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Abstract: The use of a metal template was explored as a strategy for controlling the conformation of a short peptide.
A CAVEAT search of the Cambridge Structural Database suggested that peptide complexes of the Cu(ll) ion may
adopt the appropriate conformation to mimic the Trp-Arg-Byturn segment of tendamistat, a proteinaceous inhibitor

of a-amylase. Complexation of tetrapeptides containing this sequence with the Cu(ll) ion leads to an average
enhancement of 200-fold in their ability to inhibit the enzyme. Whereas the free peptides Gly-Trp-Arg-Tyr (GWRY),
Gly-Trp-Arg-D-Tyr (GWRY), and Trp-Arg-Tyr-Gly (WRYG) exhibit inhibition constar‘nlt(-?L in the range of 680 to

750 uM, those for their Cu(ll) complexesKiC”L, were found to be 245.9 uM. Since Cu(ll) ion is itself a potent
inhibitor of a-amylase KiC” = 1 uM), several methods were used to determine the inhibition constants of the peptide
complexes. The most effective employed fixed concentrations of both Cu(llyNB0and tetrapeptides (0-42.0

mM), with variation of the ratio of the subject tetrapeptide to a non-inhibitory tetrapeptide like tetraglycine (GGGG)
or Gly-Gly-Phe-Leu (GGFL). Under these conditions, almost all of the copper ion is in the form of a peptide
complex, and the concentration of the inhibitory complex itself is determined by the mole ratio of the peptides and
their complexation constant, Nonlinear regression analysis of the data allowed consistent valmé%‘bas well

askK to be determined for each peptide. The large enhancement in affinity induced by copper complexation suggests
that the metal ion templates the peptides and increases the proportion present in the bfectiveonformation.

A key strategy in the design of peptidomimetics is confor-
mational constraint, either through replacement of the peptide
backbone with rigid, cyclic structurés? or through macrocy- MY ? N / —_ kﬁ/
clization, in which the backbone is retained but flexibility is
reduced by bridging the side chains and/or the main chah. / /
While most examples of this strategy involve covalent bonding
in the backbone template or in the bridging unit, in a few Flexible Ligand ~ Metal Complex  Receptor Ternary Complex

instances metal-ion coordination has been employed to link Figure 1. Conformational restriction via metal complexation in
structure-based design.
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correctly in three dimensions. The program CAVEAT was and orient the side chains as they are in tendamistat. Both con-
devised to facilitate this approach by identifying structures or figurations of the terminal tyrosine residue were explored be-
fragments from 3-D databases that could serve as such%ores. cause it was not clear which conformation would be preferred
We have described the origination and implementation of this by the uncoordinated carboxylate. The analogous tetrapeptides

approach in connection with the design hfan inhibitor of

Gly-Trp-Orn-Tyr (GWQY) and Trp-Arg-Tyr-Gly (WRYG) were

o-amylase believed to function as a mimic of the proteinaceous also studied as comparison compounds.

inhibitor tendamistat1® The cyclic hexapeptide orients the triad
of Trp-Arg-Tyr around ag-turn in a fashion similar to the
protein2528for which these residues are central to the binding
interaction?” We now describe the use of CAVEAT to identify
potential templates for the tendamisgaturn from a database

of metal complexes, the design of metakeptide complexes
as conformationally constrained derivatives, and the effect of
metal complexation on the binding affinity of these peptides.
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As outlined previously, the G,—Cg bonds of the®Trp-
19Arg-2Tyr triad of tendamistat (Figure 2a) were used as the
query vectors for a CAVEAT search of the Cambridge Structural
Database (CSD» The hits identified from this search were
screened further with the program CLASSand only those

Results

Porcine pancreatie-amylase was assayed witinitrophenyl
maltotrioside p-NPG;) as substrate in 2-hydroxyethyl-1,4-
piperizineethanesulfonic acid (HEPES) buffer at pd and
inhibition was determined for various combinations of peptides
and cupric ions. The absorbance change caused by Cu(ll) at
the assay wavelength of 405 nm is negligible at the micromolar
concentrations used. However, this ion is a potent inhibitor of
o-amylase, with aK; value of 1.0+ 0.3 uM (KiC“) as
determined by Dixon analysis (eq ¥). A common intercept
on the 1¥ axis for reciprocal plots of ¥ vs 1/S at various
CuCl, concentrations indicates that the Cu(ll) ion is primarily
a competitive inhibitor foroa-amylase. The tetrapeptides by
themselves are weak inhibitors of the enzyme, dthvalues
(KiL) from 0.68-0.75 mM for those containing arginine to 2.5
mM for the ornithine analog (Table 1). These inhibition
constants are comparable to those determined for other acyclic
peptides containing the WRY sequerfce.

Vo 0
AR CEN ST

(1)
Although the ease with which Cu(H)peptide complexes like

2 can be prepared is an advantage of this strategy, a disadvantage

is the rapid equilibrium between complexed and uncomplexed

states for the ligané-32 As a consequence, the usual bimo-

structures with metals as part of the core ring system were jocyjar ligand-receptor equilibrium becomes a termolecular

retained. A representative set of hits is shown in Figure 3 and
includes both acyclic as well as macrocyclic metal ligands. The

most attractive class of complexes are those in which a peptide
itself serves as the complexing agent, through the peptide

backbone. For example, the complex of Cu(ll) with penta-
glycine, 2,2° overlaps closely with thes3-turn residues of

H

H o] /f\f NHCH,CO,"
WI\] g o
H N—Cu'—N o)

o NH,

2, Gly5-Cu; matching bonds indicated

tendamistat, with thepro-S hydrogens of the 2nd and 3rd
residues and the dGto-carbonyl bond of the 4th residue
matching the CAVEAT search vectors, as shown in Figure 2b.
We therefore proposed the copper complexes of Gly-Trp-Arg-
Tyr (GWRY) and Gly-Trp-Arge-Tyr (GWRY) as our targets.

metal-ligand—receptor system (Figure 1). Thus, tkevalues

for these complexes K(:“L) cannot be measured directly,
because free Cu(ll) ion, free peptide, and the Cuf{big@ptide
complex are all present and all three species inhibit. With the
assumption that they inhibit competitively, the initial rate can
be expressed in eq 2 and its reciprocal, eq 3.

VinadS]
V= o] W cwg) 2
11, Ka [ [c#7, 14, [cul]
Vi Vmax+ Vmax[S]\l + < + F + cut (3)

The equilibrium for Cu(ll}-peptide formation is reflected in
eq 4, in which Cé&" represents all forms of copper ion not bound

Square planar coprdingtion of Cu(ll) to the N-terminal amino to the peptide, L represents the peptide ligand, and CuL
group and the amide nitrogen atoms (in the deprotonated form)represents all forms of the Cu(#peptide complex, with

offered a simple way to restrict the conformation of the peptides
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Figure 2. (a) The vectors defined by the,ECs bonds of the'®Trp-1°Arg-2°Tyr S-turn of tendamistat. (b) Superposition of tAeurn and the

Cu(ll) complex of pentaglycine.
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Figure 3. Examples of metal complexes and the bonds that match the
CAVEAT vectors of Figure 2a.

Table 1. Inhibition of a-Amylase by Peptides and Their
Copper(ll) Complexes

inhibitor K- (uM) K (M) KCU (mM™Y)
WRY 520 >10CF [
Ac-FSWRYp-NH2 320 d d
cyclo[FSWRYp] 14 d d
Cuwt 1.0
GGGG >2500 113+ 14 64+ 1
GGFL >2000 56+ 8 65+ 3
GWOY 2500+ 500 15+ 3 226+ 15
WRYG 740+ 30 5.9+ 0.6 169+ 19
GWRY 750+ 50 4.7+ 0.6 135+ 8
GWRy 680+ 20 24+0.3 145+ 16

aDetermined at pH 70|’(,L = inhibition constant of free peptide;
K = inhibition constant of the Cu(lf}peptide complexKcu =
association constant of the Cupeptide complex? From Etzkorn
et als ¢ Cu(ll) complexation with tripeptide WRY did not increase its
inhibitory potency significantly, and only an approximate measure of
KPU could be obtained! Not determined.

Non-inhibitory Peptides. For a nonbinding peptide such as
tetraglycine (GGGG), which shows no inhibition @famylase
up to 2.5 mM,K can be determined indirectly by measuring

to obtain an apparent inhibition constati,, (eq 6 and Figure
4a). The dependence &fsp 0n [L] is expressed in eq 7; the
plot of 1Kiapp Vs 1/[L] shows a good linear relationship (Figure
4b), giving the association constamt € 64 mM™1) from the
slope, as well as the average inhibition constant for all forms
of the metal complexK™" = 113 uM, from the intercept
(Table 1). Treatment of the experimental data assuming that
the copper complex Cu(GGGG) does not inhibit gives incon-
sistent results.

1_1 Km [, , [CW®]  [Cul]
Vo Vmax+ Vmax[S]\l KiCu + KiCUL ) (5)
V5 [euch] [ 1
VT T i ) ®
; v = (7)

Kiapp  KEK[L] K™

The same analysis was performed with Gly-Gly-Phe-Leu
(GGFL), which also shows no inhibition of-amylase up to 2
mM but resembles GWRY and GWOQY sterically better than
GGGG does. A similar value was obtained for the association
constanK (Table 1), validating the assumption thgt] o> 1
at the mM concentrations of peptides used.

Inhibitory Peptides. For the Arg- and Orn-containing
peptides, all three species in eq 4 are inhibitors. We took two
different approaches to elucidate thg values for their
Cu(ll)—peptide complexes: (A) studying a given concentration
of the peptide L, while varying the concentration of Cu(ll), and
(B) studying a given concentration of total peptide and Cu(ll),

the decrease of Cu(ll) inhibition resulting from GGGG coor- Wwhile varying the ratio of the inhibitory peptide L to a non-

dination. For a given set of experiments, [GGGG] was kept
constant and in large excess of [CylQlvhich was varied. Under

inhibitory peptide such as GGGG.
For method A, with [L} > [CuCl], the rate equation (eq 3)

these conditions, the initial rate can be expressed in eq 5 andis adapted to give eq 8. The reference Mgeobtained with
the general equation for Dixon analysis (eq 1) can be adaptedthe same concentration of peptide in the absence of copper ion,
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a) b) concentration ([L}) of the two peptides is in large excess of
the concentration of Cugl almost all of the Cu(ll) ion is
complexed, and the following relationships hold (eqs-13):

25 0.15
s < [CuL] + [Cu(GGGG)]~ [CuCl,] (12)
~ e 0.1
=1 B CuCl[L
¥ o [CuL] = [CuchlL (13)
1 - [L]+
r 5 10 1‘5 20 00 ; 4 6 8*1‘0
(CuCL] (uM) 1/16GGG] (m™) [CUCLI[GGGG]  [CuCL)([L]  — [L])
Figure 4. (a) Dixon plot for the inhibition of-amylase by CuGlin [Cu(GGGG)]= I = I
the presence of excess GGG&;for each concentration of peptide is T T (14)
the initial rate in the presence of peptide and the absence of,CuCl
[GGGG] = 0.1 mM (a), 0.4 mM @), and 2.0 mM #). (b) Plot of [CuCl,]
1/Kiapp Vs L/[L] (eq 7) for GGGG. 2+
(O] = (15)

is described by eq 9, which can be combined with eq 8 to give

eq 10. In this case the slope of the Dixon plat/v; vs The rate expression (eq 16) for the four-inhibitor system
[CuCL)) has a complex,.nonl-llnear dependence on [L] (eq 1;; (C*, Cu(GGGG), L, and CuL) can thus be adapted to give
plots for GWRy shown in Figure 5). Our attempts to obtain eq 17. Using the rate obtained with Cu@hd GGGG alone
both K and KiC“L by nonlinear regression of the data for slope ([L] = 0) as the referenc¥, (eq 18), eq 19 can be derived.
vs [L] for the inhibitory peptides were not successful. The value v/gjes calculated foKiC“L by this method are comparable to
for K was thus assigned as 64 3 mM~* (average value  those determined by method A, but curved Dixon plots (those

meascu[ed for GGGG and GGFIT) in order to calculate a value for GWRy and GWRY are depicted in Figure 6) still showed
for K- from the slope of the Dixon plot for each concentra- evidence of an uncontrolled variable.

tion of peptide. TheKiCuL values calculated in this way for the

Cu(ll)—peptide complexes are listed in Table 2. 1 1 K ( [Cu*] [L]  [CuL]
v + 1+ oo Tt T
1_ 1, Ke [, [CuCH [ [Cucy © Vo Vi ViafSI|T T K® O KE K
V' Viao ViofSITKOKL KE K™ [CuGGGG)) | o
K CU(GGGG)
1
1_1 K [L]
— = + 1+— 9 K CuCl
V5 Vinax Vmax[S]( KiL) ® 1_1 +— / [C 2 QJF
V' Vi VialSI|\T O KOKIL], K
Vs [CuCl,] [ 1 1 [CUCLJ[L]  [CuCL]([L]; — [L])
v 1+ Ll cu cuL (10) cuL, Cu(GGGG A7)
T L ISR+ LV KHKEKIL K KEMU,  keeeoey ),
LK™ + LKKIL] K cucl]  [cuCl
slope= i i : (11) 1_1 i m { [C ol i [ )l (18)
1+ [SI/K, + LK Vo Vima VewISI| KOK[L], | KCHGGEC
Although the average values f&"" give an indication of LIL
the affinities of these complexes f(leamyIase, it is clear that M [CuCLJ[L] [ 1 _ 1
analytical method A suffers from a systematic error. In this V, K- (L] \Kicu" KCu(ECEe)
method, the concentration of the two most potently inhibiting y, = 1 [S] 1 1 (19)
species, free Gt ion and the Cu(I)-peptide complex, vary ! 1+ & + [CuCl]{— + Cu(GaGG)
together, while the concentration of the weakly inhibiting, free m KiK[L]+ K

peptide is fixed. As a result, it is difficult to separate the
inhibitory contributions from the two strong inhibitors. For This curvature arises from the assumption that Cu(GGGG)
method B, the sum of the concentrations of the binding (L) and and the other CuL complexes have the same association con-
nonbinding (GGGG) tetrapeptides is kept constant and in large stants; therefore, we allowed for this difference in our complete
excess of a fixed concentration of copper ion (20). As a analysis according to method B. If the association constant for
result, it is the concentration of free L that is varied along with CuL (KCUL = [CuL}/[Cu2*][L]) is expressed asK, whereK is
that of the CuL complex, not that of the copper ion. We the association constant of tetraglycing®{(GG¢) = [Cu-
expected method B to provide more accurate results becaus§GGGG)])/[CEH][GGGG]), eqs 13-15 become eqs 222:
inhibition by copper ion is suppressed by complexation to free
peptides, and inhibition due to the CuL complex can be [CuCl,]a[L]
separated more easily from that due to the free peptide. [Cul] = L]+ + (o — D[L] (20)

In our first analysis according to method B, we made the T
simplifying assumption that all the tetrapeptides studied bind
Cu(ll) with the same association const#jtand thus that the [CuCL]([L] + — [L])
ratio of the CuL and Cu(GGGG) complexes would be equal to [Cu(GGGQG)]|=
the ratio of their total concentrations. Moreover, since the total [L]++ (o — D)[L]

(21)
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Table 2. Inhibition Constants for Cu(ltyPeptide Complexes Determined by Method A

GWOY WRYG GWRY GWRy
CuL b, CuL CuL CuL
[L] (mM) slope (mM1)2 M slope Ki slope Ki slope Ki

0.1 0.077(2) 9.4 0.142(8) 7.5 4.6
0.2 0.066(1) 19 9.2 0.130(1) 4.0 41
0.3 0.543(3) 17 105
0.4 0.046(3) 18 12.0 0.088(3) 5.6 5.0 0.097(4) 5.1 4.6 0.202(2) 2.2 21
0.6 0.046(2) 14 10.9 0.091(3) 4.5 4.3
0.8 0.044(1) 13 10.8
1.0 0.047(1) 11 9.7 0.052(1) 6.5 6.1 0.090(9) 3.6 35 0.132(7) 2.4 2.4
2.0 0.047(1) 8 8.0 0.327(1) 7.0 6.8 0.088(3) 2.5 25 0.093(4) 24 24
av 14+4 10+1 6.4+ 0.7 6.0+0.9 5+2 3.9+0.8 23+0.1 23+02

a Slope from Dixon plots (eq 10, Figure 5); the number in parentheses is the error in the last digit, from the standard deviation of the linear
regression® K°'" values calculated using eq 11, with, = 1.1 mM, K" = 1.0uM, KZYO" = 2.5 mM, KVRY6 = 0.74 mM,KEYRY = 0.75 mM,
andK®YRY = 0.68 mM.c The K" values in the first column were determined uskfy- = 64 mM for all tetrapeptides; the values in the second
column were calculated witKCUGWOY) = 226 mM-1, KCUWRYG) = 169 mML, KCUGWRY) = 135 mM™2, and KCUCGWRY) = 145 mM.

a) b)

5 35
> o ’
-~ 25 A -
> 5
10 1 . : ; 15
0 5 10 15 20
[CuCL] (uM) o 05 1 15 2 ' es 5 2
Figure 5. Dixon plot for inhibition of a-amylase by CuGlin the [GWRy] (mM) [GWRY] (mM)
presence of excess GWRY; for each concentration of peptide is the  Figure 6. Dixon plots for inhibition ofo-amylase by (a) GWRy and
initial rate in the presence of peptide and the absence of CiG&EWRYy] (b) GWRY in the presence of 20M CuCl, and GGGG, with the total
=0.4mM (a), 1.0 MM @), and 2.0 mM #). ligand concentration ([ls) fixed (method B); experimental data fit to
eq 19.V, is the initial rate for reaction in the presence of Cu@hd
[Cu2+] N [CuCl)] 2 GGGG alone. [L} = 0.4 mM (a), 1.0 MM @), and 2.0 mM #).
- KL+ + (o = D[L]) (GWRY) (Table 2). Comparable values for the inhibition
constants were obtained from the two methods of analysis, with
Although egs 16 and 18 remain valid expressionsvfand or without the simplifying assumptions, although the data are
Vo, respectivelyVo/Vi has a nonlinear dependence on [L] (g best modeled by method B with full analysis of the variables.
23). Providing independently-determined values Kay, Kr, As inhibitors of a-amylase, the Cu(Iypeptide complexes
K™, KP©%) andK, nonlinear regression of the data fdy compare favorably with the tendamistat mimics reported previ-

Vi vs [L] allows values fork™" as well aso. to be calculated  ously, in which the Trp-Arg-Tyr triad is constrained in fiéurn

for each of the binding peptides (Table 3); initial values for the conformation by incorporation in the framework of a cyclic
nonlinear regression analysis were chosen from simple linearhexapeptidé:!° In comparison to the unconstrained acyclic
analysis. The plots for GWRy and GWRY are shown in Figure peptides, the copper complexes are improved more than two
7 and demonstrate that the more comprehensive analysisorders of magnitude in affinity, in spite of the fact that more
reproduces the experimental behavior quite well. The inhibition than one form is likely to be present in the equilibrium mixture

constants calculated are 2#40.3uM for KS“CWR 474 0.6 (see below). By this criterion, the complexation strategy was
uM for KEUCWRY) 15 + 3 uM for KEUCWOY) and 5.9+ 0.6 more effective as a strategy for generating a conformationally
uM for KSUWRYE) ith the values for of 2.3+ 0.3, 2.1+ constrained mimic of tendamistat than the covalent macrocy-
0.1, 3.5+ 0.2, and 2.6+ 0.3, respectively. clization design.

Vo _ 14 The Metal—Peptide Complexation Equilibria

7=

i Deprotonation of an amide nitrogen in aqueous media in the

L n [CUCLIL] [ 1-« 1 1 absence of metal ion requires strongly basic conditioKs {p

KiL [L]++ (o — 1)[L]1 KiC“K[L] T KiC“L KiC“(GGGG) 15). However, coordination of transition metal ions increases
the acidity of the amide nitrogens by stabilization of the

14+ @ + [CuCl,] S 1 + 1 deprotonated forr® The magnitude of this effect depends on
K KK, KUeeed) the metal ion, but it can be remarkable when a five-membered
(23) chelate ring is forme@ The four major forms of the Cu(lt)
GGGG complex in solution (Figure 8) are related by the
The association constant§®" for the peptide-Cu(ll) equilibria shown in egs 2426 involving deprotonation of the

complexes can be calculated from the values determined for 5mige NH's. The values of log"!, log K, and logKY in

(Table 3) and then used to reanalyze the results from methOdaqueous solution (ionic strength of 0.1 M) measured by
A. The values calculated in this manner f&f™"- show
smaller variances with respect to [L] for Cu(GWOQY) and Cu- (33) Kim, M. K.; Martell, A. E.J. Am. Chem. S0od.966 88, 914-918.




948 J. Am. Chem. Soc., Vol. 118, No. 5, 1996

Tian and Bartlett

Table 3. Inhibition and Association Constants for CuHPeptide Complexes Determined by Methodl B
GWOY WRYG GWRY GWRy
[ligand]T (mM) a KSU (uM)P a [ a [ a KU
0.4 3.7(6) 12.4(2) 3.02) 6.49(6) 2.2(3) 4.24(8) 25(2) 2.75(4)
1.0 2.6(2) 5.67(6) 2.3(4) 2.27(9)
2.0 3.4(4) 16.6(2) 2.4(5) 5.4(2) 2.0(2) 5.1(1) 2.02(8) 2.20(2)
average 3.50.2 15+ 3 2.6+ 0.3 59+0.6 2.1+0.1 4.7+ 0.6 2.3+0.3 24+0.3
KCUL (mM~1)P 226+ 15 169+ 19 135+ 8 145+ 16
aThe values for. andK™" were obtained by fitting the experimental data to eq 23, Kftf®®¢®= 110uM and other values given in footnote

b, Table 2. The number in parentheses is the error of the last digit, from the standard deviation of the nonlinear regreBsiaiyetis>0.995

for all regressions? KOUL = qKCU(GGGE) KCUGGEE) = 64 mML,

a)

S S

05

S—

2

— ¥

1 1.5
[GWRY] (mM)

1.5
[GWRy] (mM)

Figure 7. Experimental data from Figure 6 fit to eq 23.

potentiometric methods are 5.4, 6.8, and 9.1, respectiely.
Using these constants, it is possible to deduce the formation
constant of each species at a givenf[HAt the assay pH of 7,

the most abundant species in aqueous solution is Gii(H
(~50%), followed by Cu(H,L) (~30%). The total association
constantK in eq 4) estimated at pH 7 is2 10° M~1. Under
conditions for thea-amylase assays, 25 mM of HEPES and
>30 mM of chloride ions are present as competing ligaids,
which explain why the observed association constant is ca. 30-
fold lower (6 x 10* M~%; Table 1).

KH = [CuL]
b [Cu(H_,L)H ]
(24)
w_ [CuH L))
 [Cu(H_,L)H ]
(25)
o [CutH_)]

® [Cu(H_sLIH ]
(26)

CuL=Cu(H_,L) + H"

Cu(H_,L) = Cu(H_,L) + H*

Cu(H_,L) = Cu(H_sL) + H*

Amino acids with potentially coordinating side chains such

RrR? Xaay R? O
N Yo HN_ N R
Cu“ CuII

N =
N - o Xaa,
CulL Cu(H,4L)
R? O R? O
HN N R HN N R’
cu! I “0,C Cull I
AN 2 ~UN
o N0 NN
> { Rd 2 (
Xaa R® O R¢
Cu(H,L) Cu(H,4L)

Figure 8. Four possible forms of the Cu(H)tetrapeptide complexes
in solution; Cu(HL) and Cu(HL) are expected to be the major species
atpH 7.

Cu(H-1L), as shown in Figure 8. Although Cu(hL), the
species which corresponds to the original CAVEAT hit, is not
the major component of the equilibrium at neutral pH, it may
be favored on binding ta-amylase. In the absence of structural
information on the bound form of the peptideopper complex,

we cannot exclude the possibility that the copper is coordinated
to an active site residue in addition to the peptide, which would
result in a ternary complex quite different from that originally
envisaged.

Conclusions

As a general approach to conformationally constrained
peptides, metal coordination has its advantages and disadvan-
tages. lItis a relatively unexplored strategy which has seen little
application in the design of enzyme inhibitdfs.It has the
advantage, as pointed out in the introduction, that the synthesis
required is relatively short, and in spite of the complexity of
the analyses described, initial results may be obtained rapidly.
Enhanced affinity of a metalpeptide complex for a receptor

as arginine, lysine, and ornithine nonetheless behave primarily target may provide some insight into the conformation that the

as bidentate ligands toward Cu(ll), through th@mino group
and a carboxylate oxygef:3” Moreover, dipeptides containing
arginine coordinate to Cu(ll) through the peptide backbone, in
similar fashion to the corresponding leucine anaisgs8. The
inhibitory peptides therefore are likely to coordinate to Cu(ll)
as GGGG and GGFL do, and the major form of Cu(GWXY)
(X = R, O) and Cu(GWRYy) should also be Cu@t) and

(34) Martell, A. E.; Smith, R. ACritical Stability ConstantsPlenum:
New York, 1974; Vol. 1, p 332.

(35) DouHeet, G.Bull. Soc. Chim. Fr1965 5365-5372.

(36) Martin, R. B.Met. lons Biol. Syst1979 9, 1—39.

(37) Wilson, E. W.; Kasperian, M. H.; Martin, R. B. Am. Chem. Soc.
197Q 92, 5365-5372.

(38) Martin, R. B.Met. lons Biol. Syst1974 1, 129-156.

(39) Tsangaris, J. M.; Martin, R. B. Am. Chem. Sod97Q 92, 4255~
4260.

peptide adopts on binding, and thus suggests alternative, covalent
designs for a peptidomimetic. This strategy may also offer a
novel method for producing heavy ion derivatives for solving
the crystal structure of the enzymmhibitor complex. How-
ever, the approach has its limitations. From a design perspec-
tive, there is a paucity of force field parameters for modeling
such metal complexes. As shown in the present case, unless
exchange-inert metals are employed, the assay can be compli-
cated by the equilibrium nature of the association process, as
well as by direct interference from the free metal ions.
Moreover, such complexes are unlikely to be useéfubivo
because of this lability.

(40) Pecoraro, V. L.; Rawlings, J.; Cleland, W. Biochemistryl984
23, 153-158.



Templating Peptide Conformation

Experimental Section.

Materials. Peptides and precursors and other chemicals were
obained from commercial suppliers and used without purification.
Porcine pancreatic-amylase (EC 3.2.1.1, type I-A; PMSF treated,
2x crystallized suspension in 2.9 M NaCl solution containing 3 mM
CaCb) was obtained from Sigma:nitrophenyl maltotriosideptNPG)
was obtained from Bwringer Mannheim. Piperidine was distilled from
CaH, before use, and solvents for HPLC were filtered through a 0.2-
um nylon filter. NMR spectra were obtained in @DD and are
referenced to CHEDD at 3.30 ppm fofH and CR3OD at 49.0 ppm
for 13C.

Peptide Synthesis.The peptides were prepared using standard solid
phase techniques with®NFmoc protected amino acids on af-Rmoc-
O-'Bu-tyrosine-Wang resin (Bachem California or Novabiochem). The

J. Am. Chem. Soc., Vol. 118, No. 5, 1385

Gly-Trp-Orn-Tyr . H NMR 6 7.60 (d, 1,0 = 7.9 Hz), 7.32 (d, 1,
J=8.1Hz), 7.16-6.97 (m, 5), 6.70 (d, 2J = 8.5 Hz), 4.70 (dd, 1)
= 5.5, 8.4 Hz), 4.56 (dd, 11 = 5.2, 8.1 Hz), 4.38 (t, 1) = 6.6 Hz),
3.69 (d, 1J = 16.1 Hz), 3.57 (d, 1) = 16.1 Hz), 3.25 (m, 1), 3.13
3.06 (m, 2), 2.922.85 (m, 3), 1.81 (m, 1), 1.661.61 (m, 3). 13C-
{H} NMR ¢ 174.7, 173.7, 173.0, 167.4, 157.4, 138.1, 131.4, 128.8,
128.7,124.8,122.5,119.9,119.3, 116.3, 112.4, 110.5, 55.9, 55.4, 53.6,
41.4,40.2, 37.5, 30.0, 29.1, 24.7. HRMS (FARalcd for GHzsNsOs
m/z 539.2618, found 539.2613.

Trp-Arg-Tyr-Gly. *HNMR 6 7.64 (d, 1,J= 7.9 Hz), 7.37 (d, 1,
J=8.2 Hz), 7.146.98 (m, 5), 6.70 (d, 2J = 8.4 Hz), 4.61 (dd, 1)
= 5.8, 8.6 Hz), 4.37 (t, 1) = 6.7 Hz), 4.17 (dd, 1) = 5.7, 8.4 Hz),
3.88 (s, 2), 3.39 (m, 1), 3.398.05 (m, 4), 2.83 (m, 1), 1.811.66 (m,
2), 1.56 (m, 2). 13C{'H} NMR ¢ 173.9, 172.8, 170.2, 158.7, 157.3,
138.3, 131.4, 128.9, 128.3, 125.8, 122.9, 120.3, 119.1, 116.3, 112.6,

ornithine and arginine side chains were protected with Boc and pmc, 107.9, 56.1, 54.7, 54.5, 42.0, 38.1, 30.4, 28.8, 25.8. HRMS (JAB

respectively. A typical experiment was carried outhwit g of resin
in a 100-mL vessel. Completion of each N-terminal deprotection and

peptide bond formation was checked by the Kaiser ninhydrin test. The

N-terminal Fmoc was removed with 20% piperidine in DMF prior to

cleavage of the peptide from the resin. Side chain deprotection and
cleavage from the resin were accomplished by treatment with the King 405 nm € = 9200 ML

mixture (0.75 g of crystalline phenol, 0.25 mL of ethylenedithiol, 0.5
mL of thioanisole, 0.5 mL of kD, and 10 mL of TFA) for 2 h. The
resin was removed by filtration and washed with water (5 mL). The
combined filtrate was treated with 250 mL of ether and the precipitate
was collected and extracted with 50% acetonitrile/50% water (with 0.1%
TFA). Solvent evaporation on a rotary evaporator followed by
lyophilization gave the crude peptide, which was purified by preparative

reverse-phase HPLC on a Vydac C18 column with a linear gradient of 3.0 mM)

0.1% TFA in water to 0.1% TFA in 60% acetonitrile/40% water,
followed by lyophilization. All peptides were obtained as white solids
of >95% purity by HPLC.

Gly-Trp-Arg- o-Tyr. 'H NMR 6 7.58 (d, 1,J = 7.8 Hz), 7.31 (d,
1,J=8.0 Hz), 7.13 (s, 1), 7.166.98 (m, 4), 6.70 (d, 2] = 8.4 Hz),
4.69 (dd, 1J = 5.3, 8.4 Hz), 4.60 (dd, 1] = 4.7, 9.4 Hz), 4.33 (dd,
1,J=5.4,8.4 Hz),3.72 (d, = 16.1 Hz), 3.59 (d, 1J = 16.1 Hz),
3.26 (dd, 1J=5.3, 15.0 Hz), 3.162.95 (m, 4), 2.84 (dd, 11 = 9.5,
14.0 Hz), 1.64 (m, 1), 1.44 (m, 1), 1.33.25 (m, 2). °C{*H} NMR

calcd for GgH37/NsOs m/'z 581.2836, found 581.2829.

Enzyme Assays. Solutions were prepared using doubly distilled
water and filtered through a 0.46n nylon filter. Assays were
performed at 30C using a Kontron Uvikon 860 U¥vis spectropho-
tometer to measure the rate of hydrolysispoNPG; as substrate at
cm™Y). Enzyme dilutions were made with
buffer containing 50 mM HEPES (pH 7.0), 60 mM NaCl, 2 mM CaCl
and 0.1 mg/mL BSA. The assay mixture contained 25 mM HEPES
(pH 7.0), 30 mM NacCl, and 1 mM Cagln a total volume of 1.00
mL. Typically, 50 nM a-amylase was used and the sample was
equilibrated for 5 min at 30C prior to initiation of the reaction with

NPGs.

Six substrate concentrations were used (0.25, 0.40, 0.50, 0.75, 1.0,
with several independent determinations carried out at each
concentration to determirt€,. ForK; measurements, 1.0 mM substrate
was used. After substrate addition, 30 absorption points were recorded
in a 10-min period, at which point the reaction was1®% complete.
Good zero-order kinetics were observed. Initial rates lipdralues
were calculated using the Enzfitter program, akdvalues were
calculated by a Dixon analysis as well as other methods, using equations
described in the above.
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41.5,37.8,30.1, 28.9, 25.8. HRMS (FARcalcd for GgHs/NsOs Mz
581.2836, found 581.2840.

Gly-Trp-Arg-Tyr. H NMR 6 7.60 (d, 1,J = 7.9 Hz), 7.31 (d, 1,
J=8.1Hz), 7.09-6.97 (m, 5), 6.70 (d, 2) = 8.4 Hz), 4.72 (dd, 1)
=55, 8.4 Hz), 4.55 (dd, 1] = 5.2, 8.2 Hz), 4.35 (t, 1] = 6.9 Hz),
3.69 (d, 1,0 = 16.1 Hz), 3.55 (d, 1) = 16.1 Hz), 3.25 (m, 1), 3.13
3.05 (m, 4), 2.89 (m, 1), 1.75 (m, 1), 1.63.51 (m, 3). *C{'H} NMR

of p-nitrophenyl maltotrioside.
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41.5, 37.6, 30.3, 29.1, 25.9. HRMS (FAPBcalcd for GgHz/NgOs M/z
581.2836, found 581.2823.
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