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A new method, homology similarity analysis (HSA), was developed to investigate homology pattern
similarities of selected segments within sequences of peptides. This new approach facilitated
elucidation of the structure—function relationships of lactoferricin derivatives. Helix propensity of
positions 4—9 in the lactoferricin sequence was the most important in determining the antimicrobial
activity of lactoferricin against Escherichia coli, followed by cationic charge pattern at positions 4—9
and 1—3. The pattern similarity of segments within sequences could be a useful tool for representing
the distribution attributes of amino acid residue properties to the structure—function relationships of
proteins and peptides, especially when used in conjunction with principal component similarity analysis
followed by the regression version of artificial neural networks.
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homology similarity analysis; principal component similarity; artificial neural network

INTRODUCTION to hydrophobicity, charge, and their distributions as represented
by frequency of occurrence and periodicity of appearance, in
addition to propensity of secondary structure, for the accurate
classification of functionality. However, there has been no report

peptide, named bovine lactoferricin (LfcinB), was identified to on _how to represent th? dlstnb_ut|on of property affributes of
be residues 1741 of LFB, with the following sequence: amino aCId.SI(Eie f:halns In protein sequencgs. -
17FKCRR WQWRM KKLGA PSITC VRRARL Many func- Another limitation of the three-z method is the difficulty of
tional studies of LfcinB have been published since then ( Visualizing and assessing the effects of several PC scores
11). However, the actual bioactive mechanisms of this peptide Simultaneously through two-dimensional scattergrams. This
are still not fully understood. limitation has been overcome using principal component
Quantitative structure—activity relationships (QSAR) are an Similarity (PCS) analysis (16). LfcinB belongs to the class of
important aspect in the study of the functionality of bioactive PEPtides known as cationic antimicrobial peptides (CAPs), which
peptides. A recent study by Siebet®] reported that the three-z ~ could be further classified according to parameters such as
approach of Hellberg et al. (13) was useful in modeling the helical .prop.ensny, specific side-chain propgrtles, or the presence
functional behavior of peptides as a function of amino acid Of cystine-rich groupsl(z). The PCS analysis was successfully
composition. Using the three-z method and partial least squaresused to classify several CAPs into those different groups
(PLS) regression analysis, it was possible to predict the according to the parameters of amino acu_js in thelrsequences
antimicrobial activity of 15-residue murine Lfcin derivatives (18). When the charge scale was used in the PCS analysis,
on the basis of the three major principa| Component (PC) ScoreSLfCinB and indolicidin were shown to belong to the same low-
(three z’s) obtained from principal component analysis (PCA) charge group but also classified as having high helical content,
(9). However, the same group of researchers (14) emphasizedn contrast to the charge dominant protamine group of CAP.
the importance of the position of specific amino acid residues However, in that study, PCS analysis was used as a classification
in a peptide sequence in the physicochemical behavior of themethod based on properties of the entire peptide sequence.
peptide, a factor that was not fully taken into consideration in Properties of segments within the sequences and distribution
their QSAR computation. patterns of properties within the peptide sequences were not
In an exhaustive QSAR study of protein sequences, Klein et incorporated in that classification.
al. (15) discovered the importance of using attributes relating To recognize the importance of the position of amino acid
residues within a peptide sequence, a new computer program

* Author to whom correspondence should be addressed [telephone WaS developed as shown in this study for comparing the
(604) 822-4427; fax (604) 822-3959; e-mail nakai@interchange.ubc.ca]. homology “pattern similarity” of functionally similar segments

A potent peptide was first separated from pepsin hydrolysates
of bovine lactoferrin (LFB) by Tomita et al.lj, during the
investigation of antimicrobial components in cow’s milk. This
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between different sequences to circumvent the drawback of thesequence. Linear regression was carried out, and the resultant coefficient
current QSAR method. It was anticipated that homology pattern of determination () was referred to as the homology similarity
similarity could be an effective way of expressing the distribu- constant. Average values of the property index values within the
tion of characteristic property indices in sequences, to use asSedments were also calculated.

attributes in QSAR study. Definition of pattern similarity, which ~ The software package for HSA used in this study can be downloaded
is different from that of dissimilarity, has already been discussed o™ ftp://ftp.agsci.ubc.ca/foodsci/HSA.

(19). It is worth noting that the pattern similarity used here is, _ Principal Component Similarity Analysis. The principle of the

therefore, different from the conventional algorithms for com- PC% _program dhas been prleViousf'L d'TISCgEEI?)'( Hds'éhsim"arity g
puting Sequence alignment. coefficients an average values o X 1, , an were use

o during the PCS computation.

The objectives of the C:ment StUdy,W,ere, to apply.o:Jr novel Missing values appearing as similarity coefficient values of zero
computer program called “homology similarity analysis” (HSA)  ccrred as a result of shorter peptides that were lacking amino acids
to elucidate the structural mechanisms for the antimicrobial 4t certain positions in segments being analyzed. These missing values
activity of lactoferricin and its derivatives and to classify these were replaced by the mean values of all available data, but selecting
peptides using the PCS approach applied to the results obtaine@nly those individuals that have no missing values for calculation of
from HSA. Artificial neural network analysis was then applied the within-groups dispersion matrix (24).
to demonstrate the accuracy of predicted antimicrobial activity = The software package for PCS used in this study can be downloaded
and the relative importance of input variables on the antimi- from ftp://itp.agsci.ubc.ca/foodsci/SPCS.
crobial activity of lactoferricin derivatives. Artificial Neural Networks (ANN). To focus on peptides that may
have good antimicrobial activity, regression study using ANN was
performed using the peptide with the second lowest MIC (peptide 25
with an MIC of 15xg/mL) as a reference for HSA. Peptide 6 with the

Lactoferricin Sequences. Tables %5 list the sequences of lacto- ~ 1oWest MIC of 11ug/mL was avoided because it lacks residues in
ferricin and its derivatives, as well as their antimicrobial activities S€9ment|, which would introduce null values for the pattern similarity
expressed as minimal inhibitory concentration (MIC) against different COefficients for other peptides compared to it. This assignment, which
strains ofEscherichia coli, namely, 11D 8612j, 0111 @), NCTC 8007 was different from that for the above HSA used for PCS, was made
(4,5), and ATCC 259224, 8—11). Peptide 2 is the 25-residue peptide due to the difference in purposes of regression from that of classifica-

representing bovine lactoferricin, whereas peptide 13 is the correspond-tion- Group lil peptides, which were observed to be exceptional by
ing 15-residue lactoferricin derivative that was used as a reference in 1SA—PCS analysis, were eliminated from the data set used for the
the PCS computation in this study. regression analysis, thus comprising a total of 65 peptides. After PCA

. . . . computation, five major PC scores, all with eigenvalues above 1.0,
Amino Acid Property Scales.The amino acid property scales used were selected for the subsequent ANN computation. Two output
for HSA computation are listed ifflable 6. The properties of amino g P ) P

L h N . variables were used: log MIC and 1000 MIC~%. STATISTICA
acid side chains used in this new computer program were hydrophobic- . .
. . " . . Neural Networks (25) was used for the nonlinear regression computa-
ity, charge, helix propensities, and bulkiness, as previously reported

for ontimization of site-directed mutagene<isX. Helix propensi tion. Sensitivity analysis was also performed, in which the data set
or optimization of site-directed mutagene .X €lix prope S|ty_was .. was submitted to the network repeatedly for the training and verification
described as the free energy required to fix the different amino acids

. . . . ) subsets separately, to give information about the relative importance
in an a-helical region defined by two intervals of the Ramachandran b y 9 P

plot (21). Helix propensity values ranged from 0.617 for alanine to of the variables used in the neural network.

1.780 for proline, thus being opposite in relation to the propensity.

The amino acid hydrophobicity scale statistically derived from a large RESULTS

set of experimental chromatographic retention dagx\as used, with

values ranging from-2.24 for histidine to 4.80 for phenylalanine. The Homology Similarity Analysis of Lactoferricin Sequences.
isoelectric points of the amino acids were used in a scale representingThe results of HSA analysis of lactoferricin and its derivatives
the charge of their side chain3). Last, bulkiness values of amino  were classified into five groups (Tables 1-5).

acids derived from compressibility data3) ranged from 3.40 for Lactoferricin derivatives with high antimicrobial activity (low
glycine (the least bulky) to 21.61 for tryptophan (the most bulky). ;1) and HSA similarity coefficients for helical propensity in
Homology Similarity Analy§|s. HSA was conducted on three. segment I that were very close to 1.0 (highly resembling to
selected segments of thg peptlde sequences, correspondmg to reglduqﬁe reference peptide) were classified into grougdle 1).
1-15 of bovine lactoferricin. It was reported that this 15-mer Lfcin Highly antimicrobial Lfcin derivatives, but being highly cationic

derivative exhibited antimicrobial activity similar to that of the 25- . t1(P< 0.01 | byt test | ified
residue native peptide8); in addition, the hexamer corresponding to in segment I ( 01 vs group I byt test), were classifie

residues 4—9 was reported to be the antimicrobial core of L2)n (  INt0 group I (Table 2). Group lil (Table 3) was the group
Thus, in the present study, the sequences of lactoferricin derivatives €Xceptional to the general rules herein adopted, consisting of
were divided into three segments, namely, segment | (positie3), 1 peptides with unexpectedly high or low antimicrobial activities
segment |l (positions 49), and segment Ill (positions #15). HSA that could not be readily correlated to structural attributes. Group
was performed to examine the helical propensity in segment Il (Hx [V (Table 4) consisted of Lfcin derivatives with low antimi-

Il), charge in segments | (Ch 1), Il (Ch II), and lIl (Ch 1ll),  crobial activity and low HSA coefficients for charge in segment
hydrophobicity in segment Il (Hp Ill), and bulkiness in segment Ill (P < 0.01 vs group I). Last, Lfcin derivatives in group V
(BK ). (Table 5) were also low in antimicrobial activity, but showing

The specific property of amino acid residues in a designated segment|qg or negative HSA coefficients for helical propensity in
within a sample peptide sequence was compared with that of amino segment Il (P< 0.01 vs group ).

acid residues belonging to the corresponding segment within the s I -, 49)in th |
sequence of the reference peptide, that is, peptid@at8es 1-5). egment Il (positions-49) in the sequences appears to play

The property index values of the amino acid residues in the segment@n important role in the antimicrobial activity of Lfcin deriva-

in sample sequence were plotted against the index values of aminotives againsE. coli. Lfcin derivatives with higher similarity
acid residues in the corresponding segment in the reference sequencezonstant values for helical propensity in segment Il demonstrated
This procedure was repeated for other segments of the same samplegreater antimicrobial activity. When the helical pattern similarity

MATERIALS AND METHODS



Table 1. Homology Similarity Coefficients and Average Property Values for Helix (Hx), Charge (Ch), Hydrophobicity (Hp), and Bulkiness (Bk) Calculated for Three Segments in the Sequences of Group |
Lactoferricin Derivatives along with Minimum Inhibitory Concentration (MIC) against E. coli As Reported in the Literature?

Peptide # 1 s 3 4 B 6 7 8 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

9
P
E
W

Segment 1l

""""" P P P

5 5 5

| | I

T T T

c s [

v v v

R R R

R R R

A A A

F F F
MIC (ug / mL) 50 23 30 23 30 1 30 30 70 40 80 100 50 70 80 25 30 70 50 50 25 50 50 25 15
Literature # 2 3 3 3 3 3 3 6 6 6 6 6 8 8 8 8 8 8 8 3] 8 9 10 10 11

Coefficient  1.000 1.000 1.000 1.000 1.000 1.000 0984 1.000 1.000 1.000 1.000 1.03“ 1.000 1000 1.000 1000 1000 1.000 1.000 1000 0707 0998 0998 1.000

Average 8400  B8.400 8400 8400 7.850 B8.400 8.033 8400 8400 8400 8400 B4 8.400 8400 8400 8400 8400 8400 8400 8400 7.600 8317 8317 8400

chl
Coefficient  0.000 1.000 0982 0000 0.000 0.000 0.000 1.000 1.000 1.000 0.994 0.0 0994 0928 0982 1000 1000 1.000 1.000 1.000 0994 1000 1000 0997
Average  6.000 6767 7.067 6.000 6.000 6.000 6.000 6.767 6.767 6.767 6.933 6.0 6933 5533 7067 6767 6767 6767 6767 6767 6933 6767 6767 6.900

chin
Coefficient ~ 0.000  1.000  1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.00_ 1.000 1.000 1000 1000 0632 0632 1000 1000 088 1000 1000 1.000
Average  6.000 7.233  7.233 7.233 7.233 7.600 7.233 7.233 7.233  7.233 7.233 7.23 7233 7233 7233 7233 6617 6617 7.233 7233 7417 7233 7233 7233

Hp Il
Coefficient  0.000 1.000 1.000 0425 0425 0361 0425 1000 1.000 1.000 1.000 1.0 1000 1000 1000 1.000 0831 0831 0694 1.000 0966 1.000 1.000 1.000
Average -10.000 0113  0.113 -1.563 -1.563 -1.307 -1.563  0.113 0113  0.113 0.113 0.11 0113 0113 0113 0113 0393 0393 -0460 0098 -0.012 0113 0113 0113

Bk Il
Coefficient  0.000 1.000 1.000 0.832 0.832 0834 0832 1.000 1.000 1.000 1.000 1.0 1.000 1000 1.000 1000 0959 0959 0763 0882 0879 1000 1.000 1.000
Average  0.000 13.925 13.925 12.008 12.008 11.535 12.008 13.925 13.925 13.925 13.925 13.92 13.825 13.925 13.925 13.925 13225 13225 12342 15275 11.843 13925 13.925 13.925

@ Segment | = positions 1-3, segment Il = positions 4-9, and segment Ill = positions 10-15 in the reference (peptide 13) with 15 amino acid sequence identical to bovine lactoferricin. Shaded zones in the sequences represent regions

with high similarity to the reference peptide, whereas the shading of Hx Il indicates the high similarity coefficient for helix propensity in segment Il for group | derivatives.
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Table 2. Homology Similarity Coefficients and Average Property
Values for Helix (Hx), Charge (Ch), Hydrophobicity (Hp), and
Bulkiness (Bk) Calculated for Three Segments in the Sequences of
Group Il Lactoferricin Derivatives along with Minimum Inhibitory
Concentrations (MIC) against E. coli As Reported in the Literature?

Table 3. Homology Similarity Coefficients and Average Property
Values for Helix (Hx), Charge (Ch), Hydrophobicity (Hp), and
Bulkiness (Bk) Calculated for Three Segments in the Sequences of
Group Il Lactoferricin Derivatives along with Minimum Inhibitory
Concentrations (MIC) against E. coli As Reported in the Literature?

Peptide # 26 27 28 29 30 Peptide # 31 32 33 34 35
K R R R R F F F
Segment | K K K K K Segment | K K K
....... v ] R
R L L L L R F R R R
R R R R R R R R R R
Segment Il w w w w w Segment Il w w w W F
Q Q Q Q Q Q Q Q Q Q
w w w w w R w w w F
_______ R___R__E A R _W_ R __R___R__R
M M M M M M M M A M
K R R R R K K K K K
Segment Il K K K K K Segment Il K K K K K
L V' Y. Y Y = L L L L
G G G G G G G G G G
_______ PN - N SRR ° | S —
MIC (ug / mL) 60 20 40 25 20 MIC (ug / mL) 23 20 200 140 300
Literature # 6 9 9 9 9 Literature # 3 6 6 8 10
Hx Il Hx 1l
Coefficient 1.000 0.998 0955 0.892 0998 Coefficient 0213 0512 1.000 1.000 1.000
Average 0.808 0806 0.793 0.783 0.806 Average 0808 0.844 0808 0808 0828
Chll Chll
Coefficient 1.000 0707 0149 0447 0707 Coefficient 0333 0651 1.000 1000 0.998
& Average 8400 7.600 6.333 6.800 7.600 Average 8400 7517 8400 8400 8233
hi Chl
Coefficient 0.566 0407 0407 0407 0407 Coefficient  0.000 1.000 0.566 1.000 1.000
— Average 8167 8533 8533 B8.533 8533 Average 6.000 6.767 5700 6767 6.767
Ch
Coefficient  1.000 0.988 0988 0988 0988 Coefficient  1.000 1.000 1.000 1.000 1.000
Average 7.233 7417 7417  T417 7417 Average 7.233 7233 7233 7.233 7.233
Hp 1l Hp
Coefficient 1.000 0950 0966 0966 0966 P Coefficient 0425  1.000 1.000 0.999 1.000
Average 0.113 -0.062 -0.012 -0.012 -0.012 Average -1.563 0113 0113 0088 0113
Bk Nl Bk Il
Coefficient 1.000 0900 0879 0879 0879 Coefficient  0.832 1.000 1.000 0.947 1.000
Average 13.925 12422 11.843 11.843 11843 Average 12008 13.925 13.925 13.133 13.925

@ Segment | = positions 1-3, segment Il = positions 4-9, and segment Ill =
positions 10-15 in the reference (peptide 13) with 15 amino acid sequence identical
to bovine lactoferricin. Shaded zones in the sequences represent regions with
high similarity to the reference peptide, whereas the shading of Ch | indicates the
high average values for charge in segment | characteristic of group I derivatives.

@ Segment | = positions 1-3, segment Il = positions 4-9, and segment Il =
positions 1015 in the reference (peptide 13) with15 amino acid sequence identical
to bovine lactoferricin.

Principal Component Similarity Analysis. On the basis of
the information recovered from HSA computation, the major
structural factors that influenced the MIC values of Lfcin
derivatives were the similarity constants and average values for
helical propensity in segment II, charge in segment I, and
charge in segment |. Thus, these six variables were used for
PCA followed by PCS analysis. The purpose of this analysis
was to find properties of amino acid side chains, which were
playing an important role in grouping of lactoferricin derivatives
based on their sequences. Information on this grouping is
important in helping to explain the underlying principle of
antimicrobial activity of lactoferricins.

was low in segment Il (group V), Lfcin derivatives exhibited
lower inhibitory effects againgt. coli (P < 0.01 vs group ).
Conversely, lactoferricin derivatives with high similarity in
helical propensity in segment Il (group 1) exhibited higher
antimicrobial effect. However, it is important to remember that
high similarity in helical propensity of derivatives compared to
the reference peptide is not necessarily correlated with high
average helical propensity values per se.

In addition to the helical pattern, the pattern of charge
distribution in segment Il is of significance from the aspect of
antimicrobial ability of Lfcin derivatives. Although peptides in o i N
group IV exhibited a similar helical pattern in segment Il to  AS shown inFigure 1, peptides were successfully classified
the reference, they exhibited lower antimicrobial activigy< in groups I, 1I, IV, and V. These results confirm the importance
0.01 vs group I). The low pattern similarity in charge distribution of helicity and charge in the antimicrobial activity of lactofer-
and lower average cationic values in segment Il of these peptides’icin. Group Il peptides having exceptionally high or low
in group IV might have been responsible for their higher MIC antimicrobial activity were found to overlap with group |
againstE. coli. In contrast, high cationic values in segment | (Peptides 33—35) and group IV (peptides 31 and 32), respec-
could compensate for low cationic values in segment II, thereby tively, although the structural basis for the irregular activity of
leading to improved antimicrobial activity, as illustrated by the these group Ill peptides is unknown.
peptides in group Il. Regression Analysis Using Artificial Neural Networks.

With a few exceptions, homology similarities of the charge, ANN were used successfully to predict the output variables,
hydrophobicity, and bulkiness patterns in segments Il did not that is, logarithmic or log MIC and 1000/MIC or reciprocal MIC,
appear to play an important role in MIC of Lfcin and its with correlation coefficients of 0.95—0.97 and 0.88—0.90,
derivatives. respectively. Predicted values versus observed values are



Table 4. Homology Similarity Coefficients and Average Propensity Values for Helix (Hx), Charge (Ch), Hydrophobicity (Hp), and Bulkiness (Bk) Calculated for Three Segments in the Sequences of Group IV

Lactoferricin Derivatives along with Minimum Inhibitory Concentrations (MIC) against E. coli As Reported in the Literature?

Peptide # 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56
"""""""" E  E s F T F F E s E A TE A R E A R A E A E
Segment | K K K K K K K K K K K K K K K K K K K K
________________ ¢c..¢..¢._...¢6...€6._...¢c. . ...¢c.__.¢c. ..¢c._..¢€...€.__.¢c_..€c._..c.__€c.__.¢c. . €C.__.¢c._.¢c. ¢
E L L R A R R L R L L L L L L L L L L L L
E R R Q R A R R Q R R R R R R R R R R R R
Segment Il w w w w w w w w w w w w w w w w w w w w w
Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q
w N N S w w w w w W w w w W w w w w w w w
_______ E__E __E K R R A _E K _E _E A A E R R A E A A R
M M M | M M M M | M M M M M M M M M M M M
E R R R K K K R R R R R R R R R R R R R R
Segment Il E K K R K K K K R K K K K K K K K K K K K
n U v T L L L v T i Y i v ' v v v Y ¥, Y Y
G G G N G G G G N G G G G G G G G G G G G
P
P
L
S
Cc
v
K
K
S
S
MIC (ug / mL) 120 200 1000 1000 70 120 55 1000 440 1000 800 1000 270 75 200 62 62 300 1000 175 125
Literature # 3 6 8 8 8 8 8 8 8 9 9 10 10 10 10 10 10 10 10 10 10
Hx 1l
Coefficient 0.971 0.910 0910 0963 0883 0883 0883 0955 0988 0955 0955 0892 0892 0955 0998 0998 0892 0955 0892 0.892 0.998
Average 0769 0823 0823 0828 0786 078 078 0793 0816 0793 0793 0783 0783 0.793 0806 0806 0783 0793 0783 0783 0.806
chll
Coefficient -1.000 0191 0191 0698 0707 0707 0707 0149 0698 0149 0149 0447 0447 0149 0707 0707 0447 0149 0447 0447 0707
Average 4600 6233 6233 7417 7600 7600 7600 6333 7417 6333 6333 6800 6800 6333 7600 7600 6800 6333 6800 6800 7.600
Chl
Coefficient 0.000 0.933 08933 0994 1.000 1.000 1.000 0933 0994 0933 0994 0933 0994 0407 0933 0994 0407 0994 0933 0994 0933
Average 6.000 6.000 6000 6933 6767 6767 6767 6.000 6.933 6000 6933 6.000 6933 8533 6000 6933 8533 6933 6000 6933 6.000
Chill
Coefficient -1.000 0988 0988 0996 1000 1000 1000 0988 0.996 0.988 0988 0988 0988 0988 0988 0988 0988 0988 0988 0988 0988
Average 5067 7.417 7417 7500 7.233 7233 7.233 7417 7500 7417 7417 7417 V41T 74T TANT 74T 7417 7417 TMT 74T 7417
Hp Il
Coefficient 0.297 0.950 0.950 0409 1000 1000 1000 0950 0409 0950 0950 0950 0950 0950 0950 0950 0950 0966 0.966 0966 0.966
Average -1.057 -0.062 -0.062 0485 0113 0113 0113 -0.062 0485 -0.062 -0.062 -0.062 -0.062 -0.062 -0.062 -0.062 -0.062 -0.012 -0.012 -0.012 -0.012
Bk Il
Coefficient 0.833 0900 0900 0381 1000 1000 1000 0900 0381 0900 0800 0900 0900 08900 0900 0900 0800 0879 0879 0879 0879
Average 11.298 12422 12422 16.002 13925 13.925 13.925 12422 16.002 12422 12422 12422 12422 12422 12422 12422 12422 11.843 11.843 11.843 11.843
a Segment | = positions 1-3, segment Il = positions 4-9, and segment Ill = positions 10-15 in the reference (peptide 13) with 15 amino acid sequence identical to bovine lactoferricin. Shaded zones in the sequences represent regions

with high similarity to the reference peptide, whereas the shading of Ch Il indicates low similarity coefficient and average values of charge in segment Il of group IV derivatives.

Auepwis ABojowoH uIdLIaj010eT

6T2T €002 ‘G 'ON ‘TG [OA “WayD pood "auby ‘¢



1220 J. Agric. Food Chem., Vol. 51, No. 5, 2003 Nakai et al.

Table 5. Homology Similarity Coefficients and Average Property Values for Helix (Hx), Charge (Ch), Hydrophobicity (Hp), and Bulkiness (Bk)
Calculated for Three Segments in the Sequences of Group V Lactoferricin Derivatives along with Minimum Inhibitory Concentrations (MIC) against
E. coli As Reported in the Literature?

Peptide # 57 58 59 60 61 62 63 84 85 66 67 88 69 70 71
5 K S F F T 5 T T
Segment | K K K K K K K K K
Y F Y R R F Y R F F F F F F F
Q R Q R R Q Q R Q Q Q Q Q Q Q
Segment I W w W A w W w A w W w w W w w
Q Q Q Q Q Q Q A Q Q Q Q Q Q Q
R w R w A w w A R R R R R R R
....R R R R _ R N R __R___N N N N ___N_ N N
M M M M M M M A M M M M P M M
R K R K K R R K R R R R R R R
Segment |l K K K K K K K K K K K K K K K
L i L L L v L A v % v v % v v
G G G G <] R G & R R R R R R R
........ T TUTTU L OTT o .__._ Coeee. .S . . . ____..S .8 .86
P P P P
s P P P
| v v v
T s s s
o3 &
v [
R K
R R
T D
s s
MIC (ug / mL) 750 200 500 200 200 150 350 120 1000 1000 1000 580 2000 200 1000
Literature # 6 6 8 8 8 8 8 3 4 4 5 5 5 6 8

Hx Il

Coefficient 0007 0512 0007 0040 0041 0000 0393 -0764 -0297 -0297 -0297 -0297 -0297 -0.297 -0.297

Average 0.828 0844 0828 0759 0759 0903 0854 0685 0877 0877 0877 0877 0877 0877 0877
Chli

Coefficient 0.000 0.651 0.000 1.000 1.000 -0.703 0.447 1.000 -0521 -0521 -0.521 -0.521 -0521 -0521 -0.521

Average 7.600 7.517 7.600 8400 B8.400 5817 6.800 8400 6.617 6617 6617 6617 6617 6617 6.617
chi

Coefficient 0.994 0.566 0.994 1.000 1.000 0.994 0.994 0.000 0.000 0.000 0.000 0.000 0.000 0.994 0.994

Average 6.933 8167 6933 6767 6767 6933 6933 6000 6.000 6.000 6000 6.000 6.000 6933 6.933
chiil

Coefficient 0.988 1.000 0.988 1.000 1.000 0.640 0.988 1.000 0.640 0.640 0.640 0.640 0.640 0.640 0.640

Average 7417 7233 7417 7233 7233 8217 7417 7233 8217 8217 8217 8217 8217 8217 8217
Hp i

Coefficient 0.987 1.000 0.987 1.000 1.000 0.915 0.987 0.173 0.915 0.265 0.915 0.265 0.263 0.915 0.915

Average 0242 0113 0242 0113 0113 -0228 0242 -2162 -0.228 -1.920 -0.228 -1.920 -1.837 -0.228 -0.228
Bk Il

Coefficient 0.995 1.000 0.995 1.000 1.000 0.477 0.9895 0.658 0477 0.431 0477 0.431 0.438 0.477 0.477

Average 13688 13925 13688 13925 13925 14235 13688 0.633 14.235 13.668 14.235 13.668 13.865 14.235 14.235

@ Segment | = positions 1-3, segment Il = positions 4-9, and segment Il = positions 10-15 in the reference (peptide 13) with 15 amino acid sequence identical to
bovine lactoferricin. Shaded zones in the sequences represent regions with high similarity to the reference peptide, whereas the shading of Hx Il indicates low similarity
coefficient values for helix propensity in segment Il of group V derivatives.

illustrated inFigure 2 with correlation coefficients of 0.950  with high loadings for PC1, PC2, and PC5. In contrast, high
and 0.900 for the output variables of log MIC and reciprocal loading of Ch Il appears for only PC1. The sensitivity ranks

MIC, respectively. obtained by ANN computation demonstrate the importance of
Log MIC values tended to neglect differences in MIC of the helix propensity value with a supplemental contribution of
most potent antimicrobial peptides in group |I. The smooth charge of segments I-Ill, which coincides with what has been

regression line near the origin of the reciprocal MIC regression observed during the above HSA study.

as shown inFigure 2b may reflect reasonable prediction of

high MIC values. The sensitivity ranks of the five input variables scyssion

(PC scores 1-5) were 1:4:2:5:3 and 1:4:5:3:2 for log MIC and

reciprocal MIC, respectively. This implies that the importance  In the pioneering work of Hellberg et all8) on peptide

of the variables in the correlation is in this order. The sensitivity QSAR, 29 variables were employed to characterize amino acid

ratio for each of the input variables wad..0, thereby indicating  side chains, of which dimension was reduced to three descrip-

that none of them should be pruned from the netw@%)( tors, z1, z2, and z3, using PCA to avoid the collinearity problem
Loadings of PC scores-15 are shown inTable 7. The during the subsequent regression analysis. However, a new risk

importance of helix structure is explicitly shown in the higher was introduced when potentially important conformation effects

loading (greater size of the absolute values) of similarity of peptides on the biological activity were ignored. To circum-

constants as well as greater loading of average helix values.vent this shortcoming, Strém et a@)(employed two parameters

Charge distribution at segment Il (positions-9) is also for a-helices measured for micelle affinity, three parameters

important, especially the similarity coefficient for PC4, whereas describinga-helical propensities, two parameters related to

that at segment | (positions—B) is supplemental (Table 7)  charge, four hydrophobicity parameters, and one parameter
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Table 6. Amino Acid Property Values Used for Homology Similarity
Analysis (HSA)

helix charge hydrophobicity bulkiness

Ala 0.617 6.0 0.06 11.50
Arg 0.753 10.8 -0.85 14.28
Asn 1.089 5.4 0.25 12.82
Asp 0.932 2.8 -0.20 11.68
Cys 1.107 5.1 0.49 13.46
Gln 0.770 6.0 0.31 14.45
Glu 0.675 32 -0.10 1357
Gly 1.361 6.0 0.15 3.40
His 1.034 7.6 -2.24 13.67
lle 0.876 6.0 3.00 21.40
Leu 0.740 6.0 3.50 21.00
Lys 0.784 9.7 -1.62 15.70
Met 0.730 6.0 0.21 16.25
Phe 0.968 55 4.80 19.80
Pro 1.780 6.0 0.71 17.43
Ser 0.980 6.0 -0.62 9.47
Thr 1.053 6.0 0.65 15.80
Trp 0.910 6.0 2.29 21.61
Tyr 1.009 6.0 1.89 18.03
Val 0.940 6.0 1.59 21.50
lit. ref 21 a 22 23

a|soelectric point.

35

mYor®

248

142

3 44 58 72 ;13 1
Coefficient of Determination

Figure 1. PCS scattergram of lactoferricin derivatives. Peptides classified

in groups 1=V are identified in Tables 1-5. Peptides in group Il (not

shown) included exceptional cases with unexplainable low and high MIC

values that distributed between groups | and IV, respectively, near the

reference point (coefficient of determination = 1.0 and slope = 1.0).

Table 7. Loadings of Input Variables?

helix 4-9 charge 4-9 charge 1-3 charge 10-15
SC av SC av SC av SC av

PC1 -0.55 051 -024 -0.01 035 0.15 0.47 0.09
PC2 042 -0.62 0.19 0.06 047 0.34 006 -0.21
PC3  -0.66 0.60 042 -0.02 0.04 010 -0.01 0.05
PC4 -0.49 0.44 0.64 0.06 0.03 025 -026 -0.08
PC5 -067 -020 -0.14 036 039 -027 -027 0.24

2 SC, pattern similarity constant; av, average.

relating to surface. Although PCA can probably extract impor-
tant information to be used for regression analysis for QSAR,
it is difficult to identify and isolate the truly influencing factors
in the underlying mechanism for antimicrobial activity of
lactoferricin and its derivatives as different indices used for one
property may simultaneously include components of other
properties.
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Unlike the previous studies of Hellberg et @3] and Strom
et al. @), the present study used only one scale for each side-
chain property. Selection of the single index to describe each
property was made with great care by choosing the most recently
published index values that were also considered to be reliable
with respect to their analytical principle. Furthermore, com-
parison of segments rather than entire sequences of the peptides
allowed more detail in the underlying mechanisms of functions
to be discovered because the distribution of property patterns
within sequences is taken into consideration. As stated by Lejon
et al. (14), the position of a specific amino acid in a sequence
is important to peptide functions. Data of pattern similarity of
segments within the sequence, rather than the sequence as a
whole, could be an answer to the question they submitted.

When the reciprocal MIC was assigned as the output variable
in ANN computation in contrast to log MIC, it was possible
that better comparison of higher antimicrobial activities, for
example, MIC< 100 ug/mL despite greater prediction error,
could be made along with better comparisons between peptides
of weaker activities. This could be useful for searching for
greater antimicrobial activity of CAP. We did not intend to
repeat the regression study made by Strgm e®pto(compare
with our new approach used in this study, mainly because of
the possible unreliability of literature values reported from
different researchers. In addition, we were not excessively
confident in the regression of all possible changes when chances
of dramatic alteration in activity may not be excluded by simply
replacing the amino acid residue at a single position with other
amino acid residues. The low antimicrobial activity of peptide
35 (group 1) may be attributed to the simultaneous replacement
of two tryptophan (W) residues at positions 6 and 8 in segment
II. In contrast, the corresponding single replacements of W made
separately in peptides 23 and 24 in group | did not affect the
antimicrobial activity. The specific function of tryptophan
residues can be seen in indolicidin (17). Indolicidin activity was
elucidated on the basis of the overall charge and amphipathic
character of the extended helg]. Unlike lactoferricin, charge
is playing a more important role in indolicidin, but probably
less important than for protamines (18).

The new approach employed in this study, namely, HSA, can
incorporate potential distribution effects of side-chain properties
into peptide sequences. It may be used to address the question
posed by Lejon et al. (14) regarding the need for information
about peptide sequence in the three-z approach. Nevertheless,
it is extremely difficult to obtain complete understanding of the
underlying mechanism of a function such as MIC, as observed
in the exceptional cases that were classified as group |l
derivatives in this study (Table 3).

It is likely that unknown factors are still influential in the
MIC data. At any rate, the accuracy in prediction of output
variables could be improved, despite the potential errors arising
from the output data of MIC values reported from different
sources. Direct comparison of the correlation coefficient between
log MIC and rcp MIC inFigure 2 is not therefore warranted,
as they use different scales. Furthermore, to enhance the validity
of the conclusions, many more data are required for the
reciprocal computation in the future.

Uniformity in group I, particularly in segment Il, is demon-
strated in the homology similarity coefficient values, which are
all close to 1.0 as seen ifable 1. The lesser importance of
segment Il (positions 1015) appears as a departure of the
similarity values from 1.0 in some derivatives in this segment,
as well as lesser contributions to PC score$ hs represented
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Figure 2. Predicted versus observed MIC values against E. coli of 65 different lactoferricin derivatives with (a) logarithmic (log MIC) or (b) reciprocal
(1000 x MIC~* or rcp MIC) transformation, as determined by ANN.

in the loadings (Table 7). This does not imply the absence of In conclusion, the new DM system using pattern similarity

arole of segments | and Il in MIC. Examples of the importance data based on properties of segment amino acid side chains in

of these segments in particular derivatives are the smaller chargehomology profiles can enhance the reliability in predictability

value of segment | in peptide 33 (classified into group 111), the of QSAR compared with QSAR computed using the properties

lower similarity in hydrophobicity of segment IIl in peptides of the whole sequences.

36 and 39 (classified into group 1V), and the lower bulkiness

similarity of segment Il in peptide; 34 and 44 (in groups I ABBREVIATIONS USED

and 1V, respectively). Peptide 31 (in group IIl) with multiple

lower similarities may also be another example of these ANN, artificial neural networks; CAP, cationic antimicrobial

deviations. peptides; Ch, charge; DM, data mining; Hp, hydrophobicity;
To avoid the most crucial pr0b|em of ANN, name|y, HSA, homology Slmllarlty anaIySiS; HX, hellx, LFB, bovine

overlearning, the number of input variables should be restrained!actoferrin; Lfcin, lactoferricin; MIC, minimal inhibitory con-

to the minimum. The most popular technique used for dimension centration; PCA, principal component analysis; PCS, principal

reduction has been PCA, as shown by Strem eBplHowever, ~ component similarity; PLS, partial least squares; QSAR, quan-

as discussed by Lejori4), there is a further problem in that tita’givg structure—activity relationship; RCO, random-centroid

the selected major PC scores may not be always closely relatecPPtimization.

to the objective function (MIC in this case). The same is true

in the case of the PCS result shownhkigure 1, which is a LITERATURE CITED
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