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ACE-Inhibitory Activity and Structural Properties of Peptide
Asp-Lys-lle-His-Pro [ B-CN f(47-51)]. Study of the Peptide Forms
Synthesized by Different Methods
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Some of the most potent ACE-inhibitory peptides described in food have a proline at the end of their
sequence, a characteristic that can cause problems in the synthesis procedures. In this work, we
studied two different preparations of peptide Asp-Lys-lle-His-Pro (DKIHP), which were obtained by
two different synthetic procedures (Boc and Fmoc). The peptide synthesized by the Boc method
yielded a unique conformer, containing trans-Pro, and significant ACE-inhibitory activity (ICso = 113.18
uM). The chromatographic and NMR data of this active conformer are reported. The peptide
synthesized by Fmoc chemistry yielded three conformers, two of them containing trans-Pro and a
third one containing cis-Pro, and showed a lower activity (ICso = 577.92 uM). This was attributed to
the presence of conformers with less (or none) activity. We have pointed out the importance of
performing structural studies on these type of peptides before testing their ACE-inhibitory activity.
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INTRODUCTION group into a conformation favorable for interacting with the

Angiotensin-l-converting enzyme (ACE; EC 3.4.15.1) is a PoOsitively charged residue at the active site of the enzyitle (
peptidyl-dipeptidase that cleaves dipeptides from the C-terminal Récent X-ray diffraction studies have given detailed information
end of the substrate and plays an important role in blood pressureon the structure of ACE from human sperm @hsophila, as
regulation. This enzyme converts angiotensin-I to angiotensin- Well as the complex formed between the enzyme and its
Il, a strong vasopressor, and, together with the inactivation of inhibitors lisinopril and captopril (11—13).
bradykinin, which has hypotensive activity, its action resultsin |5 3 previous work, different fractions with strong ACE-

an increase of blood pressut® (Therefore, inhibition of ACE inhibitory activity were obtained from Manchego chee&g &

is. considered a useful therapeut'ic gpproach in the treatment Ofcheese manufactured from ewe’s milk. In one of the most active
high blood pressure, and ACE-inhibitory drugs, such as cap-

topril, enalapril, or lisinopril, are used as antihypertensive fract!ons, three peptides were identified. Among these, the
drugs, @), ’ ’ pep_tlde DKII_—|P_[/_3-CN f(4_17_—51)] was a strong candidate _for
In past years, the food industry has become very interestedha\”,ng ACE-lnh|b|t.o.ry activity, becausg I cor.ltaln.s a C-terminal
in the so-called functional foods, that promote individuals' Proline and a positively charged amino acid within the three
health, and researchers have shown an increased interest iff-t€rminal positions, characteristics of potent ACE-inhibitory
finding functional components in foods. Much research has beenPeptides (14,15). To confirm the ACE-inhibitory activity of
done related to bioactive peptides, and some of these studieghis peptide, it was necessary to synthesize it. However, it has
have been focused on ACE-inhibitory peptides. Oshima et al. to be taken into account that peptides containing proline
(3) isolated the first ACE-inhibitory peptide described in food (particularly those containing proline at the C-terminal end) can
protein. Since then, other peptides with this activity have been cause problems during synthesis, resulting in multiple forms, a
found in different foods (4—8). well-known problem for researchers working in the peptide
Structure and activity studies done with different ACE- synthesis field. In some cases, it has not been possible to
inhibitory peptides have indicated that binding to ACE is synthesize some bioactive peptides found in food proteins due
sr:ronglg inﬂuer(lg;edey _toflle C-rt]erminal tripeptfide Sequence Or: to the presence of proline in their structufisy,.
the substrate (9). Besides, the presence of a proline at the . .
C-terminal end improves ACE-inhE)itory activity, pfobably due . I.n .th's stqdy, the peptlde.DKIHP was tested for AC.E'
to the rigid structure of this residue, which may lock the carboxyl inhibitory activity and was subjected to structural characteriza-

tion by MS/MS and NMR. In addition, two preparations of the

* Author to whom correspondence should be addressed [teleph8de peptide, synthesized by different methods (using Boc and Fmoc
915622900, ext. 356; fax34 915644853; e-mail belloque@ifi.csic.es]. ~ chemistry), were compared for activity and structure.
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MATERIALS AND METHODS

DKIHP-I
Synthesis of DKIHP. Method I. Synthesis was performed at the
Peptide Synthesis Unit (University of Barcelona), using Boc chemistry ke 004
and a manual method. This method included the activation of Boc-aa- os
OH with TBTU/HOBU/DIEA. This peptide preparation will be referred o8
to as DKIHP-I. e, ;F
Method II. Synthesis was performed at the protein facility of the ~ maUl L L A
Centro de Biologia Molecular (CBM, CSIC, Cantoblanco, Madrid), 1000

using Fmoc chemistry, with a 431A peptide synthesizer (Applied 800
Biosystems Inc., Berlingen, Germany). Fmoc amino acids were
activated with a mixture of HOBt/NMP and DCC/NMP. For histidine,

600

a Fmoc-His(Trt)-OH derivative was used. This peptide preparation will 400
be referred to as DKIHP-II. 200
RP-HPLC-MS/MS. RP-HPLC analyses were performed on an o
Agilent HPLC system (Agilent Technologies, Waldbronn, Germany) 0 1 0 e 40 %0
connected on line to an Esquire-LC quadrupole ion trap instrument e
(Bruker Daltonik GmbH, Bremen, Germany). The HPLC system was ;f o094 DKIHP-II

equipped with a quaternary gradient pumping system, an in-line s
degasser, a variable wavelength absorbance detector set at 214 nm, 04

110.1

and an automatic injector (all 1100 Series, Agilent Technologies). The 02|j1291 231 %:‘i‘u e,

column used in these experiments was a 250 xh6 mm Widepore 00 o T e e e eoad

Cis column (Bio-Rad, Richmond, CA). The injection volume was 50 If;mﬁj .

/ML 1000 \ 2104 4944
Solvent A was a mixture of water:TFA (1000:0.37), and B was a 500 R ) 165{‘

mixture of acetonitrile:TFA (1000:0.27). A step gradient system of water 10 200 300 40 500 80 mz

and acetonitrile was used as mobile phase: solvent A (100%) for 5 600

min, then a linear gradient to 10% B in 10 min, from 10% to 30% B 400 1

in 10 min, and from 30% to 70% B in 5 min. The flow (0.8 mL/min)
was split post detector by placing a T-piece (Valco, Houston, TX)
connected with a 7am ID peek outlet tube of an adjusted length to °s 10 >0 30 0 50

give approximately 20uL/min of flow directed into the mass Time [min]

spectrometer via the electrospray interface. Nitrogen was used asFigure 1. HPLC-MS profiles of DKIHP-I (synthesized by Boc chemistry)
nebulizing and drying gas and operated with an estimated helium and DKIHP-II (synthesized by Fmoc chemistry). HPLC-MS profiles show
pressure of 5 10~% bar. The capillary was held at 4 kV. Spectrawere g single peak for DKIHP-I, and a double peak for DKIHP-II. All of them
recorded over the mass/chargeZ) range 106-1000. About 25 spectra. show a very similar MS pattern.

were averaged in the MS analyses, and about 5 spectra were averaged

in the MS(n) analyses. The signal threshold to perform auto MS(n) ReSULTS

analyses was 10 000 (i.e., 5% of the total signal), and the precursors o )
ions were isolated within a range of 4/zand fragmented with a Characteristics of DKIHP-I. When the peptide was analyzed

voltage ramp going from 0.35 to 1.4 V. Using Data AnalysisTM Dy HPLC-MS, one single peak was found with'z of 609.4
(version 3.0; Bruker Daltoniks), the/zspectral data were processed  (Figure 1). MS/MS analysis confirmed the amino acid sequence
and transformed to spectra representing mass values. of the synthesized peptide (data not shown).

NMR Analysis. The peptide was dissolved inD or H,0:D,0 (80: One-dlmenSIOQaI and TQCSY SIPGCtra. showed a §|ngle
20) at a concentration of-110 mg/mL, and the pH was adjusted to ~ Structural form Figure 2), with chemical shifts and coupling
pH 2.5 with DCI.*H NMR spectra were recorded in a 400 MHz Varian ~ constants as shown ifiable 1. Results from NOESY spectra
UNITYINOVA spectrometer (Varian NMR Instruments, Palo Alto, CA).  (Figure 2) showed some interresidue resonances (i.gHIs)—
One-dimensional spectra were recorded with 3.7 s acquisition time, 1 Hs(Pro)) that were assigned tomans-Pro.

s delay time, and water was suppressed using presaturation for 2.5 s. Characteristics of DKIHP-Il. When this peptide was
COSY, TOCSY (80 ms mixing time), and NOESY (700 ms mixing analyzed by HPLC-MS, two separated peaks, with relative UV-
tlme) Spectl’a were obtained with 2048 pOintS in thdimension, 256 areas around 3:2' were found (F|gure 1) Both peaks hadza
scans in the; dimension, and at least 64 transients. A delay time of 1 o5 609.4, and, upon fragmentation by MS/MS, they showed the
s was applied between scans, and the water line was suppressed using; me fragmentation profile, equal to the fragmentation pattern
presaturation (1.5—2.5 s presaturation time). All spectra were taken attound for DKIHP-1. Thus. it was concluded that the two peaks
30°C, un'_eSS_Stated' Raw d_aFa were _p_rocessed %’S'T‘Q Va”an_ S_Oﬁwarefound in this preparation corresponded to the same peptide,

Determination of ACE-Inhibitory Activity . ACE-inhibitory activity probably with different conformations.
waz_?ssgyed b¥ thzmithgd ff CfUShm%n 3"?13‘@71)9‘;@1 some NMR analysis of this peptide showed different resonances
modifications (7). Each 2QuL of peptide inhibitor solution was oy thqse found for DKIHP-I, both in the one-dimensional and
incubated, at 37C for 30 min, with 180uL of 0.1 M potassium . s

o . S . TOCSY spectra (Figure 2). In the TOCSY spectra, it is clearly
phosphate buffer (pH 8.3), containing 5 mM hippuryl-histidyl-leucine b d that the first tw . id 2 sh d
and 0.3 M NacCl, and with 1@L of ACE (5 mU). The reaction was o} s?rve at the firs i 0 arr]nlnofaCI dS' (Adpys?) showe
finished by adding 10@L of 1 M HCI. The hippuric acid formed by ~ SINgl€ resonances, similar to those found in DKIHP-I. However,
the action of ACE was extracted with ethyl acetate, and after removal three different signal sets were found for the last three residues

of ethyl acetate by heat evaporation, the amount of hippuric acid was (/l€%-His*Prc), as compared with the single set found for
measured spectrophotometrically at 228 nm. The inhibitory activity was DKIHP-I (Figure 2). This led us to conclude that DKIHP-II
expressed as the amount of peptide needed to inhibit 50% the ACE contained three structural forms of the peptide, with differences
activity (ICso). The activity was tested in triplicate to five different —occurring around the three last residues, and probably involving
concentrations. cis—transproline isomerization. NOESY spectra revealed cross-
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Table 1. H NMR Chemical Shift Assignments and Coupling Constants
M M of the Active Form of the Synthetic Peptide DKIHP (i.e., DKIHP-I), at
. pH 2.5, 30 °C (NHyp, Backbone NH; NA, Not Applicable (N-Terminal
H-NMR: 1D and TOCSY End or Imino Acid))
r IH chemical shifts, 0
H ] H | '
‘ | K | ’fH /I\r ,M. /?\ ,ﬂ’ J'ﬂ residue  NHpp  Hq Hpp Hother coupling constant
Lo Bl ApiD) NA 420 278
A e e S T ot e e Lys?(K) 853 423 167  H,: 126
] p— Hso: 1.53
2 = g Hee: 2.88
pen) Vo) [ : lle3 (1) 803 397 169  H,: 128 3 NH-tHoe 7 Hz
1.0 je! K o K 1.04
1% e, ! &, B o H,/scra: 0.73
e VP é\ P, T His*(H) 823 490 314  ringHy 7.22 SNH—ta: 8 Hz
18] o ignl Lo 12 off| it 309 ringHs 848 S ws 7Hz
2.0] oo - 3 e Pro®(P) NA 425 218  H,: 188
5 o] e ieo! Bg !o@ Has: 3.62
2.4 Lo - 346
2.6 \ a8 .
28, H_, @ o f N, T (D, D c?
3.0 ! f ! [)
3.2] !.i‘l_al L%_%J &9 pH25,30°C pH25,70°C
T T e
5.0 4.5 4.0 3.5 3.0 2.5 5.0 4.5 4.0 3.5 3.0 2.5 frans frans o
ppm ) ppm (1.0} (1.0) cése L
H-NMR: NOESY |y o o
ipn’ Hg: (P) st_ = ﬁj Hy (P) pH8.3,30°C
3.6 trans o = g trans K )
3. 3.7 t
3.83 3.8 W,/ B
3.9 7.03 L o T
4.0] o] \\ sl ———— -
043 01] Ha (H) 7.6 7.24 7.2 720 7.8 ppn || inievhih e
4.9 4.2
43 4.3 \‘ Figure 3. Histidine ring H, spectral region of DKIHP-II (synthesized by
::: - HalP) _ o Fmoc chemistry), showing three resolved resonances for H,, assigned to
M ey P I 0 e the’ cis-Pro and the two trans-Pro forms of the peptide, stable at dlﬁerent
ppm ppm pH's and temperatures. *H NMR spectra taken at: pH 2.5, 30 °C; pH

Figure 2. NMR spectra of DKIHP-I (synthesized by Boc chemistry) and 2.5,70 °C; and pH 8.3, 30 °C. The thick line represents the most active
DKIHP-II (synthesized by Fmoc chemistry). One-dimensional (1D) and form of the peptide. Numbers in brackets show the relative areas.

TOCSY spectra show, for DKIHP-, single resonances for all residues.
The same spectra show, for DKIHP-II, single resonances for D and K
and multiple resonances for I, H, and P, as a consequence of the presence
of different conformers. NOESY spectra show, for DKIHP-I, a single set
of resonances, characteristic of trans-Pro and, for DKIHP-II, three sets of
resonances, assigned to one cis-Pro and two trans-Pro forms. The thick

concentration, and a linear regression was used to determine
the 1Gso value. DKIHP-I, containing only one conformer,
showed an I value of 113.18M. In contrast, DKIHP-II,
containing three conformers, presented as Malue of 577.92

uM, about one-fifth the inhibitory activity found for the peptide

line represents the resonances belonging to the most active form of the DKIHP-I. This represents a poor activity as compared not only

peptide. Spectra were obtained from a D,O solution, at acidic pH and to DKIHP-I, but also to other peptides that have a proline at
30 °C. the C-terminal end found in food.8).

peaks characteristic of botrans-Pro (i.e., H(His)—Hs(Pro)) DISCUSSION
andcis-Pro (i.e., H(His)—Hy(Pro)). Two of the structural forms In this study, it was shown that DKIHP, a fragment of
containedrans-Pro, while the third one was a conformer with  3-casein found in Manchego chees®,(has ACE-inhibiting
cis-Pro (Figure 2). The three forms were almost equally activity. In addition, thetrans-Pro conformer that constituted
populated (1:1:0.8) and also very stable, as changes in temperthe only form found in DKIHP-I showed a significant activity,
ature and pH effects were small (Figure 3). The presence of which demonstrates that this structural form of the peptide is
two differenttrans-Pro forms indicated the presence of at least active. This supports previous research that has pointed out that
one conformer different from theis—trans-Pro isomers. We  peptides containingrans-Pro were better substrates for ACE
could not determine the structural differences between the two than those carryingis-Pro (19,20). The chromatographic and
forms that carriedtrans-Pro, but some coupling constants NMR results of this active form of DKIHP are described as
associated to Hfsand Il€ differed between the twtrans-Pro reference data for further research.
forms. One of thetrans-Pro forms in DKIHP-II had similar On the other hand, DKIHP-II showed smaller ACE-inhibitory
NMR parameters to DKIHP-I, thus indicating the same structure. activity, which suggests that, among the three structural forms
The othertrans-Pro form differed from it, showing larger found, there must be less active or inactive conformers. Among
coupling constants®{nn-na = 8.5 Hz for II€, and®Jug—wp = the three conformers, one of them showed characteristics
9 Hz for His*), when compared to that of DKIHP-T@ble 1). identical to those of DKIHP-I, and constituted about one-third
ACE-Inhibitory Activity. The ACE-inhibitory activity was of the total amount of peptide, which suggests that the DKIHP-I
checked in DKIHP-I and DKIHP-II. The reciprocal of inhibition  conformer might be responsible for the overall activity found
activity was plotted against the reciprocal of the peptide in this preparation, the two other conformers found in DKIHP-
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cis-Pro

Figure 4. Models showing the interactions between a peptide inhibitor,
with trans- and cis-proline at the C-terminal end (light gray), and the active
site of the angiotensin-I-converting enzyme (dark gray). Model modified
from the crystal coordinates of Drosophila angiotensin-l-converting enzyme
bound to lisinopril (Protein Data Bank, PDB code 1J36) (11), modeled
with DS Viewer Pro 5.0 (Accelrys). H-bonds are labeled with dashed lines.
Carboxyl groups (CO and COO~) are labeled in black. The change of
trans-Pro to cis-Pro results in the displacement of the CO group of the
previous residue of the inhibitor (labeled with an arrow) to the opposite
side of the peptide chain, losing its original H-bonding with the enzyme.

Il probably being inactive forms. Some authors have reported
the presence of multiple peaks in RP-HPLC upon running
dipeptides containing L-Pro (222). Enalapril, a potent ACE
inhibitor, that contains a C-terminal proline, has shown multiple
signal sets using HPLC, NMR, and CR3, 24), and these
signals were assigned ¢s—trans-Pro isomer forms. However,
DKIHP-II showed the presence of other conformers different
from the classicatis—trans-Pro forms, likely to be enantiomers.
It has to be pointed out that the procedure chosen for peptide
synthesis was a determining factor in obtaining the right
conformation of DKIHP.

Kim et al. (L1) have modeled the structure of tbeosophila
ACE active site bound to lisinopril, an inhibitor that contains a
—KP dipeptide at the C-terminal end of the molecule. These

authors have suggested that residues K495, Q265, and Y504 of

the enzyme interact with the CO®f the proline end group of
lisinopril while residues H497 and H337 interact with the CO
group of the previous residue (lysine). The change thas-
to acis-form of proline can cause significant changes in the
inhibitor structure and its interactions with the active diigigre
4). The carboxyl groups of both theans-Pro and the previous
residue lie on the same side of the peptide chain. However, if
proline is in thecis-configuration, these two groups are forced
to move to opposite sides of the chain. This could lead to the
loss of interactions with the active site and, in consequence, to
a decreased (if any) binding to the enzyme and inhibitory
activity.

Many ACE-inhibitory peptides have a proline in their

sequence and are studied by using synthetic peptides. Some-
times, two peptides with an identical sequence have shown very ®)

different ACE-inhibitory activity. For instance, the proline-
containing peptide AVPYPQR showed values as different as
15 and 274uM depending on whether the ACE-inhibitory
activity was checked by Karaki et aP5) or by Pihlanto-Leppla

et al. 6), respectively. In addition, some purified peptides
identified in several fractions from Manchego cheese with potent
ACE-inhibitory activity (7), or peptides produced in fermented
milk (27), have shown very poor activity when they were

synthesized. These differences could arise from the presence

of less active conformers in the synthetic preparations. The
purity and sequence of peptides are usually checked by HPLC-
MS or HPLC-MS/MS, methods that are not designed to separate
conformers. Therefore, it would be useful to include an

analytical technique, such as NMR, able to detect conformational

Gomez-Ruiz et al.

changes. Moreover, it has to be considered that those synthetic
peptides showing strong in vitro ACE-inhibitory activity are
further tested in vivo. For this purpose, it is important to ensure
the right conformation of the peptide before the assays are
carried on.

ABBREVIATIONS USED

ACE, angiotensin-converting enzymeCN, 5-casein; Boc,
tert-butyloxycarbonyl; Fmoc, fluoren-9-yimethoxycarbonyl; MS,
mass spectrometry; NMR, nuclear magnetic resonance; COSY,
correlation spectroscopy; NOESY, nuclear overhauser enhance-
ment spectroscopy; RP-HPLC, reversed phase high performance
liquid chromatography; TFA, trifluoracetic acid; 46; inhibitor
concentration for 50% enzyme inactivation; UV, ultraviolet.
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