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Antioxidants have been utilized in both the food and cosmetics industries to neutralize the activities of
reactive oxygen species (ROS) and free radicals. Histidine-containing peptides are powerful antioxidants
that exist in nature. Additionally, hydroxycinnamic acid (HCA)-peptide conjugates exhibit a synergisti-
cally enhanced antioxidative activity. Thus, caffeic acid (CA), a natural antioxidant, was conjugated to his-
tidine-containing dipeptides (His dipeptides) in order to develop better antioxidants. The antioxidative
activities were measured using 2,20-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging test and lipid
peroxidation test with ferric thiocyanate method. Some of the CA-His dipeptides exhibited better radical
scavenging activities than CA, and all of the CA-His dipeptides showed enhanced lipid peroxidation inhib-
itory activities. His dipeptide enhanced the antioxidative activity of CA, and the position of histidine also
affected the antioxidative activity of the compounds. CA-proline-histidine amide (CA-Pro-His-NH2)
exhibited the highest activity in both the free radical scavenging test and the lipid peroxidation inhibition
test.

� 2010 Published by Elsevier Ltd.
Oxygen is one of the most abundant elements on the Earth and
almost every living organism consumes oxygen to live. However,
unconsumed oxygen molecules can be converted into free radicals
such as superoxide, hydroxyl and peroxyl radicals, which are also
known as reactive oxygen species (ROS). ROS initiate radical chain
reactions in the human body and are responsible for aging, cancer
and several chronic diseases through the oxidation of DNA, RNA,
lipids, and proteins.1–3 In the healthy human body, endogenous
antioxidants can remove the continuously generated ROS by
breaking the radical chain reaction either through transferring
electrons or trapping hydrogen radicals in order to maintain a bal-
ance in the body. If ROS are overproduced, the balance breaks
down, which leads to the severe oxidation of the living system.
Many researchers, in various fields, have developed new synthetic
antioxidants in order to reduce the ROS.

Phenolic compounds are widely studied as antioxidants because
these compounds have a stable structure after the free radicals are
quenched. A previous report showed that the antioxidant activity
of the phenolic compounds increases as the number of hydroxyl
(OH) and methoxy (OCH3) groups increases.4 Caffeic acid (CA; 3,4-
dihydroxycinnamic acid) is a member of the hydroxycinnamic acid
(HCA) family, and is abundant in nature. The high antioxidant activ-
ity of CA is caused by the delocalization of the unpaired electron in
the extended conjugated side chain.5 Additionally, the ortho-dihydr-
oxyl group of CA forms an additional hydrogen bond, which creates a
stable configuration after the O–H bond is broken.6
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Peptide based antioxidants have also been actively studied.
Antioxidative peptides have been prepared through enzymatic
hydrolysis from various natural proteins7–17 or synthetic peptide
libraries.18 Additionally, previous studies have revealed that pep-
tides can enhance the stability of antioxidant compounds through
the suppression of lipid oxidation.19

In our previous study, the antioxidant activity of HCAs was en-
hanced through conjugation with antioxidative peptides.20 We
concluded that CA-b-Ala-His-NH2 was an ideal antioxidant in both
hydrophilic and hydrophobic environments because the com-
pound exhibited excellent free radical scavenging activity and syn-
ergistically inhibited lipid oxidation. Carnosine (CAR), which
contains b-alanine and histidine, naturally exists at high concen-
trations (2–20 mM) in mammalian muscle tissues and nervous sys-
tems.21–23 CAR extends the fibroblast life-span by reversing the
signs of aging and inhibiting the lipid peroxidation within the cell
membrane because of the lipid peroxyradical trapping ability of
imidazole in histidine.24

In this study, we focused on histidine residue and constructed
CA-histidine dipeptide libraries in order to find a better antioxidant
than CA-b-Ala-His-NH2. Several amino acids were selected based
on the functional group properties. For example, cysteine was
selected for its sulfhydryl side chain, phenylalanine was selected
for its aromatic side group, proline was selected for its cyclic struc-
ture, and alanine was selected because it had the same molecular
weight as b-alanine and only differed by one alkyl chain. The other
amino acids that were selected were chosen from frequently occur-
ring sequences in natural antioxidants.7–19 The C-termini of all of
the His-dipeptides were fixed to amides because C-terminal

http://dx.doi.org/10.1016/j.bmcl.2010.04.135
mailto:yslee@snu.ac.kr
http://www.sciencedirect.com/science/journal/0960894X
http://www.elsevier.com/locate/bmcl


Scheme 1. Solid-phase CA-His dipeptide synthesis. Reagents and conditions: (a) Fmoc-L-amino acids (2 equiv), BOP (2 equiv), HOBt (2 equiv) and DIPEA (4 equiv) in NMP for
2 h; (b) 20% piperidine/NMP (v/v) for 3 min and 15 min; (c) repeat (a) and (b); (d) CA (2 equiv), BOP (2 equiv), HOBt (2 equiv) and DIPEA (4 equiv) in NMP for 5 h; (e) cleavage
cocktail: 30% TFA/1% water in dry DCM for 1 h, and diethyl ether precipitation.

Table 2
Partition coefficient (CLog P) of CA-His dipeptides

Compounds CLog Pa Compounds CLog Pa

CA CA 0.9750 CA-HD CA-His-Asp-NH2 �2.1002
CA-F CA-Phe-NH2 1.0862 CA-FH CA-Phe-His-NH2 �0.1544
CA-H CA-His-NH2 �1.3148 CA-HF CA-His-Phe-NH2 �0.1544
CA-AH CA-Ala-His-NH2 �1.5724 CA-HH CA-His-His-NH2 �2.5554
CA-HA CA-His-Ala-NH2 �1.5724 CA-KH CA-Lys-His-NH2 �1.8324
CA-BH CA-b-Ala-His-NH2 �1.6122 CA-HK CA-His-Lys-NH2 �1.8324
CA-HB CA-His-b-Ala-NH2 �1.6344 CA-PH CA-Pro-His-NH2 �1.1762
CA-CH CA-Cys-His-NH2 �1.5267 CA-HP CA-His-Pro-NH2 �0.9118
CA-HC CA-His-Cys-NH2 �1.4786 CA-SH CA-Ser-His-NH2 �2.5701
CA-DH CA-Asp-His-NH2 �2.1483 CA-HS CA-His-Ser-NH2 �2.5220

a Calculated by ChemDraw Ultra (CambridgeSoft).
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peptide amides were more stable than C-terminal free peptides
under various conditions.25–28 The anitoxidative activities of CA-
His dipeptides were evaluated using the 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH) radical scavenging test29 and the linoleic acid
auto-oxidation system with ferrous thiocyanate assay.30,31 BHA
(butylhydroxyanisole; a commercially available synthetic antioxi-
dant), CA, CA-Phe-NH2, and CA-His-NH2 served as the reference
compounds.32

First, CA-His dipeptides were synthesized through solid-phase
peptide synthesis with Rink amide AM SURE™ resin (Scheme 1).33

The compounds were synthesized with high yields and purities
(Table 1).

CA-His dipeptides had quite different physico-chemical prop-
erties to CA (Tables 2 and 3).34–37 The partition coefficients
(Log P) of CA decreased through conjugation with His dipeptides.
After conjugation, CLog P (calculated Log P) of CA decreased be-
cause of the added hydrophilic moiety in the imidazole ring.
Thus, the hydrophilic nature of His dipeptides increased the
aqueous solubility (Log S) of CA, regardless of the position of his-
tidine. The calculated values of the partition coefficients (CLog P)
and the aqueous solubilities (CLog S) of CA-His dipeptides are
given in Tables 2 and 3.
Table 1
Yield and purity of CA-His dipeptides

Compounds Crude yield (%)

CA-F CA-Phe-NH2 31
CA-H CA-His-NH2 34
CA-AH CA-Ala-His-NH2 41
CA-HA CA-His-Ala-NH2 25
CA-BH CA-b-Ala-His-NH2 25
CA-HB CA-His-b-Ala-NH2 33
CA-CH CA-Cys-His–NH2 52
CA-HC CA-His-Cys-NH2 32
CA-DH CA-Asp-His-NH2 39
CA-HD CA-His-Asp-NH2 34
CA-FH CA-Phe-His-NH2 60
CA-HF CA-His-Phe-NH2 44
CA-HH CA-His-His-NH2 20
CA-KH CA-Lys-His-NH2 42
CA-HK CA-His-Lys-NH2 34
CA-PH CA-Pro-His-NH2 40
CA-HP CA-His-Pro-NH2 48
CA-SH CA-Ser-His-NH2 36
CA-HS CA-His-Ser-NH2 39

a Determined by HPLC.
The free radical scavenging activities (RSA) of CA, CA-Phe-NH2,
CA-His-NH2, CA-His dipeptides were evaluated through reactions
with the DPPH radicals.38 Figure 1 shows the observed level of
the %RSA. The %RSA of CA was enhanced through conjugation with
His-dipeptides, and CA-Pro-His-NH2 exhibited the highest %RSA
among the CA-His dipeptide derivatives. Some of the CA-His dipep-
tides exhibited a higher %RSA than CA in the following order:
Puritya (%) ESI-MS

Calculated Found

70 327.4 ([M+H]+) 327.2
77 316.3 ([M+H]+) 316.2
72 388.4 ([M+H]+) 388.3
78 388.4 ([M+H]+) 388.4
74 388.4 ([M+H]+) 388.2
71 388.4 ([M+H]+) 388.6
66 477.1 ([M+H]+) 476.2
78 477.3 ([M+H]+) 476.2
81 432.4 ([M+H]+) 433.3
80 454.9 ([M+Na]+) 455.3
82 464.0 ([M+H]+) 465.4
76 464.5 ([M+H]+) 465.4
66 454.3 ([M+H]+) 454.5
69 441.3 ([M+H]+) 445.2
68 445.5 ([M+H]+) 445.2
87 414.4 ([M+H]+) 414.7
79 414.4 ([M+H]+) 414.3
69 404.2 ([M+Na]+) 404.4
67 404.5 ([M+Na]+) 404.4



Table 3
Aqueous solubility (CLog S) of CA-His dipeptides

Compounds CLog Sa Compounds CLog Sa

CA CA �1.41 CA-HD CA-His-Asp-NH2 �1.49
CA-F CA-Phe-NH2 �2.76 CA-FH CA-Phe-His-NH2 �2.88
CA-H CA-His-NH2 �2.88 CA-HF CA-His-Phe-NH2 �2.88
CA-AH CA-Ala-His-NH2 �1.75 CA-HH CA-His-His-NH2 �1.72
CA-HA CA-His-Ala-NH2 �1.75 CA-KH CA-Lys-His-NH2 �2.13
CA-BH CA-b-Ala-His-NH2 �1.64 CA-HK CA-His-Lys-NH2 �2.13
CA-HB CA-His-b-Ala-NH2 �1.64 CA-PH CA-Pro-His-NH2 �1.77
CA-CH CA-Cys-His–NH2 �2.40 CA-HP CA-His-Pro-NH2 �1.77
CA-HC CA-His-Cys-NH2 �2.40 CA-SH CA-Ser-His-NH2 �2.59
CA-DH CA-Asp-His-NH2 �1.49 CA-HS CA-His-Ser-NH2 �2.59

a Calculated by the ALOGPS 2.1 Program. www.vcclab.org/lab/alogps/.
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CA-Pro-His-NH2 (71 ± 3.1) > CA-b-Ala-His-NH2 (70 ± 10.8) > CA-
Lys-His-NH2 (65 ± 4.8) > BHA (62 ± 1.0) > CA-Phe-His-NH2 (59 ±
3.8) > CA-His-Lys-NH2 (54 ± 5.2) > CA-Asp-His-NH2 (52 ± 3.1) >
CA-Phe-NH2 (51 ± 7.7) > CA-His-Asp-NH2 (49 ± 5.8) > CA (47 ± 2.1).
The %RSA of the CA-His dipeptides were similar depending on the
position of histidine. A higher %RSA was observed when histidine
was separated from CA by one amino acid (CA-XH), a higher %RSA
compared to when histidine was directly attached to CA (CA-HX).

Though the DPPH radical is mainly affected by the antioxidant,
the solvent system cannot be underestimated because it also has
electron donating or withdrawing groups. Some research groups
have examined the kinetic solvent effects (KSE) on phenolic antiox-
idants.39 The magnitude of the KSE is determined by the strength
of the interaction between the hydrogen bond donor, the phenolic
antioxidant, and the hydrogen accepting solvent. Hydrogen bond-
ing plays an important role on the hydrogen atom donating activ-
ities of the phenolic antioxidants. When the phenolic antioxidants
meet the free radicals, they quench the radicals through a hydro-
gen atom transfer from the phenolic hydroxyl to the peroxyl radi-
cals.40,41 Therefore, selecting the solvent system for the RSA
measurements might be important for screening antioxidant com-
pounds. The %RSA was examined in different solvents with various
structural features.42 Methanol, acetonitrile, and tert-butanol were
chosen because they exhibit similar polarities and differ only in
structure. Methanol is a broadly used protic polar solvent that
can donate a proton to form a hydrogen bond with both the anti-
oxidant and the free radical. Acetonitrile is able to form hydrogen
bonds as a hydrogen bond acceptor from the antioxidant.46,47 tert-
Figure 1. DPPH radical scavenging activity of CA-His dipeptides. [Antioxidant]/[DPPH](m
The values are given as the mean ± standard error.
Butanol is a protic polar solvent that has a bulky tert-butyl group,
which causes steric hindrance, and therefore it cannot actively ex-
change protons as fast as methanol. Figure 2a shows the %RSA of
the selected antioxidant compounds in different solvent systems.
The %RSA exhibited similar tendencies to antioxidant strengths
for the three solvent systems. However, the absolute values of
the %RSA were quite different and decreased in the following
order: RSAmethanol > RSAacetonitrile > RSAtert-butanol. As expected, tert-
butanol exhibited the poorest %RSA because its bulkiness
prevented the antioxidant from reacting with the free radical.
However, it donated a proton to the radical. Methanol was a proper
solvent for studying the RSA of antioxidants because the antioxida-
tive activities were easily compared. The RSA of the selected com-
pounds were also examined in acidic conditions in order to
determine the pH effect on the antioxidant activities (Fig. 2b). An
acetate buffer (pH 5.5) was used to make acidic buffered methanol,
which exhibited a better RSA than methanol with some com-
pounds in previous studies.43,44 As expected, the RSA in buffered
methanol was higher for most of the compounds.

A lipid peroxidation inhibitory assay was performed using
Tween 20-emulsified linoleic acid (>99%) in order to measure the
antioxidative activity (Fig. 3).45 CA-Pro-His-NH2 exhibited the
highest percentage of lipid peroxidation inhibition (%Pi), which
was even greater than BHA, a strong synthetic antioxidant. CA-
Phe-NH2, which exhibited an enhanced antioxidative activity in
previous studies,25,26 and CA-His-NH2, which was a CA derivative
containing only the His moiety, were synthesized, and their
activities were compared to CA-His dipeptides. The %Pi of CA,
CA-Phe-NH2, CA-His-NH2, and CA-His dipeptides decreased in the
following order: CA-Pro-His-NH2 (87 ± 6.1) > BHA (86 ± 2.5) > CA-
Lys-His-NH2 (84 ± 6.0) � CA-Cys-His-NH2 (84 ± 7.3) � CA-Ala-His-
NH2 (84 ± 5.4) > CA-Ser-His-NH2 (83 ± 5.2) > CA-Asp-His-NH2 (82 ±
4.5) > CA-Phe-His-NH2 (80 ± 10.9) � CA-His-His-NH2 (80 ± 2.6) >
CA-His-Cys-NH2 (79 ± 4.0) > CA-His-Lys-NH2 (76 ± 10.0) > CA-
Phe-NH2 (73 ± 8.3) � CA-His-Asp-NH2 (73 ± 2.0) > CA-His-Phe-NH2

(72 ± 9.9) > CA-His-Ser-NH2 (71 ± 3.3)� CA-His-b-Ala-NH2 (71 ± 5.1) >
CA-His-NH2 (67 ± 4.0) > CA-His-Ala-NH2 (66 ± 12.0) > CA-b-Ala-
His-NH2 (64 ± 9.1) > CA-His-Pro-NH2 (61 ± 7.8) > CA (51 ± 9.5).

All of the CA-His dipeptides exhibited higher %Pi than CA, unlike
the %RSA because of the differences in the hydrophilicity of the
compounds. The DPPH radical scavenging assay was carried out in
methanol, which was a hydrophilic solvent, whereas the lipid perox-
idation inhibitory assay was performed in Tween 20-emulsified
ol/mol) = 0.25. Each experiment was performed in triplicate and repeated five times.

http://www.vcclab.org/lab/alogps/


Figure 2. DPPH radical scavenging activity of selected CA-His dipeptides in different solvent systems. [Antioxidant]/[DPPH](mol/mol) = 0.25. Each experiment was performed
in triplicate and repeated five times. The values are given as the mean ± standard error.

Figure 3. Antioxidative activity of CA-His dipeptides at 10 h in lipid autoxidation system measured by the ferric thiocyanate method. Conditions: the final concentration of each
antioxidant was 90 lM; kept at 50 �C under dark conditions for 10 h. Each experiment was carried out in triplicate, and the values are given as the mean ± standard error.

H.-S. Seo et al. / Bioorg. Med. Chem. Lett. 20 (2010) 4266–4272 4269
linoleic acid, which was biphasic. Tables 2 and 3 show that CA-His
dipeptides had lower CLog P and lower CLog S than CA because CA-
His dipeptides were more hydrophilic and more soluble in water
than CA. Therefore, CA-His dipeptides might have a good accessi-
bility for the lipid emulsion because they contained both hydro-
phobic and hydrophilic parts in one molecule.36–38



Figure 4. Antioxidative activity of CA-His dipeptides as a function of reaction time in lipid autoxidation system measured by ferric thiocyanate method. (a) CA-Ala-His-NH2

(3), CA-His-Ala-NH2 (4); (b) CA-b-Ala-His-NH2 (5), CA-His-b-Ala-NH2 (6); (c) CA-Cys-His-NH2 (7), CA-His-Cys-NH2 (8); (d) CA-Asp-His-NH2 (9), CA-His-Asp-NH2 (10),
(e) CA-Phe-His-NH2 (11), CA-His-Phe-NH2 (12); (f) CA-His-His-NH2 (13); (g) CA-Lys-His-NH2 (14), CA-His-Lys-NH2 (15); (h) CA-Pro-His-NH2 (16), CA-His-Pro-NH2 (17); (i)
CA-Ser-His-NH2 (18), CA-His-Ser-NH2 (19). Conditions: the final concentration of each antioxidant was 90 lM; kept at 50 �C under dark conditions. Each experiment was
carried out in triplicate, and the values are given as the mean ± standard error.
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Figure 5. Proposed molecular structures of (a) CA-Pro-His-NH2 (CA-PH); (b) CA-His-Pro-NH2 (CA-HP). The figures depicted were prepared with ChemDraw Ultra
(CambridgeSoft).

Figure 6. Xanthine oxidase inhibitory activities of CA and CA-PH (0.1 mM). Each
experiment was carried out in triplicate, and the values are given as the
mean ± standard error.
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The DPPH assay results showed that the position of histidine in
the dipeptide also affected the antioxidative activity of CA. With
the exception of CA-b-Ala-His-NH2, the %Pi of the CA-His dipep-
tides were similar depending on the position of histidine (Fig. 4).
The %Pi increased when an amino acid was placed between histi-
dine and CA.

Figure 3 shows the percentage of lipid peroxidation inhibition
(%Pi) of the compounds at 10 h in order to compare the antioxida-
tive activities during the early stages of the lipid peroxidation.
While the absorbance of the negative control dramatically in-
creased, the absorbance of the reaction mixture with CA moder-
ately increased during the early stages and then acutely
increased. An enhanced antioxidative activity was also observed
when one amino acid, such as phenylalanine and histidine, was
conjugated to CA. CA-His dipeptides exhibited better activities
than CA-His-NH2 because only one histidine could not enhance
the antioxidative activity of CA. CA-His dipeptides exhibited excel-
lent antioxidative activities, and several compounds had promising
activities as potent antioxidants.
In the CA-His dipeptide libraries, compound CA-Pro-His-NH2

had an excellent antioxidative activity in both the free radical scav-
enging activity test and the lipid peroxidation inhibition test. Com-
pound CA-Pro-His-NH2 consisted of proline and histidine and
exhibited a higher %Pi than the commercial antioxidant, BHA. Pro-
line commonly appears in many peptide-based natural antioxi-
dants.17,18 Interestingly, CA-Pro-His-NH2 exhibited a notable
antioxidative activity enhancement, whereas CA-His-Pro-NH2

exhibited a poor antioxidative activity, even though their amino
acids compositions were the same. We here suggest a structure
(Fig. 5) to explain the significant difference in the antioxidant
activities between CA-Pro-His-NH2 and CA-His-Pro-NH2 which
was caused by the order of the amino acids. In the proposed struc-
tures, proline in CA-Pro-His-NH2 provided a tilted structure that
provided additional stability to the hydroxyl radical of CA by the
imidazole ring after the free radicals were quenched, whereas
CA-His-Pro-NH2 did not have the same beneficial structure.

When we performed DPPH free radical scavenging test and lipid
peroxidation inhibition test, CA-Pro-His-NH2 exhibited promising
activities. For further studies in biological system, we examined
the antioxidative activity of CA-Pro-His-NH2 by a well-known anti-
oxidant evaluating system with enzyme, xanthine oxidase.48–51

Xanthine oxidase (XO, EC 1.2.3.2) oxidizes hypoxanthine to xan-
thine, then to uric acid, and once uric acid is accumulated, it can
cause hyperuricacidemia. When we performed XO inhibitory assay
by using modified Noro’s method,48 CA-Pro-His-NH2 exhibited a
tendency to enhance the antioxidative activities of CA from 52%
to 58% (Fig. 6).

In conclusion, conjugating histidine-containing dipeptides to CA
enhanced the antioxidative activity of CA. Several compounds
exhibited predominant RSA compared to CA because of the radical
trapping ability of imidazole in histidine. All of the compounds
exhibited better lipid peroxidation inhibitory activities than CA.
CA-Pro-His-NH2 exhibited excellent results in both the RSA and
the lipid peroxidation inhibitory activity. Therefore, CA-Pro-His-
NH2 was an ideal antioxidant in both hydrophilic and lipophilic
systems probably because the structure of proline enabled histi-
dine to stabilize the hydroxyls of CA, leading to the enhanced anti-
oxidative activities.
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