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ARTICLE INFO ABSTRACT

Keywords: Biological polypeptides are known to contain cis-linkage in their main chain as a minor but
Protein important feature. Such anomalous connection of amino acids has different structural and
Structure functional effects on proteins. Experimental evidence of cis-bonds in proteins is mainly obtained
g;ﬁi;ggﬁzﬁhy using X-ray crystallography and other methods in the field of structural biology. To date,
cis-trans extensive analyses have been carried out on the experimentally found cis-bonds using the Protein

Data Bank (PDB) entry-wise or residue-wise; however, their consistency in each protein has not
been examined on a global scale. Data accumulation and advances in computational methodology
enable the use of new approaches from a proteomic point of view. Here, we sought to carry out
protein-wise analysis and describe a simple procedure for the detection and confirmation of cis-
bonds from a set of experimental PDB chains for a protein to discriminate this type of bond from
isomerizable and/or misassigned bonds. The resulting set of consistent cis bonds (found at
identical positions in multiple chains) provides unprecedented insights into the trend of “high cis
content” proteins and the upper limit of consistent cis bonds per polypeptide length. Recognizing
such limit would not only be important for a practical check of upcoming structures, but also for
the design of novel protein folds beyond the evolutionally-acquired repertoire.

1. Introduction

Amino acid connections in proteins, called peptide bonds, mainly assume the trans configuration owing to energetical preference.
However, deviation from this trend is well-known to occur in a small but meaningful number of cases [1,2]. The most prominent
evidence of the existence of a cis-linkage involves proline in the X-P tandem sequences, where X denotes any amino acids. Non-proline
cis linkage involves almost any type of two tandem amino acids, including a second cis-preferring glycine [3]. Cis-trans bond flip in the
main chain could significantly affect the folding manner of a polypeptide. Enzymatically-assisted regulation of this flip has also been
evaluated in numerous studies [4,5].

Experimentally-determined protein coordinates provide data on the presence of cis-bond; however, the correctness of the cis/trans
assignment depends on the resolution of the methods employed. Earlier analyses were performed in a residue-based manner, inevitably
due to the limited amount of experimental structure models [6,7]. However, systematic analysis of cis bond inclusion in each protein
backbone has not been performed, which might be due to the ability of a substantial fraction of potential cis bonds to assume both
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isomeric configurations according to conditions, such as ligand binding and protein-protein interactions. The presence of hardly
isomerizable cis bonds in a folded polypeptide, referred to as consistent cis bonds in this study, might be advantageous and important
for holding the folded polypeptide in a specific conformational state either locally or globally.

We have been collecting backbone distance data for each protein using the so-called distance scoring analysis (DSA) [8], mostly
using X-ray crystallographic coordinates archived in Protein Data Bank (PDB) [9]. This method considers all intramolecular C4-C, pair
distances for a set of PDB chains per protein in an exactly aligned fashion, and adjacent C,-C, distances can be easily extracted from
such data. DSA is proposed for quantifying the variability of all intramolecular C,-C, pair distances, yielding the score (= aver-
age/stdev) for each C,-C, pair. Therefore, for a certain peptide bond position in a protein, cis only and cis/trans mixture result in fairly
distinct scores, enabling us to infer the consistency of cis configuration.

Herein, a large-scale analysis of consistent cis-bonds was performed, using a redundant set of PDB chains for each protein. The
results of this analysis were discussed with a particular focus on proteins with high cis content per polypeptide and/or per length.

2. Methods
2.1. Protein selection

DSA of the PDB coordinate files has been ongoing since 2016 in the order of proteins with larger number of entries. In the present
study, protein chains contained in X-ray entries are considered, regardless of the presence of other components (DNA, RNA, small
molecule). To date, almost all proteins with more than two X-ray entries have been processed, with the exception of those residing in
large protein complexes and those containing a significant amount of missing C, atoms in their respective full length. With regard to
protein complexes, not all of the components in an PDB entry have been included in the present analysis (e.g. some subunits in a plant
photosystem I supercomplex). On the other hand, many partial structures are included, such as human brain nitric oxide synthase
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Fig. 1. Distance-based detection of consistent cis bonds. (a) Angle-distance plot of a peptide bond with fixed bond lengths (C-C, 1.53 A; C-N, 1.33
A; N-C, 1.45 A) changing from trans to cis configulation. (b) Example log-log main plot of DSA for ribonuclease U2 from Ustilago sphaerogena,
revealing the presence of three consistent cis bonds.
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(NOS) for which 15 out of 84 PDB entries could be used for the analysis of 29.1% of the full length as this sequence range forms a
structural domain homologous to bacterial NOS (see Fig. 5).

A list of the proteins is presented in Table S1 and is included in the top page searchable table of gses2.jp. PDB chains used for a
protein are mostly chosen by the associated specific UniProt ID [10]. For some proteins, the chains for analysis are derived from more
than one UniProt ID, given that the sequence identity is more than 95% in the analyzed range. There are a number of different UniProt
IDs for particular types of protein families, such as beta-lactamases in prokaryotic species, HLA antigens in eukaryotic ones, and some
proteins in viruses. As we did not attempt to eliminate such redundancy of proteins, these families are slightly overrepresented in our
list, simply reflecting the bias in the PDB archive itself.

The average sequence coverage is 82.1% (75.7% and 87.5% for eukaryotic and prokaryotic proteins, respectively) of the full
lengths, including signal/pro peptide regions, and the average usage of chains per protein is 11 (13 and 9 for eukaryotic and pro-
karyotic proteins, respectively).

2.2. Cis-bond analysis

DSA was performed as previously described [8,11]. A Python script Score-analyzer 3_v05 for Python3 (https://github.com/
teteokada/dsa/tree/main) was used to accumulate the basic distance data (dist file) for each protein (Table S2). A sequence range
to be analyzed for each protein was reasonably determined to use as many residues and PDB entries as possible, excluding any Cy
breaks in the range, guided by “Group Sequence” bar graphs implemented in PDB page for each UniProt ID.

In the GUI menu of the Score-analyzer, the cis-bond analysis function was implemented. First, a dist file containing all C4-C, pair
distances was read into the Score analyzer and the scores were calculated (Table S3). The cis-bond analysis function identifies a C,-Cq
pair when any one of the pair distances are less than 3.3 A (likely due to the cis configuration, Fig. 1a), and outputs a list of the pair
position number, average distance, and score (Fig. 1b, Table S4). Consistent cis bonds were selected from the list if the average distance
was ~3.0 A or less and the score was 20 or more. ~3.0 A is frequently observed average cis site values as well as the canonical ~2.9 A
(see below). For a minor fraction of confusing cases, all distance values were individually inspected to determine the validity of the
consistency. When some non-bonded (non-tandem position number) pair positions were identified, they were separately counted as
remote contacts, and were not considered in the present study.

The data for the plot of Fig. 1a was obtained using an online tool at https://www.geogebra.org/3d. All plots and graphics were
generated using Igor Pro (WaveMetrix) and Discovery Studio Visualizer (BIOVIA), respectively.

3. Results and discussion
3.1. Distance based survey of consistent cis-bonds

The main plot and semi-log main plot of a protein obtained from DSA represent the variability of each intramolecular C,-C, pair
distance [11]. As the scores (= average/stdev) were plotted against the average distance, datapoints for adjacent Cy-C, pairs formed a
vertical array at ~3.8 A if the peptide bond had the trans configuration; however, few datapoints were readily discernible at ~2.9 A if
the bond was of the cis form. Fig. 1b shows an example of the log-log main plot for ribonuclease U2 from Ustilago sphaerogena (Smut
fungus); a full 114 amino acid chain structure is available from five PDB entries for this protein. Of note, this protein was found to
exhibit a high “cis/length” feature as described later, with three consistent cis bonds (Table S4).

To evaluate the number of peptide bonds with consistent cis or mixed cis/trans configuration in each protein, all C,-C, pairs with a
distance less than 3.3 A were detected. This implies that we consider all peptide bonds in the dihedral angle range of roughly over 90°
to 180° (0°means trans, Fig. 1a) as possible cis form. Then, the average distances and scores were also listed for the detected pairs as not
only the average distance, but also the score, is used. Whereas adjacent C,-C, pairs are distinct among all intra chain C4-Cy pairs in
terms of distance distribution, score calculation above is found to be useful for evaluating consistency of isomeric states at each bond.
For example, if 10 chains are used for the analysis of a protein, a mixture of one trans (3.8 A) and nine cis for a particular bond position
results in a score of ~10 while ten cis (distances of 2.85-2.95 A) results in a score of ~100. For most cases, scores higher than 20
indicated all cis. When a pair with a score ranging from 15 to 20 was observed, inspection of all distance data was performed as the cis
configuration occasionally exhibits unusually short distance of ~2.6 A and such cis pair contributes to a substantial lowering of the
score to slightly less than ~20 in some cases. For ribonuclease U2 from Ustilago sphaerogena, three consistent cis bonds had scores
greater than 100 (Fig. 1, Table 54).

3.2. Protein structure set

By the end of February 2023, DSA results were accumulated for 13,422 proteins and a cis-bond analysis has been performed for
these proteins. Of note, the analyzed proteins are derived from all domains of living organism (eukaryotes, archaea, bacteria, viruses),
synthetic constructs and the composition simply reflects the availability of structural coordinates in PDB. As the present DSA only
considers continuously-modeled structures, possible effects from bond irregularity due to chain breaks are virtually excluded [12].
However, the protein set is slightly biased toward prokaryotic proteins (7541 vs 5129 eukaryotic proteins) owing to fewer chain breaks
in the present PDB data. Viral and synthetic proteins account for only 752 of 13,422 proteins (~5.6%).

All cis bond analyses for a protein used at least three chains of identical sequence range and at least two distinct PDB entries in most
cases. In contrast to the number of proteins analyzed, the number of used total PDB entries was larger for eukaryotic proteins (54,273)
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than prokaryotic proteins (43,944), reflecting the higher redundancy of structural studies for the former. The total number of used
chains were nearly the same for eukaryotic and prokaryotic proteins (65,559 and 66,682, respectively).

3.3. Consistent cis bonds in a protein

The absolute number of cis-bonds in a protein might increase as the length of the polypeptide increases. Based on our global
analysis, no clear correlation was found (Fig. 2) and the largest number of consistent cis bonds for a given polypeptide analyzed to date
was 10 in a medium-sized polypeptide, particulate methane monooxygenase subunit B (pmoB), for which 388 continuously modeled
amino acids were examined (92.4% of the full length). This protein does not have an UniProt ID but has an NCBI accession of
WP_036287217. As a recent cryo-electron microscopy structure (PDB ID: 7S4M) of this subunit only contains six cis bonds [13], the
consistency of these 10 cis bonds needs to be confirmed. The second largest number (nine) of consistent cis bonds is found in GH43
arabinofuranosidase (AXHd3) of 529 amino acids (97.6% of the full length) from Humicola insolens, which also does not have an
UniProt ID.

Fig. 3a shows the distribution of the number of consistent cis bonds in 13,422 proteins (o), 5129 eukaryotic proteins (/\), and 7541
prokaryotic proteins ([]). Not surprisingly, proteins with zero cis bonds were most abundant, covering nearly 60% of the total protein.
The number of proteins appeared to decrease almost exponentially with increasing cis bonds from 1 to 5. Of note, this trend fairly
applies to both eukaryotic and prokaryotic proteins. Owing to an insufficient number of proteins containing more than five cis bonds,
whether this exponential trend extends further is uncertain. Nonetheless, extrapolation of this trend suggests that the probability of
finding proteins containing more than 10 consistent cis bonds is less than 0.01% (1 out of 10,000), aligning with our finding of only one
(pmoB) or no protein with 10 consistent cis bonds, and no protein with 11 or more consistent cis bonds among the 13,422 proteins.
Overall, the average appearance of the consistent cis bonds was ~0.23% (1 per 435 peptide bonds), which is substantially less than that
reported in earlier studies [6], in which any consistency in a protein was not examined.

3.4. High “cis/length” protein

As inclusion of cis bonds potentially correlates with the folding characteristics of a protein, we analyzed the 13,422 proteins with
Normalized consistent cis Percentage (NccP) calculated by an equation, (number of consistent cis)/(amino acid length —1) * 100. Thus,
the NccP becomes 1.0 when one cis bond is included in a polypeptide length of 101 amino acids. When the average NccP for 5129
eukaryotic and 7541 prokaryotic proteins was calculated separately, the difference appeared to be marginal (0.25 and 0.22, respec-
tively). Aligning with this finding, the average number of consistent cis bonds per protein was similar between eukaryotic and pro-
caryotic proteins (0.63 and 0.65, respectively). Protein distribution of the NccP is shown in Fig. 3b, demonstrating a peak around 0.5%.

Fig. 4 shows the plot of NccP against length for all, eukaryotic, and prokaryotic proteins (Fig. 4a, b, and c, respectively). Each dot
(data of a protein) forming a curved line belongs to a group of the same number of consistent cis bonds (flat bottom dots represent zero
cis bond proteins) in the figure. The pattern of all dots is consistent with the above findings; the present upper limit of the number of
consistent cis bonds per protein is 10, and near exponential decay of protein fraction with increasing number of consistent cis bonds. Of
note, most of the examined proteins had a NccP of less than 2.0.

Of the 13,422 proteins, only 39 were found to have a NccP of more than 2.0; these proteins are listed in Table 1 as high NccP
proteins. Interestingly, 30 of the 39 high NccP proteins are of eukaryotic origin. The most abundant legacy Pfam family in eukaryotic
high NccP proteins is V-set (5 of 30) under the clan of Ig. As there is an additional protein under Ig clan in this list, six immunoglobulin
fold proteins significantly contribute to this eukaryotic high NccP proteins. However, the NccP of these Ig clan proteins do not exceed
3.0 in the present analysis.

Only five proteins have a NccP higher than 3.0 (Fig. 4, Table 1) and these proteins are from eukaryotic species (one human and four
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Fig. 2. Number of consistent cis bonds vs polypeptide length (number of amino acids) for the 13,422 proteins.
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Fig. 3. Distribution of protein fraction (o, all proteins; [], eukaryotic proteins; /\, prokaryotic proteins). (a) Number of consistent cis bonds in a
continuous modeled polypeptide. (b) NccP for a continuously modeled polypeptide.

plant proteins). Based on the dot distribution in Fig. 4, these proteins appear to be rather exceptional. In fact, two of these proteins
(SFTI1 and OAK1) form a cyclic polypeptide structure. SFTI1 and Non cyclic Bowman-Birk type proteinase inhibitor (P01055) are
classified in the same Pfam family of Bowman-Birk_leg, and PO1055 is extensively disulfide-bonded (seven S-S bonds in 57 amino acid
chain). Whereas the consistency analysis of P01055 protein was carried out for 57 amino acids (80.3% of full length without signal/pro
peptide), the longest model structure (PDB ID: 5J4Q) suggests that the NccP would be ~2.857 (2 cis in 71 residues). GM2A, with a
novel B-cup topology, contains six consistent cis bonds in 162 amino acid chain [14] and belongs to the E1_DerP2_DerF2 Pfam family.
Both E1_DerP2 _DerF2 and Bowman-Birk leg families were mainly found in eukaryotes. Six cis bonds were also found in the single PDB
entry (2AGC) for the mouse homolog (75% sequence identity) of this protein, and both human and mouse GM2A contains four di-
sulfide bonds. Mannose/sialic acid-binding lectin (Q8L568) from Polygonatum cyrtonema does not contain any Pfam domains, but
belongs to the Galanthus nivalis agglutinin (GNA)-related lectin family with beta-prism II fold [15]. As the fourth cis bond of this protein
is located at the edge of the truncated C-terminal, the number of consistent cis might be three (NccP is ~2.778). Therefore, we suppose
at this point that GM2A is the only non-cyclic protein with a NccP higher than 3.0. The proline content per length of GM2A was fairly
high (~9.88%) compared with the reported average [16], but not outstandingly high compared to that of other proteins in Table 1.

3.5. Consistent cis bonds with proline and others

X-P is well known as the most frequently found amino acid pair that forms the cis configuration, where X stands for any amino acids
and P stands for proline [17]. All consistent cis bonds in the top five NccP proteins described above are of the X-P type. Only five of the
top 39 NccP proteins listed in Table 1 contain non-X-P type cis bonds that are known to occur very rarely [18]. All high NccP vertebrate
proteins (11 of 39) only contain X-P cis bonds. pmoB protein with 10 tentative consistent cis bonds in X-ray structures (6 in cryo-EM)
contains seven non-XP types, and the remaining three X-P cis bonds are found in the cryo-EM structure.

For high cis number proteins, such as those containing more than five consistent cis bonds, approximately one-third of the total cis
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Fig. 4. Polypeptide length dependency of the number of consistent cis bonds in continuously modeled proteins. (a) All proteins (b) eukaryotic
proteins (c) prokaryotic proteins.

bonds is of the non X-P type (96 of 289). This apparent bias is partly due to the abundance of beta-galactosidases from various species
in high cis number proteins.

The whole data list (Table S1) can also be used to find how consistent cis bonds are conserved in homologous proteins from different
species. As described below, human carbonic anhydrase 2 (CA2) contains two conserved X-P pairs and our results confirmed this in
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Fig. 5. Consistent cis bonds in protein families of high structural conservation. (a) Adenylate kinases; green: E.coli (PDB ID: 1AKE, chain A), blue:
human (PDB ID: 1Z83, chain A). (b) Cystathionin gamma-syntases/lyases; green: E.coli (PDB ID: 1CS1, chain A), blue: human (PDB ID: 2NMP, chain
A). (c) Formate dehydrogenases; green: G. mallensis (PDB ID: 6T8C, chain A), blue: [Candida] boidinii (PDB ID: 5DN9, chain A). (d) Nitric oxide
synthases; green: B. subtilis (PDB ID: 4D3I, chain A), blue: human (PDB ID: 6CIC, chain A). Conserved prolines in X-P type consistent cis bonds are
shown in red with bold stick presentation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)

seven human (including CA2), one bovine and one mouse homologues. Among many other such cases, here we show four examples in
each of which both prokaryotic and eukaryotic protein data are obtained (Fig. 5a~d). For these protein families (adenylate kinases,
cystathionin gamma-syntases/lyases, formate dehydrogenases, and nitric oxide synthases), one, one, two, and one consistent cis bonds
are found, respectively. Whereas the type of amino acids at X position is not always the same for prokaryotic and eukaryotic members,
these five X-P cis bonds clearly demonstrate their important role in defining the backbone trace in the context of local structural
arrangement in each family.

3.6. Mixed cis/trans bonds

Based on our analysis, 6921 sites were assigned as mixed cis/trans configuration from 13,422 proteins. This amount may not be
trivial as it is only ~18.6% less than 8499 of consistent cis sites from the same protein set. One of the likely reasons for this finding is the
lack of a resolution cut off. Resolution dependent misassignment could occur in either directions, trans to cis or cis to trans, as revealed
previously [6,19,20].

The mixed sites were roughly classified into three categories: cis-dominant, trans-dominant, and evenly mixed, as according to the
average distances of closer to 2.9 A, 3.8 A, and 3.3 A, respectively. As a site of mixed cis bond was identified if one or more of its
distances of less than 3.3 A were contained in a set of chains used for a protein, a significant amount of trans-dominant bonds was found
to reside at 6921 bond sites. Many of these bonds are the results of misassignment as cis in one or few chains. On the other hand, some
of the cis-dominant bonds might be better assigned as consistent cis as misassignment to trans could also occur. Nonetheless, such cases,
even if present, do not affect the main findings of this study. In fact, inspection of all distance data for confusing cases indicated that
only ~0.45% (~60 in 13,422) of proteins might contain more consistent cis bonds than that found in the present study.

Finally, evenly mixed bonds might reflect the convertible nature of the sites depending on the conditions, such as ligand-binding
and protein-protein interaction [21]. Further detailed analysis on the mixed sites should be performed in the future.

4. Conclusions

In the present analysis, we analyzed 104,854 PDB entries and 141,017 chains from these entries, and showed that the percentage of
consistent cis bonds in a protein would rarely exceed three. For a more complete analysis on the PDB data archive, single entry proteins
comprising three or more chains must be evaluated. An analysis of two entry proteins with only three or four chains is in progress. In
addition, multiprotein complex entries have not been extensively used. In many cases, only one or a few proteins (with larger coverage
of the full length) in a complex are included in the present analysis. Furthermore, many proteins remain unanalyzed due to the
presence of extensive chain breaks and/or poor sequence coverage in the available coordinate files.

The level of confidence for the consistent cis bonds in the present analysis inevitably varies for the 13,422 proteins as the number of
useable chains is limited by their availability from the PDB archive. The most confident cis bonds may be two positions (29-30 and
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Table 1
High NccP proteins.
Gene Protein UniProt Length | Length(%) | cis/length%
SFTI1 Trypsin inhibitor 1 Q4GWU5 14 100.0 7.69231
GM2A Ganglioside GM2 activator P17900 162 83.9 3.72671
n.a. Mannose/sialic acid-binding lectin Q8L568 109 68.1 3.70370
OAK1 Kalata-B1 P56254 29 100.0 3.57143
n.a. Bowman-Birk type proteinase inhibitor P01055 57 80.3 3.57143
TUSA Sulfur carrier protein TusA P0A892 76 93.8 2.66667
yojM Superoxide dismutase-like protein YojM 031851 151 77.0 2.66667
RNU2 Ribonuclease U2 P00654 114 100.0 2.65487
Ctla4 Cytotoxic T-lymphocyte protein 4, extracellular P09793 115 51.6 2.63158
KIR3DLI1 Killer cell immunoglobulin-like receptor 3DL1, extracellular P43629 232 523 2.59740
n.a. Particulate Methane monooxygenase subunit B (pmoB) n.a. 388 92.4 2.58398
Vapb Vesicle-associated membrane protein-associated protein B Q9QY76/095292 121 49.8 2.50000
n.a. 6.5 kDa glycine-rich antifreeze protein Q38PT6 81 100.0 2.50000
n.a. Major sperm protein isoform alpha P27439 122 96.1 2.47934
crchiA Chitinase A Q4W6L6 207 53.5 2.42718
RPOI12 DNA-directed RNA polymerase subunit P B8YB64 43 89.6 2.38095
Cdh2 Cadherin-2 P15116 213 235 2.35849
NPC2 NPC intracellular cholesterol transporter 2 P79345 130 100.0 2.32558
n.a. Monellin chain A P02881 44 97.8 2.32558
ret Ribonuclease mitogillin P67876 132 88.6 2.29008
TTHB138 FeS_assembly_P domain-containing protein Q53W28 90 87.4 2.24719
Travll T cell receptor alpha variable 11D AOAO0B4I1J9 92 98.9 2.19780
SLL-2B Galactose-binding lectin A4CYJ6 94 79.0 2.15054
na. Monellin chain B P02882 48 96.0 2.12766
IGKV1D-33 Immunoglobulin kappa variable 1D-33 P01593 95 100.0 2.12766
GM10881 Ig kappa chain V-V region L7 (Fragment) P01642 95 100.0 2.12766
Lairl Leukocyte-associated immunoglobulin-like receptor 1, extracell Q8BG84 96 36.5 2.10526
IGKV3-20 Immunoglobulin kappa variable 3-20 P01619 96 100.0 2.10526
LOC109719601 | Jacalin-like lectin Q53109 144 99.3 2.09790
fabZ 3-hydroxyacyl-[acyl-carrier-protein] dehydratase FabZ AIKRL1 144 96.6 2.09790
n.a. BEL-beta trefoil R4GRU5 146 100.0 2.06897
na. Heat-labile enterotoxin IIB, B chain P43529 98 99.0 2.06186
LT-Ilcl B Heat-labile enterotoxin ITA, B chain H6W8F2 98 100.0 2.06186
PETE Plastocyanin, chloroplastic P07030 99 100.0 2.04082
PETE Plastocyanin A, chloroplastic P00299 99 100.0 2.04082
PETE_2 Plastocyanin B, chloroplastic P11970 99 100.0 2.04082
PETE Plastocyanin, chloroplastic P00289 929 100.0 2.04082
n.a. Frutapin AO0A2DOTC52 150 100.0 2.01342
RUS Rusticyanin P0OCI18 150 96.8 2.01342

Numerals with red color in the length(%) column are the values calculated without signal/pro peptide region at the

respective N-terminal.

200-201) in human CA2 determined from 1015 chains and 1015 entries. The present analysis also revealed four mixed sites (28-29,
233-234, 234-235, and 236-237) for this protein, all of which were trans dominant. On the other hand, the recently reported carbonic
anhydrase (AOA3QOKSG2) from Schistosoma mansoni [22], in which four consistent cis bonds and no mixed sites were found, was
analyzed using 8 entries and 13 chains. Thus, the confidence of these four cis bonds might be considered less than that of the human
homolog.

Of note, once we obtained the number of confident cis bonds by the present method, future re-analysis by adding new experimental
coordinates would not increase it. It is only possible that any of these consistent cis bonds could be re-assigned as mixed sites depending
on the added coordinates. Therefore, the upper limit of NccP value is already very reliable for the proteins in which no mixed sites were
found. Recognizing such limit would not only be important for a practical check of upcoming structures, but also for the design of novel
protein folds beyond the evolutionally-acquired repertoire.

Whereas effective introduction of cis bonds per limited length of polypeptide appears to be challenging, such kind of protein en-
gineering might be beneficial, for instance, to create smaller size of functional unit. This idea comes from comparison of ribonuclease
U2, one of the high cis protein, with structurally similar ribonuclease T1 from Hericium erinaceus (UniProt ID: B1Q4V2) in which only
one of the three cis bonds found in the former is conserved (Fig. 6). The conserved Tyr-Pro cis bond is located closely to the nucleotide
binding site in both proteins, whereas two Gly-Pro cis bonds in ribonuclease U2 do not present in ribonuclease T1. Interestingly, these
two cis sites are found at the regions around which the degree of protrusion of loops and a helix differs in these proteins. Backbone trace
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Fig. 6. Comparison of two ribonucleases. Green: ribonuclease U2 from Ustilago sphaerogena (PDB ID: 3AGN, chain A), blue: ribonuclease T1 from
Hericium erinaceus (PDB ID: 6LS1, chain A). One conserved and two unconserved prolines in X-P type consistent cis bonds are shown in red and

orange, respectively, with bold stick presentation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

change by the presence of these additional cis bonds might contribute to the overall compactness observed for ribonuclease U2.
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