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Quantitative Structure —Activity Relationship of Prolyl
Oligopeptidase Inhibitory Peptides Derived from  f-Casein Using
Simple Amino Acid Descriptors
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Quantitative structure—activity relationship (QSAR) modeling using simple amino acid descriptors
was done on a set of prolyl oligopeptidase (POP) inhibitory peptides derived from $-casein. Using
partial least-squares regression, a QSAR model was obtained indicating that increased hydrophobicity
and molecular bulkiness of amino acids in positions P3, P2, and P1’ of inhibitory sites on peptides
resulted in increased inhibition (lower ICsp). Proline residues were always assumed to be in position
P1. Hydrophobicity and molecular bulkiness have also in other studies been found as important factors
for binding between substrates (or inhibitors) and the active site of POP. Prolyl oligopeptidase in
blood serum is found to influence the level of hormone and neuropeptides and be related to cognitive
and neurological deficiencies, e.g., Alzheimer’'s disease. Increased knowledge of the relationship
between peptides derived from food proteins and their POP inhibition may be important in the
development of functional foods as a supplement to pharmaceutical agents.
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INTRODUCTION gical peptides require proline-specific enzymes such as POP

Milk proteins are generally regarded as healthy because they(4)' The activity of POP in serum is therefore found to influence
are a good source of amino acids required for growth and the level of hormone- and neuropeptides that further affect cog-
maintenance of the body. However, recent research has pointed’iﬁve an_d. neurologica}ll functions. Th‘? relatiqn_ships between
out that they may contain physiologically active (bioactive) POP activity and cogmuvg or.neurologlcal deﬁcugnues are fur-
peptides released through proteolydis Health-related effects ther suppo_rted by c_IlnlcaI _f|nd|ngs._Pat|ents W|_th dlffer_ent stages
of bioactive milk peptides are related to the cardiovascular [e.g., of depressmn,_manla, schlzophrenla,_ or AIzhelm_er s disease have
angiotensin I-converting enzyme (ACE) inhibitory peptides and been found yvnth abnormal POP activity Ievgl; in blood serum.
antitrombotic peptides], nervous (e.g., opioid peptides), immune Pharmaceutical a}gents that affect POP actlv!ty have therefore
(e.g., immunomodulating), host defense (e.g., antimicrobial been developed in the treatment of Sl.JCh deficiendhsThe
peptides), and nutritional system (e.g., casein phosphopeptidesjanZ)_m_rle a_1|so _has a role n the rggulat_lon of blood pressure by
(2). They have potential as neutraceuticals in functional foods, Paticipating in the renin—angiotensin system through the
a perspective that has been thoroughly revievad ( metabolism of bradykinin and angiotensins | andb)l Peptides

Among the bioactive peptides, of which their health-related inhibitory to POP in vitro have already been identified and char-
mechanisms are related to inhibition of physiological proteolytic _act_er'lzed frorrﬁ-casems (78), sake (9), ar_1d wine (10). POP
enzymes, a major interest and research have been on ACE inhip!Nhibitory peptides dgnved from food proteins may pe a su.pple.-
ition and its relevance to blood pressure and the cardiovascular™eNt t0 pharmaceutical agents and be the active ingredient in
system. However, bioactive peptides derived from food proteins a_fun_ctlona_l f‘?Od targeted toward patients V‘."th mental def|c_|e_n-
may also interfere with other important physiological enzymes cies in a s_|m|lar way as has _been dong with foods containing
in the body. One of those enzymes that has been shown to pACE inhibitory peptides relative to cardiovascular diseases.
inhibited is prolyl oligopeptidase (POP). POP preferentially hy- T further explore the possibility of POP inhibitory peptides
drolyzes peptide bonds on the carboxyl side of proline residues@s an active substz_ance n functional fOO(_jS, more specific
and has selectivity for oligopeptides. Because proline exists asinformation on relationships between peptide structure and
an |m|n0 rather than an amlno ac|d, most pep“dases are notlnhlbltlon aCthlty IS deSIred. An |deal W0u|d be to quantltatlve|y
able to hydrolyze the peptide bond at proline residues. However, 'elate peptide sequence to inhibitory activity. Such models may
peptide hormones and neuropeptides usually contain one or mordhen be used for prediction and synthe3|s of act|ve_pept|de_s as
proline residues. Processing and degradation of such physiolo-Well as to provide a better understanding of the physicochemical

mechanisms involved. In medical sciences and toxicology,

* To whom correspondence should be addressed. Fdb 3528 3180. quantitative structure—'activity relationship (QSAR) 'rnodeling.
Fax: +45 3528 3190. E-mail: ahpr@kvl.dk. has been used extensively for such purposes. The idea behind
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Inhibitory peptide no 5: IYPFVEPIPY logICgq=1.30

Generalized fragment P3 - P2 -P1- P1’ - P2’
Descriptor variables  xups Xsps  Xips  Xupr Xpp Xipz  proline  Xuprr Xpr Xip1r Xupr Xppr  Xipr
Fragment #1: IYPFV 499 024 -0.01 -0.81 2.71 -0.37 - 329 213 -0.55 4.69 -0.76 -0.07
EFragment#Z: VEPIP 469 -0.76 -0.07 -3.01 0.02 -2.81 - 499 024 -0.01 -1.11 -1.04 027
Fragment #3: PIPYX -1.11 -1.04 027 499 0.24 -0.01 - -0.81 271 -0.37 0.00 -3.76  0.97
Sum of fragments  (8.57)€1.56)(0.19) 1.17 2.97 -3.19 — 747 5.08 -0.93 358 -5.56 (1.17)
N

.

~_
\\\‘\

QSAR model: 'y = by + by 3y ps + B psXn py + DPrps¥Xips + BuypoXines T D prXps T BrppXipy ThupiXipr T D piXepr T BypiXier T Dy prXu gy + B prXp py + By ¥y p

¢

Figure 1. Example of descriptor treatment and calculations of a generalized

inhibitory fragment from a POP inhibitory peptide. Proline residues in

endoposition (bold letter) with adjacent amino acid residues were assumed to act as sites of competitive inhibition. The additive effect of several sites
of competitive inhibition was expressed by summing up the descriptor values for the sites. The linear regression model was analyzed by partial least

regression.

Table 1. Selected Peptides Derived from 3-Casein and Their Inhibition
of POP Expressed as ICsp (1M)?

Table 2. Amino Acid Descriptors for Hydrophobicity (x), Molecular

Bulkiness (xg), and Isoelectric Charge (x) Using Kyte-Doolittle
Hydrophaty Scale (14), Normalized van der Waals Volume (15), and

no. peptide logiCs  no. peptide log ICso Isoelectric Point (16), Respectively?
1 IYPFVEPI 0.90 17 PVEPIPY 1.74 o
2 LIYPFVEPI 0.95 18 IYPFVE 1.85 amino acid code X X8 X
3 HLPLPL 1.00 19 IYPFVEP 1.85 Ala A 229 -2.76 -0.03
4 IYPFVEPIP 1.08 20 IYPFV 2.00 Arg R —-4.01 237 473
5 IYPFVEPIPY 1.30 21 VYPFPGPI 2.04 Asn N -301 —081 ~062
6 YPFVEPIPY 1.30 22 VYPFPGPIH 2.04 Asp D -301 ~0.98 —3.96
7 LYPFVEPI 1.30 23 IHPFAQTQ 2.18 Cys c 299 -1.33 -0.98
8 PFVEPIPY 1.40 24 VEPIPY 2.26 Glu E -301 0.02 281
9 IYPFPGPI 1.40 25 IYP 2.30 Gin Q -301 019 ~038
10 IFPFVEPI 1.40 26 YPFVEPIP 2.40 Gly G 0.09 -376 ~0.06
11 PIPY 1.48 21 IYPVPEPS 2.45 His H 27 0.90 156
12 IYPF 1.56 28 IYPSFQPQ 2.48 lle | 499 0.24 001
13 VYPFPGPIA 1.65 29 EPIPY 2.56 Leu L 499 0.24 005
14 VYPFPGPIP 1.70 30 YPFVEPI 2.60 Lys K —3.41 1.01 371
15 IYPFPGPIH 1.70 31 PFVEP! 2.88 Met M 239 067 ~0.29
16 IYPFPGPIP 1.70 32 FVEPI 2.9 Phe = 3.29 213 —055
Pro P -1 -1.04 0.27
aData compiled from Asano et al. (7, 8). Ser S -0.31 -2.16 -0.35
Thr T -0.21 -1.16 -0.37
) _ _ ) L ) Tip w -0.41 4.32 -0.14
this methodology is that biological activity is a function of Tyr Y 081 271 037
chemical structures that can be described by molecular or physi- Val Vv 4.69 -0.76 -0.07
none X 0.00 -3.76 0.97

cochemical variables, e.g., electronic attributes, hydrophobicity,

and steric propertiedl{), resulting in multivariate data. Intro-
duction of computer software and development within multivar-
iate statistics and chemometrics including powerful multivariate

@The value expressing absence of amino acids (none) was derived (see text),
and each descriptor was standardized to an average of zero.

regression methods such as partial least-squares (PLS) and

artificial neural networks has enhanced the application of QSAR

acid in the sequence was described by physicochemical properties. For

modeling. A subfield in QSAR research, referred to as peptide hydrophobicity, the average of Kyte-Doolittle hydrophaty scale, for

QSAR, has been established. This has been demonstrated a
useful approach in the areas of taste, physical properties, an
ACE inhibition by peptides in foodsl@) and has been used to
evaluate food proteins as sources of bioactive peptitig@s (

The present objective was thus to perform such modeling on
POP inhibitory peptides derived frofrcasein using simple
amino acid descriptors that are related to well-known physico-
chemical properties.

MATERIALS AND METHODS

POP Inhibitory Peptides. The primary structure of POP inhibitory
peptides derived frorg-casein of different origin and their respective
inhibition of activity expressed as peptide concentratigv)required
to inhibit enzyme activity by 50% (I&) was compiled from a study
on synthetic peptide fragmentg,8). Peptides with 16 > 1000uM
and peptide derivates were excluded from QSAR modellaiple 1).

Amino Acid Descriptors. Physicochemical properties hydrophobic-
ity, bulkiness of side chain, and charge of amino acids were expressed
by the Kyte-Doolittle hydropathy scalé4), normalized van der Waals
volume (15), and isoelectric poinil§), respectively. However, the

Ikiness the normalized van der Waals volume similar to glycine, i.e.,

S . . . X
ﬁand for charge an isoelectric point of 7.0 were used to describe the

absence of an amino acid in a peptide fragment. Descriptor values were
then standardized to an average value of zero before use in QSAR
modeling (Table 2).

Inhibitory Fragments for QSAR Modeling. The QSAR modeling
approach and treatment of descriptor values are illustratédgre
1. It was assumed that POP inhibition was related to proline residues
in the inhibitory peptidesTable 1). Only proline residues in endopo-
sitions were considered, with the exception of peptide no. 25 that had
only a terminal proline residue. The proline residues were assumed to
interact with the active site (position P1). Properties of residues adjacent
to the proline in N- and C-terminal direction, i.e., positions P3, P2,
P1', and P2according to the Schechter and Berger nomenclature for
proteolytic activity on peptides, were assumed to potentially influence
the degree of inhibition. The descriptors for these four residues were
used as variables in the modeling, giving a total of 12 variables in the
QSAR model (Figure 1). Several peptides had more than one proline
residue in endoposition that could be related to inhibition activity, and
experimentally determined inhibition would therefore likely be due to
the additive inhibitory effects of these sites. The physicochemical

QSAR modeling approach used required that the absence of an aminodescriptors were therefore summed up for the assumed inhibitory
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peptide fragments to obtain a physicochemical expression of the additive
effect of inhibitory sites on the peptides.

Regression Analysis and Model Optimization and Validation A 3 4
data set of 32 samples wifresponse being POP inhibition expressed
as log 1Go (M) and a data matrixX with 12 variables expressing 252.7-.29 31
physicochemical properties of additive inhibitory peptide fragments *11 28 *e32
were generated. PLS regression analysis was conducted to estimate a 5 513 123-26.30
QSAR model. The variables iK were centered and standardized to 6”915/ ) 024

equal variance before regression analysis. A method for assessing the
uncertainty of parameters in multivariate regression models developed
by Martens and Martend.{) and integrated into the software package
was used to reduce and optimize the regression model. Regarding
regression methodsl8), the multiple correlation coefficienR] is
considered to represent the proportion of the variance explained by
the model (model fit). The cross-validatB{designated) represents

the ability of a model to make predictions with new data (model 0
predictive ability). Regression analysis was performed with the Un-

scrambler software, version 9.1 (Camo Process AS, Oslo, Norway).

The regression model was validated by full cross-validation.

Tee204 o7 7 2:,13920

3
*5

Predicted POP inhibition (log IC,,)

I I I
0 1 2 3
Measured POP inhibition (log IC,,)

Figure 2. Predicted vs measured values for inhibition of POP by peptides

RESULTS AND DISCUSSION derived from S-casein using the QSAR model (eq 1) indicating that

QSAR models express the biological activity of compounds hydrophobic and bulky amino acids adjacent to proline residues give
as a function of structural variation. Those structural variations inhibitory peptides (R = 0.84, p < 0.001). The plot is based on values
have then to be expressed by descriptors. For peptide QSAR obtained after full cross-validation (Q = 0.73, p < 0.001). Numbers
descriptors for the individual amino acids are often used and correspond to peptides in Table 1.
especially if the activity is strongly related to the primary
structure. Such descriptors can be common physicochemical
guantities for amino acids or descriptors derived especially for
use in peptide QSARLQ). Hydrophobicity, molecular bulkiness,
and charge are typical properties that can influence biological
activities of peptides and have also been used in peptide QSAR
modeling of ACE inhibitory activity {9). The modeling
approach choseririgure 1) required that also absence of amino
acids in positions adjacent to the prolyl residue was expresse
by descriptors. The average of Kyte-Doolittle hydrophaty scale
was chosen to avoid a strong effect in such cases. Becaus

absence of an amino acid will consequently give a low degree o . : - g

of molecular bulkiness, the lowest value for bulkiness of an 25). Binding mechanism stydles_of the active site in PQP havg

amino acid (i.e., glycine) was chosen. An isoelectric point also shown that hydrophobic residues attached to the side chain
Y . of the amino acid in P2-position increase the affinity between

corresponding to neutral pH was chosen to express the low effect S .
of charr)ge in guch conditri)ons P enzyme and substrate (or inhibitor) (26). Protein structural

Improved biochemical insight into binding mechansims of tSQUd'ef’. by I_:tldjp fe;gI'PQ?) h_zve shovtvr? that theISS sul_)sne N t
oligopeptides to the active site of POP has mainly been obtained € active site o provides a rather honpolar environmen

e . - : : . d is further lined by the side chains of several nonpolar
by inhibitory studies and the binding of peptides to inactivated and . .
POP. On the basis of those studies, it is assumed that POP bind esidues, including Phel73, Met235, Cys255, 1le591, and

: : : : [a594. Consequently, this subsite prefers interaction with
to adjacent residues to the prolyl group in the peptide and thagﬁydrophobic residues. Examination of the active site gave that

those residues play a role in the catalytic cleavage at the carbox - . .
. . . } Cys255 was situated close to the S1 and S3 subsites. This was
side of prolyl residues in peptideg, (20). It was for QSAR further given as a major reason that inhibitor studies with a

modeling assumed that the peptides derived fy Sein bulky reagent specific to cysteine residues inactiviated POP

(Table 1) act through competitive inhibition and that several almost completely. whereas a smaller inhibitor aave onlv partl
prolyl residues with adjacent residues can form inhibitory sites. .~ . "~ pietely, wh . nibitor g only partly
inhibition. On the basis of the biochemical information about

PLS regression gave using all 12 variables in regression analysi ) ; L
9 9 9 9 Y SPOP structure and the interaction between substrates or inhibitors

a model withR = 0.85 and after full cross-validatid@ = 0.70. ith active site, a proposed interpretation of the results obtained
None of the samples were regarded as outliers. The regressio y the QSAR modeling (eq 1Figure 2) would be that

model was reduced using the method by Martens and Martenshydrophobic amino acids in positions P3, P2, and dite a

(17), and equivalent predictability was found by the model: strong interaction between peptide and active site, but bulky
_ amino acids in the same peptide positions inactivate POP giving
y=2.69-0.038Kp;— 0.16% p3 — 0.13%,p, — 0.18% p, — an effective inhibition of the enzyme. Thus, a peptide with
0.091x;p; — 0.089% 5. (1) hydrophobic and bulky amino acids would both bind efficiently
at the active site and inhibit the enzyme from cleaving the
where thex-variables express hydrophobicity and molecular peptide and thereby becoming an inhibitory peptide to POP.
bulkiness in positions P3, P2, and’'Rhdy is POP inhibition The assumption in this QSAR study was that the inhibitory
expressed as log kg The other variables in the original QSAR  efficiency of the peptides derived froftcasein was mainly
model (Figure 1) were not found to significantly improve decided by their interaction with the active site of POP.
predictability. This reduced model gave a predictabilityRof Structural studies of POP have shown that it is made up of a
0.84 and with full cross-validatio® = 0.73 (Figure 2). The peptidase unit and a seven-bladggropeller that covers the

QSAR model in eq 1 expressed that increased hydrophobicity
and molecular bulkiness of amino acids in positions P3, P2,
and P17give an increased degree of POP inhibition (loweg)C
Earlier studies have indicated the importance of hydrophobicity
of the side chain residues (21—24).

To our knowledge, peptide QSAR modeling has not previ-
ously been done on food protein-derived peptides inhibitory to
dPOP, but structureactivity relationship investigations have been
reported for other synthesized POP inhibitors or modified

eptides revealing that large hydrophobic residues at the

-terminal of inhibitors greatly improved their poten@i( 22,
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active site and excludes larger peptides and proteins from the
active site 7). A previously proposed mechanism implies that
the oscillating propeller blades act as a gating filter allowing
only shorter peptide substrates into the active #.(However,
recent structural studies have shown that the propeller domain
is fairly stable and rigid Z9). This finding has been further
supported by molecular dynamic simulation, which identified
a small tunnel at the interdomain region comprising the highly
flexible N-terminal segment of the peptidase domain and a
facing hydrophilic loop from the propeller as the only potential
pathway for the substrate toward the active S.(The domain
interface is thus found to have a critical role in the interdomain
dynamics and substrate specificity of POP. A rather complicated
dynamic mechanism where the incoming peptide substrate in-
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(10) Yanai, T.; Suzuki, Y.; Sato, M. Prolyl endopeptidase inhibitory pep-
tides in wine Biosci., Biotechnol., Biocher2003,67, 380-382.

(11) Hansch, C.; Leo, AExploring QSAR. Fundamentals and
Applications in Chemistry and BiologyAmerican Chemical
Society: Washington, DC, 1995.

(12) Pripp, A. H.; Isaksson, T.; Stepaniak, L.; Sgrhaug, T.;"AMo
Quantitative structure activity modelling of peptides and proteins
as a tool in food sciencdrends Food Sci. Technd005, 16,
484—494.

(13) Pripp, A. H. Initial proteolysis of milk proteins and its effect on
formation of ACE-inhibitory peptides during gastrointestinal
proteolysis: A bioinformatic, in silico, approadBur. Food Res.
Technol.2005,211, 712—716.

(14) Kyte, J.; Doolittle, R. F. A simple method for displaying the hydro-
phatic character of a proteid. Mol. Biol. 1982,157, 105—132.

duces a conformational change of the enzyme causes the domain(1s) Fauchere, J. L.; Charton, M.; Kier, L. B.; Verloop, A.: Pliska,

interface to open and where extent of the substresgalytic—

domain interactions depends on the size of the peptide has been

proposed (3132). The limited surface area created by the
domain opening would, thus, efficiently select the size of the

oligopeptides and protect larger structured peptides and proteins

from proteolysis. Possible dynamic effects or blocking of the
pathway on POP by the inhibitory peptides is not taken into
account in this reported QSAR study. As more research will be
available on the dynamic catalytic mechanism of POP, it may

V. Amino acid side chain parameters for correlation studies in
biology and pharmacologynt. J. Peptide Protein Re<.988,
32, 269—-278.

(16) Zimmerman, J. M.; Eliezer, N.; Simha, R. The characterization
of amino acid sequence in proteins by statistical methdds.
Theor. Biol.1968,21, 170—201.

(17) Martens, H.: Martens, M. Modified Jack-knife estimation of
parameter uncertainty in bilinear modeling by partial least-
squares regression (PLSH9ood Qual. Pref.2000,11, 5-16.

be possible using so-called three-dimensional QSAR techniques (18) Wold, S.; Sjostrém, M.; Eriksson, L. PLS-regression: A basic

and molecular simulations to better explore such effects.

An improved understanding of the structtigtivity relation-
ship of POP inhibitory peptides would be helpful in the search
for food proteins and proteolytic treatments that could make a
substantial contribution to functional food ingredients aimed at
individuals with certain neurological and cognitive deficiencies.
Research into the stability of peptides during gastrointestinal
degradation and on the bioavailability of peptides are areas that
must be examined further if such functional foods should be
developed.
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