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Abstract

Background: Intrinsically disordered proteins and protein regions (IDPs/IDRs) are important in diverse biological processes. Lacking a
stable secondary structure, they display an ensemble of conformations. One factor contributing to this conformational heterogeneity is the
proline cis/trans isomerization. The knowledge and value of a given cis/trans proline ratio are paramount, as the different conformational
states can be responsible for different biological functions. Nuclear Magnetic Resonance (NMR) spectroscopy is the only method to
characterize the two co-existing isomers on an atomic level, and only a few works report on these data. Methods: After collecting the
available experimental literature findings, we conducted a statistical analysis regarding the influence of the neighboring amino acid types
(i £ 4 regions) on forming a cis-Pro isomer. Based on this, several regularities were formulated. NMR spectroscopy was then used to
define the cis-Pro content on model peptides and desired point mutations. Results: Analysis of NMR spectra prove the dependence of
the cis-Pro content on the type of the neighboring amino acid—with special attention on aromatic and positively charged sidechains.
Conclusions: Our results may benefit the design of protein regions with a given cis-Pro content, and contribute to a better understanding
of the roles and functions of IDPs.
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Despite the lack of a stable secondary structure, in- o @)

trinsically disordered proteins/protein regions (IDPs/IDRs) g N } o N
play fundamental roles in many biological processes. One R < R
factor contributing to the hindrance of secondary structure i+1 /g i+1
formation is the high content of proline residues. Proline -1 Ri-1 O

is the only naturally occurring amino acid that can exist in
two conformations (Fig. 1), as in this case, the free energy
difference between the trans and cis conformers is lower
than in all other non-prolyl bonds (with typical values of 20
kcal/mol) [1]. In proteins, the peptide bonds are predomi-
nantly in the frans-state (>99.5%) considering X-non-Pro
connections, and it is only around 95% in the case of the
X-Pro bond [1,2]. In folded proteins—due to the relatively
high steric hindrances between X-Ca and Pro-C§ atomic
environments—the cis-isomer is less frequent [3]. How-
ever, spontaneous isomerization can occur in highly flexi-
ble proteins such as IDPs, and as a consequence both con-
formers are present in the solution. The situation may be-

cis-conformer trans-conformer

Fig. 1. Schematic representation of proline cis-trans isomer-
ization. In proteins, the trans isomer is the predominant form.
However, 4-30% of cis-isomers in IDPs can occur depending on
the Pro-neighboring sequence. Proline atom numbering is shown

in red.

tyrosine-phenylalanine domain (GYF), and ubiquitin en-
zyme 2 variant (UEV) [5]. Furthermore, the biological
function is associated with the existence of either cis or
trans proline conformation and is linked to cancer [6-8],

come more complicated as IDPs are generally abundant in
proline residues [4].

The cis and trans-Pro isomers play key roles in
protein—protein interactions as several proteins contain
specific polyproline binding domains, such as SRC Ho-
mology 3 Domain (SH3), tryptophan-tryptophan domain
(WW), ENA-VASP Homology Domain 1 (EVHI), glycine-

neurodegenerative diseases [9,10] as well as physiological
processes such as the circadian rhythm regulation [11,12].

Therefore, it is important to determine the conforma-
tion of the proline residues. However, it is not straight-
forward to detect and characterize the isomeric ratio. As
IDPs are highly mobile systems, atomic resolution stud-
ies using X-ray crystallography or cryo-EM cannot be used
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[13]. Therefore, Nuclear Magnetic Resonance (NMR)
spectroscopy is the only method of investigation capable of
discerning between the two conformations. In addition, it is
possible to detect several conformations co-existing in the
solution. NMR spectra peak multiplications indicate this
phenomenon. In the trans and cis-Pro isomers, the chemical
environment is different, and the exchange is slow (10~3—
1072 s71) [14]. Thus, two separate peaks are detected for
the Pro as well as for the neighboring residues.

Using 2D 'H,'H-NOESY measurements, the two pro-
line isomers can be distinguished based on the intensity of
the Ha-Ha NOE peak between the Pro and the preceding
residue [15]. However, the Pro '3C3-13Cy chemical shift
difference is a more reliable indicator of the Pro isomer
form. This method is commonly used for '3C/!°N labeled
proteins samples, where specific 3D experiments can de-
tect the Pro sidechain C/3, C~y peaks by: hCCCONH [16] in
'HN, Pro-(H)CBCGCAHA in 'H® [17] and 3D (H)CCCON
in 13C-detected approaches [18]. In the case of samples
with natural isotopic abundance, the approach based on the
Pro sidechain '3Cf3, 3C~y chemical shift determination is
rarely used. However, the 2D 'H,'3C-HSQC spectrum with
appropriate signal-to-noise ratio can be used, even for the
low concentration minor form.

Possible cis-Pro peak assignment methods for proteins
are Pro-Ala mutations [19] or site-specific labeling [20].
Furthermore, the application of proline analogs has gained
popularity [12]. The fluorinated amino acids are widely uti-
lized analogs for assessment of cis/trans-Pro presence since
19F NMR is more advantageous due to less signal overlap
[21].

As a consequence of these experimental difficulties,
there are relatively few publications regarding the charac-
terization of the cis-Pro isomers in IDPs. Previous stud-
ies showed that the cis-trans proline isomer ratio depends
on the sequence of the Pro neighboring regions in IDPs
[22,23]. In our earlier study, we performed a statistical anal-
ysis using the available experimental data to determine the
effect of the amino acid type of Pro neighboring residues on
forming a cis-Pro conformer [17]. This analysis was based
on 10 IDPs containing 101 Pro neighboring regions (i 4 3
regions, i representing the Pro). Three main groups were
considered according to the cis-Pro amount: >5%, >10%,
and <5% cis-Pro containing amino acid sequences.

It was shown at p = 0.1 significance level that high
(>10%) cis-Pro content is favored if aromatic residues
(Phe, Tyr, Trp) are present in the i £ 1 positions or neg-
atively charged residues (Asp, Glu) are located i-2, i-1 and
i + 3 positions. Positively charged residues in i-3, i-1 posi-
tions can indicate decreased cis-Pro content (<5%).

As a continuation of this study, here we propose
a more extensive investigation of the Pro occurrence in
IDPs from DisProt database (Database of Protein Disorder,
https://disprot.org/) and further characterize the amino acid
composition of the Pro and Pro-Pro neighborhood [24,25].

As DisProt does not contain information on the amount of
cis-Pro isomers, we updated and expanded our previous
dataset [17] to the i £ 4 proline neighbors to test whether
long-range interactions affect cis-Pro formation. While the
regularities obtained from the statistical analysis seemed
valid for our studied p53'~6° region, experimental proof
by investigations on well-designed mutations has not been
performed yet. Therefore, in this study, we fill this research
gap, and using short, 12—15 residue long peptide sequences,
we use NMR to analyze the variation of cis-proline amounts
with well-designed amino acid mutations. For this purpose,
we used peptides from the lysine-rich K-segments of Early
Response to Dehydration 14 (ERD14) dehydrin from Ara-
bidopsis thaliana and the C-terminal region of metastasis-
associated human S100A4. We showed earlier that these
peptides are capable of cell penetration and might be suit-
able candidates for drug delivery [26].

2. Materials and Methods
2.1 Statistical Analysis

Amino acid composition of intrinsically disordered
proteins was collected from DisProt database (release ver-
sion 2022 12) and was analyzed using in-house built
Python scripts and Microsoft Excel. The DisProt database
amino acid composition was determined for the whole
dataset (10,544 records) and a filtered dataset (4158
records), from which duplicates based on the sequence and
region ID were removed (Supplementary Table 1).

The cis-Pro neighboring sequence preference with
proof by NMR measurements was studied for several IDPs
[12,17,19,20,22,27-36] (Supplementary Table 2). As the
dataset has increased since our previous work, we have up-
dated the results [17]. The current dataset contains 15 IDPs
with 167 central i proline environments, and the proline i 4
4 environments were investigated. Residues were divided
into 7 groups based on the traditional classification of the
amino acids: (1) Gly; (2) aliphatic side chain (Ala, Val, Leu,
Ile, Met); (3) polar side chain (Ser, Thr, Cys, Asn, Gln); (4)
positively charged side chain (Arg, Lys, His); (5) negatively
charged side chain (Asp, Glu); (6) aromatic side chain (Phe,
Tyr, Trp); and (7) Pro. Two-sided binomial tests at a signifi-
cance level of 0.05 and 0.1 were conducted for the statistical
analysis.

2.2 Peptide Synthesis and Purification

The designed peptides (Table 1) were synthesized us-
ing solid-phase peptide synthesis, applying the Fmoc/tBu
strategy using a CEM microwave-assisted fully automated
peptide synthesizer. The syntheses were carried out at a
0.25 mmol synthesis scale using a TentaGel S Ram resin
(Rapp Polymere GmbH, Tiibingen, Germany) with a load-
ing of 0.23 mmol/g amino function. The crude peptides
were detached from the solid support using TFA (90%)
in the presence of water (5%), 1, 4-dithiothreitol (DTT,
2.5%), and TIS (2.5%). The crude peptides were purified
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Table 1. Properties of the studied peptides.

Peptide Sequence Length  Number of Pro M caic(mono) M meas

LA DRGLFPFLGKKK 12 1 1404.82 1404.57
I.B DRGLRPFLGKKK 12 1 1413.86 1414.01
ILA FFEGFPDKQPRKK 13 2 1622.86 1623.45
II.B FFEGFADKQPRKK 13 1 1596.84 1597.09
II.C FFEGFPDKQARKK 13 1 1596.84 1596.96
1.LD FFEGFADKQARKK 13 0 1570.83 1570.78
111 EKKGFPEKLKEKLPG 15 2 1727.00 1727.04

Prolines are shown in bold, and mutations for Peptide I.A are highlighted with red and for Peptide

II.A with blue.

using a C18 RP-HPLC on a PerfectSil 100 ODS3 5 pm col-
umn (250 x 10 mm). All compounds were >95% pure
by HPLC analysis. The cleaved peptides were analyzed
by RP-HPLC/MS (A: 0.1% TFA; B: 80% AcN/water) on a
PerfectSil 100 ODS-3 5 um column (250 x 4.6 mm), with
a flow of 1 mL/min. The mass accuracy of the products
was determined by ESI-MS using a Waters SQ Detector2
(Waters Corporation, Milford, MA, USA). The mass spec-
tra were recorded in positive ion mode in the 200.0-3000.0
m/z range (Supplementary Figs. 1,2).

2.3 Nuclear Magnetic Resonance Experiments and Data
Analysis

Typical NMR samples contained 1 mM pep-
tide in 10% D20 and 0.05 mM 3-(trimethylsilyl)-1-
propanesulfonic acid sodium salt (DSS), and the pH was
adjusted to 3.0. All NMR spectra were recorded on a
Bruker Avance III 700 spectrometer (Bruker GmbH,
Ettlingen, Germany) (700.05 MHz for 'H; 70.94 MHz for
15N; 176.03 MHz for '3C) using a Prodigy TCI H&F-C/N-
D, 5 mm z-gradient probe head. The measurements were
conducted at 298 K. *H chemical shifts were referenced to
the internal DSS standard, whereas !°N and '3C chemical
shifts were referenced indirectly via the gyromagnetic
ratios.

Resonance assignment and sequential connectivities
were determined from classical 2D homonuclear 'H,'H-
TOCSY (mixing time: 80 ms) and 'H,'H-NOESY (mix-
ing time: 250 ms) measurements. The typical spectral
resolution was 2048 x 512, and the measurements were
acquired with 8 and 16 transients, respectively. 'H,'5N
SOFAST-HMQC, and 'H,'3C-HSQC measurements were
performed on peptides with a naturally abundant isotope
content. The 'H,’>N SOFAST-HMQC spectra were ac-
quired with 2048 x 128 resolution, and the number of scans
varied between 160—480 to detect the lowly populated mi-
nor forms. 'H,'3C-HSQC were acquired using a 2048 x
256 resolution with 32 transients. All spectra were pro-
cessed using TopSpin 3.6.0. (Bruker GmbH, Ettlingen,
Germany) Peak assignment was completed using Sparky
(University of California, San Francisco, CA, USA) [37].
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3. Results and Discussion
3.1 Proline Neighboring Residues in DisProt

Proline, with 7.41% occurrence, is the 5th most fre-
quent amino acid in IDPs according to DisProt (release ver-
sion 2022 12) (Fig. 2, Supplementary Table 1). In or-
der to confirm the amino acid preference, the proline pre-
ceding and succeeding neighboring residue type was col-
lected for the Pro residues and Pro-Pro motifs (Fig. 2, Sup-
plementary Tables 3,4). Statistical analysis of these data
shows that the distribution of amino acid type in the Pro
=+ 1 positions differs significantly from the DisProt amino
acid distribution (Table 2). This signifies that the num-
ber of aliphatic and Pro residues significantly increases in
these positions, whereas charged and aromatic residues are
significantly less frequent. The number of Gly and polar
residues are significantly different in the Pro preceding po-
sition, but no significant differences in occurrence can be
found for i + 1 position. The composition of X-Pro-Pro and
Pro-Pro-X motifs differ as well: in both cases, the number
of aliphatic residues and Pro is increased, and interestingly
the number of negatively charged residues shows signifi-
cant deviation from the DisProt database (Supplementary
Table 5).

It is important to note that prolines are often situated
in proline-rich regions with repetitive Pro containing motifs
that often form polyproline II-type helices. While the num-
ber of polyproline (containing consecutive proline residues)
sequences longer than 20 residues in the UniProt database
(https://www.uniprot.org/) is more than 6000, these motifs
are underrepresented in the DisProt database, as here the
longest polyproline sequence is only 13 residues long (Dis-
Prot ID: DP025911001).

3.2 Proline Neighboring Residues in Intrinsically
Disordered Proteins with Known cis-Pro Content

In order to determine the sequence dependence of
the cis-Pro amount (calculated as [cis]/([cis] + [trans])),
we updated our previously published dataset of IDPs and
expanded our previous dataset to the Pro neighboring i
+ 4 range [17]. The updated dataset now contains 15
IDPs (Supplementary Table 2) with 167 central proline
residues. The cis-Pro content depends on the peptide se-
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Table 2. Comparison of the amino acid type occurrence in Pro + 1 position in DisProt.

X-P

Expected value range

Residue type  Occurrence in DisProt Number of occurrences ~ Comparison to DisProt
Min Max
Gly 7.51% 1172 1258 913 Significantly less
Aliphatic 24.85% 3950 4091 4407 Significantly more
Polar 25.50% 4056 4198 4401 Significantly more
Positive 14.29% 2256 2370 2231 Significantly less
Negative 15.26% 2411 2528 1772 Significantly less
Aromatic 5.17% 800 873 702 Significantly less
Pro 7.41% 1157 1242 1754 Significantly more
Total number of residues: 16,180
P-X

Expected value range

Residue type  Occurrence in DisProt Number of occurrences ~ Comparison to DisProt
Min Max

Gly 7.51% 1175 1261 1252 No difference
Aliphatic 24.85% 3960 4101 4229 Significantly more
Polar 25.50% 4065 4208 4144 No difference
Positive 14.29% 2261 2375 2073 Significantly less
Negative 15.26% 2417 2534 1974 Significantly less
Aromatic 5.17% 802 875 749 Significantly less
Pro 7.41% 1160 1245 1798 Significantly more

Total number of residues:

16,219

Based on a two-sided binomial test with a 0.1 significance level.

100%
20/,
10.8% 16.6%
80% 11.0%
7.3%
13.8% 10.5%
60%
24.1%
40%
20% 24.9% 30.8% 26.9%

0%
DisProt X-P P-X

X-PP

PP-X

Fig. 2. Amino acid type occurrences in DisProt database and
the Pro and Pro-Pro neighboring residues (denoted as X-P, P-
X, X-PP, and PP-X, respectively). Gly (gray), aliphatic (black),
polar (green), positively charged (blue), negatively charged (red),
aromatic (yellow), and Pro (dark blue).

quence length. Therefore peptides (less than 20 residues)
are not included in the dataset [34]. Note that polypro-
line sequences with several consecutive prolines are also
excluded due to ambiguous peak assignment.

The i + 4 Pro neighboring sequences contain a total of
1312 amino acids (not considering Pro in the i position), and
the amino acid type occurrence slightly differs from DisProt

(Fig. 3, Supplementary Table 6); thus, we use the amino
acid composition of our overall dataset as a reference.

The Pro neighboring sequences were divided into two
groups according to the cis-Pro isomer content (Fig. 3A).
For cis-Pro content <10%, the amino acid type occurrence
is similar to the overall dataset. However, significant differ-
ences are found for the sequences with >10% cis-Pro con-
tent: the positively charged residues are significantly less.
In contrast, prolines occur significantly more than expected
(Fig. 3A, Supplementary Table 7).

In the individual positions for the complete dataset
(Fig. 3B), some residue types deviate significantly in the
occurrence. The largest differences can be found for Pro
and polar residues, where more than a 12% deviation be-
tween the highest and the least populated positions can be
observed. In addition, two-sided binomial tests at a signif-
icance level of 0.05 were conducted to investigate which
amino acid types (Fig. 3B) alter in the individual positions.
We found that the distant positions (i-3, i-4) do not devi-
ate significantly from the reference. Negatively charged
residues are significantly more frequent in the i-2 posi-
tion. There are significantly more polar residues in -1 and
aliphatic amino acids in i + 1 position. Prolines occur sig-
nificantly more in i + 4 position and less in i & 1 positions.
Aromatic amino acids are more frequent in i + 2, and less
in i + 3 positions.

In sequences with more than 10% cis-Pro content-
considering a 0.05 significance level—the positively
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Fig. 3. Comparison of amino acid type occurrences. (A) In the current database and the corresponding two subgroups according to the

cis-Pro ratio. (B) Amino acid type occurrences in each position in the 7 = 4 regions in the current dataset. Gly (gray), aliphatic (black),

polar (green), positively charged (blue), negatively charged (red), aromatic (yellow), and Pro (dark blue).

100% A

22.2%
80% A
60% A
40% A 37.0%
20% A

14.8%

46.2%

0% -
i-4 i-3 i-2 i-1

Pro i+1 i+2

Fig. 4. Acid-type occurrences in more than 10% cis-Pro containing sequences in i = 4 range. Amino acid type occurrences in each

position in the i &+ 4 regions in the current dataset. Gly (gray), aliphatic (black), polar (green), positively charged (blue), negatively

charged (red), aromatic (yellow), and Pro (dark blue).

charged residues are significantly less frequent in i-3 and
i-1 positions (Fig. 4). In the i-1 position, aromatic and po-
lar amino acids occur significantly more often, whereas the
number of Pro is reduced. Aromatic residues are common
as well in the i + 1 position. Note, Pro occurrence is signif-
icantly higherini+ 1, i +2, and even in i + 4 positions, and
the number of Gly is also increased at i + 4.

Compared to our previous work, the general rules hold
[17]: The number of aromatic amino acids adjacent to Pro
(i & 1) is increased. In Pro-Pro motifs, the cis-Pro amount
is higher for cis-Pro-trans-Pro than for trans-Pro-cis-Pro.
Positive charges at i-3 and i-1 indicate a decreased cis-Pro
content.

The increased number of Asp and Glu in i-2, i-1, and i
+ 3 positions does not hold at 0.05 significance level, only
atp=0.1.

3.3 Effect of Mutations on the cis-Pro Content

To validate our findings, model peptides with de-
signed mutations were synthesized (Table 1). All peptides
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were 12-15 residues long and were enriched in Lys and
Arg residues to test the effect of the positive charge. Since
aromatic residues in the i £ 1 position of the Pro has the
strongest effect, Peptide I.A contains two Phe in the Pro
vicinity. To test the effect of a positive charge, instead of
the aromatic sidechain on the cis-Pro content, a Phe5Arg
mutation (Peptide I.B) was designed. Peptide II.A contains
two prolines: in the case of Pro6, two Phe residues are lo-
cated in the Pro preceding region: in the i-1 and the more
distant i-4 position. In this case, the i + 1 residue is a nega-
tively charged Asp. In the Pro10 neighboring region, there
are no aromatic rings, the i-4—i-1 region contains residues
that do not significant affect the cis-Pro ratio, and the i +1—i
+4 positions are enriched in positively charged residues. In
peptides II.B-I1.D Pro-Ala mutations were introduced. Pep-
tide I1I contains two prolines: the i &= 2 regions of Pro6 are
similar to Pro6 in Peptide II.A (Gly-Phe-Pro-Asp/Glu-Lys).
The main differences are in positions i-4 and i-3, where Lys
is located. Prol4 is close to the C-terminus, and the pre-
ceding i-4—i-1 region contains positive charges in positions
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Fig. 5. Cis-Pro detection on 1D 'H and 2D 'H,"*C-HSQC spectra of Peptide I.A. (A) 1D 'H spectrum of Peptide I.A. Proline
Ha (4.2-4.6 ppm) and sidechain HS and H~ (~1.8-2.2 ppm) peak assignment is not possible due to signal overlaps. Pro Hé region is

highlighted using a black rectangle. (B) Peak multiplication in the Pro HJ region of Peptide I.A: the population of cis-conformer is ~26%.
(C) Pro H8-C§ region on the *H,'3C-HSQC spectrum of Peptide I.A (blue) and I.B (red). The Pro preceding Phe5 in Peptide I.A was

mutated to an Arg residue, causing a significant decrease in the cis-Pro content.

Table 3. Peptides and the Pro neighboring regions used in NMR studies with the cis-Pro amount.

Peptide  Proline -4 3 2 -1 i i+l i+2 i+3 i+4 cis-Pro%
LA P6 R G L F P F L G K ~26
ILA P6 F E G F P D K Q P ~20
II.C P6 F E G F P D K Q A ~20
III. P6 K K G F P E K L K ~16
III. P14 K E K L P G ~10
ILA P10 P D K Q P R K K ~9
I.B P10 A D K Q P R K K ~9
LB P6 R G L R P F L G K ~9

Prolines are shown in bold; phenylalanines are shown in italics.

that should not influence the cis-Pro content.

NMR measurements were performed to test these as-
sumptions. Peak assignment was performed using 2D
homo- and heteronuclear measurements on peptide samples
with natural isotope abundance. Since the concentration of
the minor form is low, approximately 50-200 uM for 1 mM
protein, and '3C isotope abundance is ~1%, measurement
times are lengthy. Pro isomerization results in a peak multi-
plication for the Pro neighboring residues (Fig. 5, Supple-
mentary Fig. 3). For quantitative cis-Pro determination,
the Pro H62-Cd and Ho3-C§ cross peaks were integrated
on the 'H,'3C-HSQC spectrum, since these peaks could be
unambiguously assigned as signal overlap rarely occurs in
this region (Table 3).

In Peptide I.A Pro6 has phenylalanine in i = 1 po-
sition; therefore, the cis-Pro content is increased by 26%.
If the disadvantageous Phe to Arg mutation occurs at i-
1 position (Peptide 1.B), the cis-Pro ratio decreases to 9%
(Fig. 5C).

Peptide II.A contains two prolines where two sets

of minor peaks of different signal intensities are detected.
Here, the major Pro6 and Pro10 H62-Cd and H63-Cd cross
peaks overlap on the 'H,"3C-HSQC spectrum. Therefore,
Pro-Ala mutants were synthesized for unambiguous peak
assignment. The Pro6Ala and Prol0Ala mutations cause
the absence of the corresponding cis-Pro isomer, indicating
that the high-intensity cis-Pro peak (20%) belongs to Pro6,
while the cis-P10 content is significantly lower (9%). This
agrees with our previous observations: the phenylalanine in
i-1 position indicates an increased minor content, whereas
sequential enrichment in positively charged residues hin-
ders the cis-Pro formation.

Peptide III. contains two proline residues. Pro6 suc-
ceeds an aromatic phenylalanine which is advantageous for
a high cis/trans ratio (Supplementary Fig. 3B). However,
the several positively charged lysines (i-4, i-3,i +2,i + 4)
reduce this effect, resulting in a 16% cis-Pro amount. The
Prol4 neighboring sequence lacks aromatic residues, and
the unfavorable positive charge sidechain is located in the
neutral i-2 position producing a 10% minor isomer.
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4. Conclusions

Considering the DisProt database, this study inves-
tigated the residue types and their distribution in the Pro
neighborhood (i-4 to i + 4 region). Pro + 1 positions
have significantly higher Pro content, despite polyproline
sequences being underrepresented in DisProt. Furthermore,
a dataset of IDPs was collected to investigate the effect of
the residue types in the i &= 4 regions on the cis-Pro con-
tent. We found that our earlier formulated observations are
also valid for the extended dataset. Moreover, the i + 4 and
i-4 positions are significantly enriched in prolines, and the
glycine occurrence is higher.

In order to bring experimental proof to our observa-
tions based on the statistical analysis, synthetic peptides
were designed. The cis-Pro content was determined by
NMR spectroscopy. We found that the sidechain of the
amino acids placed in the i &= 1 positions has the largest
effect on the cis-Pro formation. Aromatic residues have a
larger effect on the cis-Pro content if they are situated in
the proline preceding rather than the succeeding position.
Positively charged residues shift the equilibrium to a larger
trans-Pro content. However, they have no/moderate effect
in other positions. We note that even in the case of short,
mobile peptides, the initial cis-Pro amount is higher than the
values found in a protein; the regularities still should hold.

In conclusion, we prove that rationally designed mu-
tations give rise to a desired increase or decrease of cis-Pro
content. Our results can greatly benefit biotechnological
purposes in the design of preferred proline conformations
for functional tests.
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