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Abstract: Peptidylglycine a-amidating monooxygenase catalyzes the biosynthesis of peptide hormones
through radical cleavage of the C-terminal glycine residues of the corresponding prohormones. We have
correlated ab initio calculations of radical stabilization energies and studies of free radical brominations
with the extent of catalysis displayed by peptidylglycine a-amidating monooxygenase, to identify classes
of inhibitors of the enzyme. In particular we find that, in closely related systems, the substitution of glycolate
for glycine reduces the calculated radical stabilization energy by 34.7 kJ mol™, decreases the rate of
bromination with N-bromosuccinimide at reflux in carbon tetrachloride by a factor of at least 2000, and
stops catalysis by the monooxygenase, while maintaining binding to the enzyme.

Introduction

Peptidylglycinea-amidating monooxygenase (PAM) cata-
lyzes the biosynthesis of a wide variety Gfterminal peptide
amides through oxidative cleavage of the corresponding glycine-

extended precursors (Scheme 1). The products include mam-

malian peptide hormonésas well as physiologically active
peptides of other organisms such as insetsd cnidariang?
and theC-terminal amide moiety is vital to the activity of many

of these compounds. Amidated peptide hormones are important

in cellular communication, in particular as neuropeptitiend
are implicated in a broad range of pathological conditions,
including asthm@, inflammation’ and cancer8:1° The bio-
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aspirin}* has also been attributed to PAM. Fatty acid amides
are known to affect a number of neurochemical communication

synthesis of amides from glycine-extended precursors other thanpathways, including sleep regulatiéi® while the amidation

peptides, such as fatty aciéishile acids!? nicotinic acid!® and
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of aspirin may be important in its metabolic processing.

The importance of PAM in pathological conditions has led
to interest in its regulation and the development of a number of
inhibitors. One of the first wagsans-4-phenylbut-3-enoic acitf,
which is effective in vivo in reducing serum PAM activifyas
well as showing anti-inflammatory and analgesic efféts.
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Others includex,3-unsaturated acid®, 22 a peptide terminating  to identify and characterize the precatalytic complex of PHM
in a-vinylglycine 23 and diastereomers of a peptide terminating with copper, oxygen, and the substrate. That study was the first
in ana-styrylglycine?* These are all mechanism-based inhibitors to delineate the role of copper in the activation of dioxygen in
in that they show turnover-dependent inactivation of the enzyme. this or any other enzyme system. The authors also drew a
Inhibitors of other types have also been reported, such ascorrelation between the reactivity of PHM substrates and the

inorganic sulfite?> benzyl hydrazin&® and N-formylamides?’ stability of the corresponding radical intermediates. They
as well as derivatives gf-mercaptostyrer’é and homocys- reported that our earlier theoretical studieshowed a peptide
teine?® a-carbon-centered alanyl radical to be 9.1 kJ Thddss stable

PAM consists of two functional subunits, peptidylglycine than a corresponding glycyl radical and noted that, even so,
o-hydroxylating monooxygenase (PHM, E.C. 1.14.17.3) and N-acetyl-§)-tryptophanyl-R)-alanine is still processed by the
peptidylamidoglycolate lyase (PAL, E.C. 4.3.2.5.) (Scheme 1). enzyme during X-ray diffraction. They also predicted, on the
PHM catalyzes the copper-, molecular oxygen-, and ascorbate-basis of our calculations with related amino acids, that an
dependent hydroxylation of @terminal glycine residue of a  o-carbon-centered threonyl radical would be even less stable
peptide substrate. The product hydroxyglycine is then hydro- than an alanyl radical, and accordingly found that a peptide
lyzed to the corresponding amide and glyoxylate, a process thatcontaining R)-threonine instead oR)-alanine at th&-terminus
is catalyzed by PAL at physiological pH. The determination of was less effectively turned over by the enzyme. Our calculations
the crystal structure of PHM in both reduced and oxidized of glycyl and alanyl radical stabili#f were based on the radicals
forms30-32 and kinetié33> and mutagenesis studi#shave 3c and 5d (Chart 1). Contrary to the above discussion, their
resulted in a detailed picture of the mechanism of action of this relative radical stabilization energies (RSEs), which correspond
enzyme. In particular, it has been concluded that, in the first to the negative of the relative bond dissociation energies of the
step, a copper-bound superoxide radical abstracts thes pro- corresponding closed-shell molecules, actually showed the alanyl
hydrogen from the glycine residue, to give a glycyl radical.  radical5d to be less stable than the glycyl radi@ by only

In the present work we have sought to exploit factors affecting 1.6 kJ mofl. We have not studied threonine derivatives, but
the formation of such radicals in order to design analogues of Rauk et aP® used two different methods to calculate that an
the substrates of PAM that competitively bind to, but are not o-carbon-centered threonyl radical is destabilized relative to a
processed by, the enzyme and therefore inhibit reaction of theglycyl radical by only 714 kJ motl. Consequently, the
substrates. To this end, we have compared the results of ab initiodestabilization of alanyl and threonyl radicals appears to have
calculations and studies of relative reaction rates in free radical been somewhat over-estimated by Prigge e€alith the result
brominations, which identify factors affecting the stability and that the relationship between the stabilization energies of radicals

ease of formation of glycyl and related radic#s® with the and the ease of their formation through PAM catalysis warrants
kinetic parameters defining the interactions of analogous further investigation. We also include in the present study a
compounds with PAM. further comparison with the relative rates of formation of

Publication of our results is very timely in the light of a quite radicals in conventional brominations.
recent paper by Prigge et &k.,n which crystallography of

frozen protein soaked with a slowly reacting substrate was usedRESUItS

- The natural substrates of PAM all have in common an
(19) Ogonowski, A. A.; May, S. W.; Moore, A. B.; Barrett, L. T.; O'Bryant, C.

L; Pollock, S. H.J. Pharmacol. Exp. Thel997, 280, 846-853. N-acylated glycine, and they are therefore comprised of acyl,
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(21) Moore, A. B.; May, S. WBiochem. J1999 341, 33—40. group of a substrate is known to be important for binding to
(22) Katopodis, A. G.; May, S. WBiochemistry199Q 29, 4541-4548. 31 i i i i i
(23) Zabriskie. T. M.. Cheng. H. M.. Vederas J. &.Am. Chem. S0a992 PAM,31 we have not examined alternatives to 'Fh|§ moiety in

114 2270-2272. the present study. However, the effect of modifying each of
(24) g‘sf‘dégg";_rg"gbg-? O'Callaghan, K. A.; Vederas, J. Tetrahedron1997, the other groups was explored. A rangeNsfcyl substituents
(25) Merkler, D. J.; Kulathila, R.; Francisco, W. A.; Ash, D. E.; Bell REBS was investigated, since these are known to affect the stability

Lett. 1995 366, 165-169. i i 0
(26) Merkler, D. J.; Kulathila, R.; Ash, D. EArch. Biochem. Biophys.995 and ease of format|on_ of _glycyl raduca*f_é and tO. be tol_erated

317, 93-102. by PAM. Although derivatives ofi-substituted amino acids tend
(27) Klinge, M.; Cheng, H. M.; Zabriskie, T. M.; Vederas, J.XChem. Soc., ; _ ;

Chem. Commuri094 1379 1380. not to bind to PAM, sma.llla alkyl subs.utuents., such as the
(28) ﬁagaré\hP.; GLanég%rg,GA.égglé%%o, C.; Chanal, M. C.; Danziigrg. methyl group of R)-alanine324! the vinyl moiety of R)-

ed. em. Let y . : H 42 i 2

(29) Erion, M. D.: Tan, J.; Wong, M.; Jeng, A. Y. Med. Chem1994 37, vinylglycine,*> and the hydroxyethyl group ofj-threonine?}
20 é4_30—44s37+_ Kolhekar. A S.- Ei B A Mains. R E- Amzel L M. A€ accommodated. The incorporation of a trifluoromethyl group
) 0 B 1006 6. 976 ggyreh B A Mains, R-E Amzel, L M. a5 therefore studied sing®f,-trifluoroalanine derivatives

(31) Prigge, S. T.; Kolhekar, A. S.; Eipper, B. A.; Mains, R. E.; Amzel, L. M. are known to be resistant to-carbon-centered radical forma-
Sciencel997 278 1300-1305.

(32) Prigge, S. T.; Eipper, B. A.; Mains, R. E.; Amzel, L. Bcience2004 tion3 The effect of replacing the amido group with an ester or
304, 864867, _ ketone using derivatives of glycolate piketo acids instead of
(33) Francisco, W. A.; Merkler, D. J.; Blackburn, N. J.; Klinman, J. P. . L
Biochemistryl998 37, 8244-8252. N-acylglycines was also explored. Glycolate inhibitors of PAM
(34) Francisco, W. A.; Knapp, M. J.; Blackburn, N. J.; Klinman, JJPAm. i 2i i
Cram Soc2002 124 B194-8165. have been previously report@d?in studies of broad ranges of
(35) Francisco, W. A.; Blackburn, N. J.; Klinman, J.Blochemistry2003 42,
1813-1819. (39) Rauk, A,; Yu, D.; Taylor, J.; Shustov, G. V.; Block, D. A.; Armstrong, D.
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Chart 1
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Table 1. Correlation of Studies of Free Radical Brominations and ab Initio Calculations of Radical Stabilization Energies with the Extent of
Catalysis Displayed by Peptidylglycine a-Amidating Monooxygenase

PART C
kinetic parameters for interactions of various substrates and inhibitors with

PART A peptidylglycine a-amidating monooxygenase

relative rates of reaction of 1a—8a
with N-bromosuccinimide to give the
corresponding radicals 1c—-8c

PART B
radical stabilization energies
[0 K, RMP2/G3large]
of derivatives of glycyl and related radicals

kinetic parameters

glycine derivative Vapp Ku,app K (o
or substitute compd relative rate of reaction? radical RSE? compd (umol min~* mgY) (mM) (mM) (mM)
N-benzoyl la 1.0¢ 1b 6.5 1.3
N-pentafluorobenzoyl 2a 0.28
N-acetyl 3a 1.7 3c 79.1 3b 6.4 9.3
N-trifluoroacetyl 4a 0.08 4c 69.9 4b 1.4 4.1°
otherN-acyl 10a 12.8¢ 0.1¢
1la 0.03
12a 3.3 0.0012
13a 8.2 0.09¢
1l4a 5.6 0.0079
o-methyl 5a 0.33 5d 78.8
o-trifluoromethyl 6a <0.0005! 6d 39.9 9a inhibitor 5
9b inhibitor 5
glycolate 7a <0.000% 7d 44.4 7b inhibitor 0.25
10b inhibitor 0.04
11b inhibitor 0.5
12b inhibitor 0.05
13b inhibitor 0.0598
14b inhibitor 0.0452
y-keto acid 8a <0.000% 8d 34.9 15 inhibitor 6
16 inhibitor 3

aFrom mixtures of substrates, in carbon tetrachloride at refliRadical stabilization energies (RSEs) were calculated as the energy change in the isodesmic
reaction R+ CH; — RH + *CHs. The RSEs correspond to the differences between the bond dissociation energies (BDEs) of methant® and Riflect
the stability of R compared withtCHjs, relative to the corresponding closed-shell systen@orresponds to loss of 50% of the catalytic activity of PAM in
processing the substratB){tyrosyl-(S)-valylglycine at a concentration of 0.1 mM, under conditions wh&igypp for the substrate is 0.2 mM. Although
Kwm.app Ki, and 1Go values are not directly comparable as measures of enzyme binding affinity, they are adequate as used in the present work, mainly to
establish that compounds interact with PAMAssigned as unitye Data from ref 11f Data from ref 389 Data from ref 421 Data from ref 44! Data from
ref 37.) No detectable bromination.
compounds, but there has been no analysis of, nor explanatiorderivatives of alanin&a, trifluoroalanineéa, glycolate7a, and
for, their behavior. Oney-keto acid has been previously y-ketopropionate8a, with N-bromosuccinimide at reflux in
investigated, but it was found not to interact with PAM, either carbon tetrachloride. They were derived by measuring the
as a substrate or an inhibitt.

Compiled in Table 1 (part A) are the relative rates of reaction

of the acylated glycine derivativeta—4a, as well as the

(43) Tamburini, P. P.; Jones, B. N.; Consalvo, A. P.; Young, S. D.; Lovato, S.
J.; Gilligan, J. P.; Wennogle, L. P.; Erion, M.; Jeng, A.Afch. Biochem.
Biophys.1988 267, 623-631.
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relative rates of consumption dfa—8a from mixtures37.38.44 literature procedure:2228There was no evidence of enzyme-
Since the reactions involve radical bromination, with hydrogen catalyzed reaction forb, 9a,b, 10b—12b, 15, or 16. A double-
atom transfer from the carbon adjacent to the ester group of reciprocal plot of ¥ vs 1/[S] was used to determine th app
each substrate determining the relative rate at which thatvalue for 11a and Dixon plots of W vs [I] were used to
compound is brominated, the relative rates of reaction cor- determine the 16 values for7b, 9ab, 10b—12b, 15, and16.
respond to the relative ease of formation of the raditets8c.

For comparison with the relative rates of brominatioriaf- o PhH o
Me)J\N J;(N
oo

8a, and the relative ease of formation of the radicads8cin \)kOH
those reactions, RSEs for the radicats 4c, and5d—8d were
determined (Table 1, part B). The RSEs relate the stability of
the radicals_ in question to that of_methy_l radical (relative to the gg 3'.3322%:;12 }gg))t g"'
corresponding closed-shell species), with a more stable radical

having a more positive RSE.The geometries and zero-point Ph
vibrational energies were determined at the B3-LYP/6-31G(d) o o] H © 0
level, while improved relative energies were obtained by Ph)J\I\I(X\)LOH Me\n/N\L)LN/ngJOH
carrying out single-point calculations on these optimized H 5 o " o
structures at the RMP2 level with the 6-3#G(2df,p) and

G3large basis seté.The results quoted in Table 1, part B, 1aX=h 2aX=hH
correspond to RMP2/G3large//B3-LYP/6-31G(d) RSEs at 0 K.

\#OH \/\/\/\/\n/

X
CFa %

>ph

The radicalslc, 2c, and5¢c—8c were not studied because their

aryl groups would substantially increase the complexity of the 0 o] o] Pho o
calculations. The acetamidéd—8d were examined instead of Me)LN XQ]\OH MeJ\N/g(X\)J\OH
the benzamideSc—8c. The effect of different acyl groups was H 5 H o

examined with onl\38c and4c, and notlc and2c. The level of
theory used in these calculations is significantly higher than 13aX =NH 14a X =NH

that used in our earlier studié&38Nevertheless, the results are 130 X=0 14bX=0
in good agreement where comparisons are possible. In particular,
they show the RSEs of the radices and 5d to differ only o o o Pho
slightly (by 0.3 kJ mot?), consistent with our previous work L i J;(\)L
(which gave a difference of 1.6 kJ md). Me™ N OH Mo R o ont
Also shown in Table 1 (part C) are kinetic parameters for °
the interactions of the glycine derivativib, 3b, 4b, and10a— 15 16
144 the trifluoroalanine derivative8a and9b, the glycolates
7b and10b—14b, and they-keto acidsl5 and 16 with PAM. Discussion
The data for the glycine derivativeld, 3b, and4b, and the N-Benzoyl-, pentafluorobenzoyl-, acetyl-, and trifluoroacetyl-

glycolate 7b, allow for a direct comparison with the rates of glycine methyl estersla—4a differ only in their N-acyl
bromination of the analogous estdi 33, 4, and7a, and the gy hgtituents. In their reactions witi-bromosuccinimide, the
stability and ease of formatlon_ of the correspondlng ra_dlcals benzamidela is 4 times more reactive than the pentafluoro-
1c 3¢ 4c, and7c. The properties of the glycine derivatives  penzamidea, and the acetamidea is 24 times more reactive
10a-14aand the glycolates0b—14ballow for further analysis  {han the trifluoroacetamidéa (Table 1, part A). These relative
of the relationships between these two classes of compounds g,cijyities can be attributed to differences betweenribtectron-

It was not feasible to examine the interaction of either the qonating abilities of the various amido groups, to stabilize and
trifluoroalanine derivativéb or they-keto acidsb with PAM, therefore facilitate formation of the corresponding radidais

for comparison with the glycine derivativ, due to their poor — 4¢  The inductively electron-withdrawing fluorines of the
enzyme-binding affinities. Instead, the effect of these substitu- penafiyorobenzamideaand the trifluoroacetamidéa decrease
tions was explored using the more tightly binding trifluoroala- the extent of resonance stabilization and rates of formation of
nine derivativesda and 9b, and they-keto acids15 and 16, the radicals2c and 4c, relative to those radicalsc and 3c
and relating their behavior to that of the analogous glycinated yerived from the non-halogenated precursds and 3a,
dipeptide derivatived3a and 14a The data forlb, 3b, 4b, respectively. This effect of the fluorines is reflected in the
10a 12a-14a 13b, and 14b have been previously re-  cgicyjated RSEs in the cases of the radiGsnd4c, where
ported:"22#The trifluoroalanine derivativeab, the glycolates  he trifiuoroacetamideic is less stable than the acetamige

7b and 10b—12b, the dipeptidel1a and they-keto acidslS by 9.2 kJ mot? (Table 1, part B). The fluorines also exert an

and16 were prepared as described in the Supporting Informa- jnqyctive effect that decreases thé of the carboxylic acid
tion. Their interactions with PAM were assayed using modified analogues of the amido groups, due to stabilization of the

(44) Burgess, V. A.; Easton, C. J.; Hay, M. R.Am. Chem. Sod.989 111, corresponding carboxylate anions (thki.p of benzoic acid,
) 180;137—f(1)95£(.a mple: (@) Parkinson, C. J; Mayer, P. M.; RadofThEor pentafluorobenzoic acid, acetic acid, and trifluoroacetic acid are
Chem. Acc1999 102, 92-96. (b) Parkinson, C. J.; Mayer, P. M.; Radom, ~ 4.2, 1.5,4.8,and 0.6, respectivEly As a result, there is a strong

Iﬁ'a er-i r%gﬁmé SchMaF;/gkg] H?‘%ﬁ%ﬁﬁ?}fg?ﬁ:@(ggl'*leg‘éyé%}l? correlation between the effect of the fluorines on the relative
6756. o B

(46) These levels of theory have been found to be suitable for the calculation (47) Krygowski, T. M.; Guilleme, JJ. Chem. Soc., Perkin Trans1982 531—
of radical stabilization energies: see ref 45c. 534.
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reactivity of the glycine derivatived &—4a), the relative acidity tight binding to the enzyme. This is seen from thedQalue
of the acids, and the RSEs of the radicatsand4c. The effect of 5 mM for each of the trifluoroalanine derivativea and9b.

of the fluorines on the reactivity adfa—4a and the acidity of As an indirect comparison, théy app value of the corresponding
the corresponding carboxylic acids is greatest with the trifluo- glycine derivativel4ais 7.9 uM.

roacetamiddaand trifluoroacetic acid, relative to the acetamide In a manner similar to the effect of introducing the triflu-

3a and acetic acid, respectively. oromethyl group, replacing the glycine moiety with glycolate,
In analogous systems, the fluorines have a related impact onwhich is a simple substitution of the glycine NH by O, reduces
the interactions oN-acetylglycine3b and N-trifluoroacetyl- the RSE of the glycolyl radicafd compared with that of the

glycine4b with PAM. They decrease the overall rate of turnover corresponding glycyl radica@lc by 34.7 kJ mot? (Table 1, part
(Vmapp Of 4b relative to 3b, via the corresponding glycyl  B). This can be attributed to the decreaseelectron-donating
radicals, by a factor of 4.5 (Table 1, part C). Consequently, the and increasedr-electron-withdrawing ability of the acetoxy
correlation of the differences between the RSEs ofNtaeetyl- group of 7d relative to the acetamido substituent 8¢, as
and trifluoroacetyl-glycyl radical8c and4c, the relative rates  reflected in the RSEs of the radicals MeCONHCa&hd MeCGQ-

of bromination ofN-acetyl- and trifluoroacetyl-glycine methyl ~ CHy* of 41.3 and 17.1 kJ mo}, respectively’® The effect is
esters3aand4a, and the [.s of acetic and trifluoroacetic acids ~magnified in the captodatively stabilizZ€&°glycyl and glycolyl
extends to the relative rates of the enzyme-catalyzed reactiongadicals3c and 7d, where the extent of the synergy displayed
of N-acetyl- and trifluoroacetyl-glycingb and4b. The fluorines by the acetamido and acetoxy substituents in combination with
reduce the RSE of the radicét (by 9.2 kJ mot?), the rate of the carboxyl group corresponds to 17.6 and 7.1 kI fadlhese
bromination of the esteda (by a factor of 24), the I, of values are based on the differences between the RSEs of
trifluoroacetic acid (by 4.2 units), and the rate of turnover of MeCONHCHy (41.3 kJ mot?), *CH,COMe (20.2 kJ mot?),

the acid4b by the enzyme (by a factor of 4.5). By way of and3c(79.1 kJ mof?') and MeCQCH;* (17.1 kJ mot?), *CH,-
comparison, replacing the acetyl substituenhedcetylglycine ~ CO:Me, and7d (44.4 kJ mot?), respectively. The substitution
methyl ester3a, N-acetylglycine3b, and acetic acid with the  Of glycine by glycolate prevents bromination of meth®t-
benzoyl group ofN-benzoylglycine methyl esteta, N-ben- benzoylglycolatera (Table 1, part A). It also blocks catalysis
zoylglycine 1b, and benzoic acid has relatively little effect on Of the reactions of the glycolaté& and 10b—14b by PAM

any of these properties. It decreases the rate of bromination of(Table 1, part C). The glycine derivativéb and10a-14aare

the esteflaby a factor of only 1.2, decreases thé,mf benzoic all turned over by the enzyme, but there is no evidence of

acid by only 0.6, and changes the rate of the enzyme-catalyzedreaction of any of the corresponding glycola#sand 10b—
reaction of the acidb by less than 2%. 14b. In this case, the substitution does not severely disrupt

binding to the enzyme. The kgandK, values of the glycolates

The effect of the fluorines, although reducing the rate of )
7b and 10b—14b are all in the 0.040.5 mM range. The

turnover, is clearly insufficient to prevent the PAM-catalyzed 3 . I~
reaction of N-trifluoroacetylglycine4a On the basis of the  Ccorresponding glycine derivativas and10a—14ahaveKuy app
calculations with théN-acetyl- and trifluoroacetyl-glycyl radicals value§ between LM and 1 mM Therefore, the glycolates
3¢ and4c, this indicates that a reduction in the RSE of 9.2 kJ constitute a general class of inhibitors of the enzyme because
mol~1 is not sufficient to stop glycyl radical formation by the they do not readily undergo hydrogen atom transfer, yet they

enzyme. This is consistent with reductions in the RSEs of alanyl bind effe(.:twely to PAM'. ) )

and threony! radicals relative to those of the corresponding Replacing the acylglycine with zrketo acid or ester, through
glycyl radicals, of 0.3 and 714 kJ mot?, respectively’:3? substitution of the glycine NH by Cklhas effects similar to
being too small to block the enzyme-catalyzed reactions of the swapping of glycine for glycolate. The RSE of the keto ester
alanine and threonine derivativéThe effect of the trifluoro- ~ radical8d is less than that of the analogous glycyl radigal
methyl substituent on the stability of the trifluoroalanyl radical DY 44.2 kJ mot* (Table 1, part B). The-keto esteBais inert

6d is much larger, reducing the calculated RSE relative to that {0 bromination (Table 1, part A), and theketo acids15 and

of the corresponding glycyl radic8t by 39.2 kJ mot? (Table 16 are not processed by PAM (Table 1, part C), even though,
1, part B). This substituent also prevents bromination of Uniike the example reported previousithese keto acida5
N-benzoyl8,,B-trifluoroalanine methyl estea (Table 1, part ~ @nd16do bind to some extent to the enzyme, withd@alues
A) and the processing of the trifluoroalanine-containing dipep- ©f 6 @nd 3 mM, respectively. Again it is apparent that a reduction
tides 9ab by PAM (Table 1, part C).N-BenzoylB,3,- in the RSE of aroqnd 3545 kJ mo.rl.ls.suffluent to stop bc_)th
trifluoroalanine methyl esteba was inert on treatment with the bromination witiN-bromosuccinimide and the catalysis by

N-bromosuccinimide, either alone or as a mixture with the monooxygenase. _ o
benzoylglycine methyl estela, that nevertheless reacted  From theK,app values of the glycine derivatives3a and
smoothly to give the correspondiegbromoglycine derivative. 148 96 and 7.9uM, respectively, theK; values of the
There was no evidence of reaction of either of the trifluoroala- corresponding glycolates3b and14b, 59.8 and 45.2:M, and
nine-containing dipeptide8a or 9b being catalyzed by PAM,  the G values of the analogoysketo acidsl5and16, 6 and
even though competitive experiments witR)yrosyl-(S)- 3 mM (Table 1, part C), it appears that the replacement of an
valylglycine established that boftaand9b bind to the enzyme,  acylglycine with ay-keto acid has a more adverse effect on the
albeit with 1Gso values of around 5 mM (Table 1, part C). It is
therefore apparent that the decrease in the RSE brought abou(48) RSE values quoted in the text, in addition to those listed in Table 1, were
. h . . .. also calculated using the RMP2/G3large level of theory.
by introducing the trifluoromethyl group is sufficient to prevent (49) Welle, F. M.; Beckhaus, H.-D.; Rhardt, C.J. Org. Chem1997, 62, 552~
: : : : : 558.
radical fo_rmgtl_on by PAM. quever, this does nqt give effective (50) Schulze, R.: Beckhaus, H.-D. 8hardt, C.Chem. Ber1993 126, 1031
enzyme inhibitors, as the trifluoromethyl substituent prevents 1038.

13310 J. AM. CHEM. SOC. = VOL. 126, NO. 41, 2004



Inhibition of Peptidylglycine a.-Amidating Monooxygenase ARTICLES

binding to PAM than does the substitution of glycine by glycyl and related radicals in free radical brominations, and the
glycolate. One explanation for this is that both acylglycines and extent of catalysis of the reactions of analogous compounds by
glycolates can form hydrogen bonds with the enzyme, through peptidylglycine a-amidating monooxygenase (PAM). A de-
NH and the corresponding O, respectively, to facilitate binding, crease in the RSE of around 10 kJ miotelative to that of a
but this is not possible with the methylene of an analogous normal peptide glycyl radical slows but does not stop the rate
y-keto acid. An alternative explanation for the less effective of radical formation through either bromination or enzyme
binding of they-keto acids relates to their greater conformational catalysis. However, reducing the RSE by around-35 kJ
freedom in free solution. As a result of conjugation of the amide mol™?, either through introduction of a trifluoromethyl sub-
NH of an acylglycine and the analogous ester O of an stituent at thea-position or by replacing the acylglycine NH
acylglycolate, in each case there is easy rotation only aroundwith a glycolate O or &-keto acid CH, stops both bromination
the bonds to the-carbon. By contrast, with g-keto acid there and enzyme processing. Of these changes, only the glycolate
is easy rotation around the bonds to bothdhendf-carbons. substitution does not adversely affect the enzyme binding
Assuming that the acylglycines, glycolates, and keto acids all affinity. Consequently, glycolates are a general class of PAM
bind to PAM with similar orientations, and that the planarity inhibitors because they do not readily undergo hydrogen atom
of the amide and ester groups of the acylglycine and acylgly- transfer, yet they bind effectively to the enzyme. We are now
colate is maintained, there is therefore a greater degree ofbeginning to study the associated in vivo effects of this class
conformational constraint and loss of entropy on binding of a of compounds, and already we have found that both the
y-keto acid. glycolateslOb and12b actively reduce the levels of the peptide
In any event, it is clear that introducing artrifluoromethyl hormone Substance P produced by rat DRG cells avé h
substituent into the glycine residue of a PAM substrate, or period>!

replacing the acylglycine of a substrate with either a glycolate Acknowledgment. We gratefully acknowledge receipt of

or a y-keto-acid, stops catalysils by the enzyme, because it financial support from the Australian Research Council and
reduces by around 3545 kJ mof™ the RSE of the radical that  generous allocations of computing time from the National
would be formed. By contrast, swapping the acylglycine for a pacility of the Australian Partnership for Advanced Computing

B.y-unsaturated acid is likely to increase the RSE of the radical g the Australian National University Supercomputing Facility.
intermediate by around 21.1 kJ mé| based on the values

calculated for the acetamido and propeny! radi@snd17, Supporting Information Available: Details of the procedures

79.1 and 100.2 kJ mot, respectively. Thus, it is not surprising and methods used to det_er_mi_ne the relative rates of reaction of
that, as outlined in the Introductiofi,y-unsaturated acids are L& 8awith N-bromosuccinimide, the methods used for the ab
processed by PAN2324 initio calculations, th_e _Gaus&an archive _ent_nes for the
UB3-LYP/6-31G(d) optimized structures of derivatives of glycyl
A _OMe and related radicals, calculated RMP2/G3large and RMP2/
Me/\/\lg 6-311+G(2df,p) total energies and corresponding RSEs; pro-
tocols for the syntheses @b, 9a,b, 10b, 11ab, 12b, 15, and
16 with studies of their interactions with PAM. This material
is available free of charge via the Internet at http://pubs.acs.org.

17

Conclusion

In summary, there are strong correlations between calculatedA046204N
radical stabilization energies (RSESs), the ease of formation of (51) Easton, C. J.; Inoue, A.; Wright, A. Unpublished results.
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