar ranking results are obtained
by the three approaches of producing random surface
patches. Out of 180 interfaces, there are 56 (31.1%), 46
(25.6%) and 33 (18.3%) interfaces that are ranked in the

top 10% (i.e., rank 1) among all generated random sur-
face patches by method 1 to 3, respectively. Therefore,
to some extent, we can apply the clustering characteris-
tics of interface conserved residues to distinguish the
real interface from random surface patches.
Taking the SXL-UNR translation regulatory complex

(PDB code: 4qqb) for example, we used the random sur-
face patches generated by method 1 to measure the abil-
ity of ρ value to identify the real interface, because this
method is closest to the actual condition when predict-
ing the real interface (namely, we only know a universal
interface size of protein-RNA complexes). Fig. 8 illus-
trates the clustering of conserved residues within the
real interface in contrast with the distributions of con-
served residues within randomly generated surface
patches. From Fig. 8, different from the conserved resi-
dues in random surface patches which are distributed
dispersedly over the regions, those in the interface re-
gions are evidently clustered together.

Extent of experimental hot spot residues occurring in
conserved residue clusters
The analysis on the clustering of the conserved residues
at the interface is instructive in identifying functionally
important regions, because it is likely that hot spot resi-
dues are located in such clusters. For the 139 experi-
mental alanine scanning mutagenesis data (involved in
41 protein-RNA complexes), we categorized them ac-
cording to the seven amino acid classes, and the result
shows they are distributed in all amino acid classes

Fig. 6 Relative enrichment of the 20 amino acid types within conserved clusters in protein-RNA interfaces
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(Table 3). Additionally, we gave the plot of ΔΔG values
versus sequence entropies for these residues (Figure S5
in supplementary materials). From Figure S5, the 139
interface residues have a wide range of sequence conser-
vations and there is not an evident correlation between
their ΔΔG values and sequence entropies. Then we per-
formed the clustering analysis of the conserved interface
residues on these proteins. Afterwards, the hot spot resi-
dues selected based on the experimental ΔΔG values of
≥1.0, ≥ 1.5 and ≥ 2.0 kcal/mol were mapped onto protein
interfaces, respectively, and then the fractions of these
residues occurring within the conserved residue clusters
were calculated. The results are shown in Table S2 in
supplementary materials.
From Table S2, out of the 75 residues with ΔΔG

values ≥1.0 kcal/mol, there are 32 residues (42.7%) that
occur within the conserved residue clusters. When fur-
ther restricted to those residues with ΔΔG values ≥1.5
and ≥ 2.0 kcal/mol, the fraction increases to 46.5% (20/
43) and 51.5% (17/33), respectively. Thus, there is a ris-
ing tendency that hot spot residues are located within
the conserved clusters when a more stringent criterion is
adopted. Additionally, interestingly, for the seven classes
of amino acid residues, the three classes with the most
largest percentages of hot spot residues (ΔΔG ≥ 2.0 kcal/
mol) (see column 4 in Table 3) are the sixth class (Pro,
Phe, Tyr, Trp) mainly containing aromatic residues, the
first class (Ala, Val, Leu, Ile, Met, Cys) mainly containing
hydrophobic residues, and the fifth class (Arg, Lys)

positively charged residues, which are largely consistent
with the preferred residues (Phe, Tyr, Trp, Leu, Ile, Met
and Arg) in the conserved residue clusters. This further
indicates that the preferred residues in the conserved
interface clusters play an important role in protein-RNA
structural stability and they can be used as candidates
for the experimental alanine scanning mutagenesis
study.

Discussion and conclusions
This work mainly investigates the clustering extent of the
conserved residues within protein-RNA interfaces. Four
questions here are discussed: (1) probing evolutionary
conservations of polypeptide sequences, (2) evaluating the
clustering degree of the conserved residues within the
interface, (3) analyzing the feasibility of using clustering
degree (ρ) to distinguish the real interface from random
surface regions, (4) exploring the extent of hot spot resi-
dues occurring in conserved residue clusters.
Based on the analyses above, regardless of which kinds

of protein-RNA complexes are considered, the subset of
conserved interface residues has a tendency to occur
clustered together within the entire interface whatever
stringent definitions of conserved residues are adopted.
However, the clustering tendency of interface conserved
residues is moderate (see Fig. 4). From the distribution
of the ρ values for all interfaces (Figure S6 in supple-
mentary materials). 73.9% (133/180) of interfaces have ρ
values between 1.0 and 1.2, which can explain why the

Fig. 7 Ranking distribution of the real interface relative to all random surface patches according to the ρ value. Rank 1 means that the real interface is
ranked the top 10% among it and all random surface patches, and rank 2 means the top 20%, etc. From method 1 to 3, the generated surface patch
in a protein is more and more close to its own interface in size
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Fig. 8 Comparison of the clustering of the conserved residues within the real interface and other random surface patches for the assembly of the
SXL-UNR translation regulatory complex (PDB code: 4qqb). (a) Distributions of the conserved and the remaining residues at the real protein interface.
In the first panel, RNA is in yellow and in the other two, it is removed to clearly show the clustering property of the conserved residues within the
interface from different views. (b) The scheme of generating random surface patches with method 1 mentioned in materials and methods: a surface
residue (represented by its Ca atom) is taken randomly as a center and then all the surface residues within 20 Å (half of the mean maximum distance
40 Å between any two atoms of all the interfaces) away from the center are chosen as belonging to the surface patch (yellow) with the taken residue
as the center. (c) Distributions of the conserved and remaining residues at sixteen different random surface patches, where the conserved ones are
relatively scattered over the random surface patch compared with those at the real interface. Protein is shown in CPK (grey), the conserved residues
are in green and non-conserved ones in blue
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points in Fig. 4 are distributed near the diagonal. For
protein-protein interactions, Guharoy et al. also found
that the conserved interface residues are more spatially
clustered relative to the entire interface residues, and the
clustering property is not particularly high with almost
75% of the homodimeric interfaces and 50% of the het-
erocomplex interfaces having ρ values between 1.0 and
1.2, respectively [6]. The clustering of conserved inter-
face residues may be more functionally important
than a single, isolated conserved residue. The coop-
erativity between them in the cluster may form a net-
work of interactions contributing to the stability of
the complexes [30].
For the residues at interface, solvent exposed surface

and interior regions, the former are more conserved
than the middle, and the latter are the most conserved.
This finding is in agreement with the previous study on
protein-protein complexes [31]. The residues in protein
interiors, providing stability to the folded polypeptide,
are most conserved, and the interface residues are rela-
tively conserved due to the evolutionary constraints for
partner binding. At the interface, the aromatic residues
Trp, Phe, and Tyr, along with Ile, Gly, Cys and Arg are
more conserved. In interface conserved clusters, the
hydrophobic (Leu, Ile, Met), all the aromatic (Tyr, Phe,
Trp) and only one positively charged Arg residue are the
preferred ones. As we know, the aromatic and Arg resi-
dues have important contributions to the stacking and
ion-pi interactions with RNA bases respectively, which
may explain the reason of their higher conservations.
Based on our previous study [29, 32], the hydrophobic
residues Leu, Ile and Met do not prefer to appear at
protein-RNA interfaces, while interestingly they prefer
to occur in the conserved interface clusters once they
appear at interfaces. Considering the analysis results on
hot spot residues that the hydrophobic residues have the
second largest probability of being hot spot residues
among the seven classes of amino acid residues, we
think that the three kinds of preferred hydrophobic resi-
dues in conserved interface clusters maybe contribute an
important role to protein-RNA binding free energy
through their cooperative interactions with other

residues in the conserved interface clusters. Additionally,
the residue-nucleotide propensity potential obtained by
us [29, 32] for protein-RNA interactions showed that
Cys has a higher pairing preference with A and U, and
Gly is relatively preferred by interfaces. For protein-
RNA, protein-protein (homodimers and heterocom-
plexes) interactions, the common residues preferred in
conserved clusters are Leu, Ile, Met, Tyr, Phe and Trp.
Besides, Arg is preferred in protein-RNA, Val, Cys, Gly
in homodimers, and Val, Cys, Gly, Asp in heterocom-
plexes. Thus, the charged residues do not tend to appear
on the interface in homodimers, while the positively
charged residue Asp is observed more as hot spot resi-
dues on the interface in heterocomplexes [33].
The clustering property of interface conserved residues

can be utilized to distinguish the real interface from the
random surface patches. In our result, 31% of the real
interface regions are ranked in the top 10% of all ran-
dom surface regions. Here we use the Z test to investi-
gate whether it is of statistical significance that the
clustering degree of the conserved residues within the
real interface is relatively higher than that of the con-
served ones in random surface region.

Z ¼ < ρ > −ρint
σ=

ffiffiffi
n

p

where <ρ > is the mean value of ρ (with the standard de-
viation σ) for the n random surface patches in a protein
and ρint is the ρ value for the real interface. For all the
complexes, about 42.8% (77/180) of interfaces have con-
served residues significantly more clustered compared
with those present within surface patches (Z < 1.64, that
means ρint of the real interface is not less than the ρ
values of 95% random surface patches.). For protein-
protein complexes, previous study shows that this value
is 40% (49/121) and 38% (148/389) for the homodimers
and heterocomplexes, respectively [6]. Therefore, for
these interfaces, the clustered nature of the conserved
residues can be used to differentiate well the true inter-
face from surface patches.

Table 3 Distribution of 139 alanine scanned interface residues among the seven amino acid classes

Amino acid class Num in entire dataset Num of hot spot residues (ΔΔG≥ 2.0 kcal/mol) percentage of hot spot residues

Ala, Val, Leu, Ile, Met, Cys 3 1 33.33%

Gly, Ser, Thr 19 3 15.79%

Asp, Glu 16 1 6.25%

Asn, Gln 18 1 5.56%

Arg, Lys 49 10 20.41%

Pro, Phe, Tyr, Trp 27 16 59.26%

His 7 1 14.29%
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For the hot spot residues (ΔΔG ≥ 2.0 kcal/mol), 51.5%
of them are localized in the conserved residue clusters,
and they are largely consistent with the preferred residue
types in the conserved clusters, which indicates there ex-
ists the overlap to some extent between the conserved
cluster and hot spot region, and the preferred residues
can be used as targets for drug design and reference sites
for experimental scanning mutagenesis studies. Now, the
alanine scanning mutagenesis data are relatively limited,
and with its increase, the further analysis can be per-
formed and important findings may be achieved.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12859-020-3398-9.

Additional file 1: Table S1. Dataset of 160 protein-RNA complexes
(classified into five different function classes based on the type of RNA as-
sociated with the protein). Table S2. Location of experimental hot spots
within the conserved residue clusters in protein interfaces. Table S3.
Average entropy <s> of 20 types of amino acid residues in interior, inter-
face and non-interface surface regions of protein-RNA complexes. Table
S4. Values of the parameters indicating the clustering of conserved resi-
dues in individual interfaces. Table S5. Parameters describing the cluster-
ing of conserved interface residues in five classes of protein-RNA
complexes. Figure S1. Conservation of the amino acid residues in five
different protein-RNA complexes. Residue conservation is mapped at the
protein surface with the color code provided at the bottom. Red stands
for the maximum conservation (lowest <s>), and blue stands for the
minimum conservation (highest <s>). The RNA backbone is shown in
Stick and colored green. (A) The SXL-UNR translation regulatory complex
(PDB code: 4qqb). (B) The prolyl-tRNA synthetase from thermus thermo-
philus complexed with tRNA (PDB code: 1h4q). (C) The ribosomal protein
s8-rRNA complex (PDB code: 1i6u). (D) The bacterial protein-RNA toxin-
antitoxin system (PDB code: 4rmo). (E) The human adenosine bound to
dsRNA (PDB code: 5ed2). Figure S2. Distribution of the number of con-
served interface residue sub-clusters as a function of the interface area in
protein-RNA complexes. The x-axis labels mark the origin of the range in
each column. Bins are of size 400 Å². Figure S3. Multiple clusters of evo-
lutionary conserved residues in protein interfaces. (A) In the complex of
prolyl-tRNA synthetase from thermus thermophilus complexed with tRNA
(PDB code 1h4q, chain A with ρ = 1.17), the interface contains one well-
clustered region of conserved residues. (B) In the complex of tRNA syn-
thetase complexed with tRNA (PDB code 2du3, chain A with ρ = 1.19),
the interface contains two regions of conserved residues. (C) Three con-
served clusters in the interface of E. coli leucyl-tRNA synthetase with tRNA
(PDB code 4arc, chain A with ρ = 1.19). Figures show the protein do-
mains as CPK (green and blue for conserved and other residues), the RNA
domains as Stick (yellow). Figure S4. Distribution of sub-cluster size (the
number of interface residues in the conserved cluster). Figure S5 Plot of
ΔΔG values vs. sequence entropies for the 139 interface residues in-
volved in 41 protein-RNA complexes for which experimental alanine
scanning mutagenesis data are available. Figure S6. Percentage distribu-
tion of the ρ values for all protein-RNA interfaces.

Abbreviations
PDB: Protein data bank; RBP: RNA binding proteins; SASA: Solvent accessible
surface area

Acknowledgements
Not applicable.

Authors’ contribution
Z.Y., X.D., Y.L. and C.L. conceptualized the research; All authors performed the
research, and participated in writing the program, and Z.Y., X.D. and W.G.
were the major contributors in writing the program; C.L., Z.Y. and X.D. wrote

the final manuscript. All authors have read and approved the final
manuscript.

Funding
This work was supported by the National Natural Science Foundation of
China [31971180].

Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its supplementary materials.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 19 July 2019 Accepted: 7 February 2020

References
1. Keene JD. RNA regulons: coordination of post-transcriptional events. Nat

Rev Genet. 2007;8(7):533–43.
2. Moore MJ. From birth to death: the complex lives of eukaryotic mRNAs.

Science. 2005;309(5740):1514–8.
3. Gerstberger S, Hafner M, Tuschl T. A census of human RNA-binding

proteins. Nat Rev Genet. 2014;15(12):829–45.
4. Lichtarge O, Sowa ME. Evolutionary predictions of binding surfaces and

interactions. Curr Opin Struct Biol. 2002;12(1):21–7.
5. Lichtarge O, Bourne HR, Cohen FE. An evolutionary trace method defines

binding surfaces common to protein families. J Mol Biol. 1996;257(2):342–58.
6. Guharoy M, Chakrabarti P. Conserved residue clusters at protein-protein

interfaces and their use in binding site identification. BMC Bioinform. 2010;
11:286.

7. Ahmad S, Keskin O, Sarai A, Nussinov R. Protein-DNA interactions: structural,
thermodynamic and clustering patterns of conserved residues in DNA-
binding proteins. Nucleic Acids Res. 2008;36(18):5922–32.

8. Landgraf R, Xenarios I, Eisenberg D. Three-dimensional cluster analysis
identifies interfaces and functional residue clusters in proteins. J Mol Biol.
2001;307(5):1487–502.

9. Madabushi S, Yao H, Marsh M, Kristensen DM, Philippi A, Sowa ME,
Lichtarge O. Structural clusters of evolutionary trace residues are statistically
significant and common in proteins. J Mol Biol. 2002;316(1):139–54.

10. Ahmad S, Keskin O, Mizuguchi K, Sarai A, Nussinov R. CCRXP: exploring
clusters of conserved residues in protein structures. Nucleic Acids Res. 2010;
38(Web Server issue):W398–401.

11. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H,
Shindyalov IN, Bourne PE. The protein data Bank. Nucleic Acids Res. 2000;
28(1):235–42.

12. Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: improving the sensitivity
of progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice. Nucleic Acids Res.
1994;22(22):4673–80.

13. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam
H, Valentin F, Wallace IM, Wilm A, Lopez R, et al. Clustal W and clustal X
version 2.0. Bioinformatics. 2007;23(21):2947–8.

14. Suzek BE, Huang H, McGarvey P, Mazumder R, Wu CH. UniRef:
comprehensive and non-redundant UniProt reference clusters.
Bioinformatics. 2007;23(10):1282–8.

15. You Y, Jang I, Lee K, Kim H, Lee K. An approach for a substitution matrix
based on protein blocks and physicochemical properties of amino acids
through PCA. Interdiscip Bio Central. 2014;6(4):3.

16. Yang Q, Niu X, Tian X, Zhang X, Cong J, Wang R, Zhang G, Li G.
Comprehensive genomic analysis of the DUF4228 gene family in land
plants and expression profiling of ATDUF4228 under abiotic stresses. BMC
Genomics. 2020;21(1):12.

17. Ramakrishnan A, Janga SC. Human protein-RNA interaction network is
highly stable across mammals. BMC Genomics. 2019;20(Suppl 12):1004.

Yang et al. BMC Bioinformatics           (2020) 21:57 Page 13 of 14

https://doi.org/10.1186/s12859-020-3398-9
https://doi.org/10.1186/s12859-020-3398-9


18. Scheibenreif L, Littmann M, Orengo C, Rost B. FunFam protein families
improve residue level molecular function prediction. BMC Bioinform. 2019;
20(1):400.

19. Hubbard SJ, Thornton JM. 'Naccess', Computer Program, Department of
Biochemistry and Molecular Biology. London: University College; 1993.

20. Barik A, Nithin C, Karampudi NB, Mukherjee S, Bahadur RP. Probing binding
hot spots at protein-RNA recognition sites. Nucleic Acids Res. 2016;44(2):e9.

21. Shannon CE. The mathematical theory of communication (reprinted). M D
Comput. 1997;14(4):306–17.

22. Guharoy M, Chakrabarti P. Conservation and relative importance of residues
across protein-protein interfaces. Proc Natl Acad Sci U S A. 2005;102(43):
15447–52.

23. Bahadur RP, Zacharias M, Janin J. Dissecting protein-RNA recognition sites.
Nucleic Acids Res. 2008;36(8):2705–16.

24. Schueler-Furman O, Baker D. Conserved residue clustering and protein
structure prediction. Proteins. 2003;52(2):225–35.

25. Bahadur RP, Chakrabarti P, Rodier F, Janin J. Dissecting subunit interfaces in
homodimeric proteins. Proteins. 2003;53(3):708–19.

26. Jones S, Thornton JM. Analysis of protein-protein interaction sites using
surface patches. J Mol Biol. 1997;272(1):121–32.

27. Liu L, Xiong Y, Gao H, Wei DQ, Mitchell JC, Zhu X. dbAMEPNI: a database of
alanine mutagenic effects for protein-nucleic acid interactions. Database
(Oxford). 2018;2018. https://doi.org/10.1093/database/bay034.

28. Mackereth CD, Sattler M. Dynamics in multi-domain protein recognition of
RNA. Curr Opin Struct Biol. 2012;22(3):287–96.

29. Li CH, Cao LB, Su JG, Yang YX, Wang CX. A new residue-nucleotide
propensity potential with structural information considered for
discriminating protein-RNA docking decoys. Proteins. 2012;80(1):14–24.

30. Gutteridge A, Bartlett GJ, Thornton JM. Using a neural network and spatial
clustering to predict the location of active sites in enzymes. J Mol Biol. 2003;
330(4):719–34.

31. Ma B, Elkayam T, Wolfson H, Nussinov R. Protein-protein interactions:
structurally conserved residues distinguish between binding sites and
exposed protein surfaces. Proc Natl Acad Sci U S A. 2003;100(10):5772–7.

32. Zhang Z, Lu L, Zhang Y, Hua LC, Wang CX, Zhang XY, Tan JJ. A
combinatorial scoring function for protein-RNA docking. Proteins. 2017;
85(4):741–52.

33. Guharoy M, Chakrabarti P. Empirical estimation of the energetic
contribution of individual interface residues in structures of protein-protein
complexes. J Comput Aided Mol Des. 2009;23(9):645–54.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Yang et al. BMC Bioinformatics           (2020) 21:57 Page 14 of 14

https://doi.org/10.1093/database/bay034

	Abstract
	Background
	Results
	Conclusions

	Introduction
	Materials and methods
	Construction of dataset of protein-RNA interfaces
	Determination of protein interface, non-interface surface and interior residues
	Calculation of sequence conservation
	Identification of conserved interface residues
	Measure of the spatial clustering degree
	Identification of sub-clusters of conserved interface residues
	Generation of surface patches and comparison of the clustering of conserved residues at the interface with that at surface patches
	Experimental alanine scanning mutagenesis data

	Results
	Evolution of polypeptide chains in protein-RNA complexes
	Evolutions of interiors, interfaces and non-interface surfaces in protein-RNA complexes
	Relative conservations of amino acid residues in interiors, interfaces and non-interface surfaces
	Clustering of conserved residues in protein-RNA interfaces
	Formation of multiple conserved residue sub-clusters in larger interfaces
	Sub-cluster size
	Preferred amino acid types in conserved residue clusters
	Conserved residue clustering to discriminate the real interface from other random surface patches
	Extent of experimental hot spot residues occurring in conserved residue clusters

	Discussion and conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contribution
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

