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Mechanism-Based Inactivation of the Human Scheme 1
Prolyl-4-hydroxylase by 5-Oxaproline-Containing 0
Peptides: Evidence for a Prolyl Radical Intermediate R.
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Prolyl-4-hydroxylase catalyzes the hydroxylation of proline O o T o H /- OH
residues at X-Pro-Gly sequences in procollagen (Scheme 1). This ° T 0oH
reaction is an essential step in the biosynthesis of collagen, the E v o H
major protein component of connective tissue. v Fedih Fetth)
Prolyl-4-hydroxylase (human) is an/3, tetramer ¢ = 59 000
Da, s = 55 000 Da) and requires Fe(lb;ketoglutarate, oxygen, N N DGl PheCO
and ascorbate for activityThe genes for thet and 3 subunits wow/ o/ R-COGHCOOE
of the human enzyme have been cloned, sequenced, and over- 12 % :
expressed in a baculovirus expression system, and the enzyme
can be readily purified in multi-milligram quantitiés.
5-Oxaproline-containing peptides have been previously identi- . . ) )
fied as mechanism-based inactivating agents for prolyl-4-hy- product gquld be detected in the reaction mixtiff&his product
droxylase? The mechanism of this inactivation has not been Was purified? and FAB-MS analysis demonstrated that the
determined. As a first step toward elucidating this mechanism, €nZymatic oxidation resulted in the addition of one atom ofoxygen
we report here the synthesis of a highly fluorescent 5-oxaproline- t0 5.1° This is consistent with the formation of eith@ror 13.
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containing peptide5 and the identification of its prolyl-4- Peptides9 and 13 were synthesized to differentiate between

hydroxylase-catalyzed oxidation product. mechanisms A and B. Chromatographic comparison of these
Two mechanisms for the enzymatic oxidation Bfwere peptides with the enzymatic product demonstratedQhveds not

considered (Scheme 2). In mechanism A, hydrogen-atom abstracformed and that the only enzymatic product wigd This was

tion from the oxaproline by the active site ferryl [Fe= Q] confirmed by scale-up of the enzymatic reaction and the isolation

intermediate would give radicd. Recombination followed by  of the reaction product in sufficient quantities for complete
product dissociation would give the hemiacé&aln mechanism spectroscopic characterizatidghi(NMR, COSY, HMQC, HMBC,

B, -scission of the weak NO bond @fwould give10. Addition HRFAB-MS, and MS-MS). The spectra of the enzymatic product
of the iron(lll)hydroxide to the aldehyde followed by intra- and the spectra of peptid3 were identical.

molecular hydrogen-atom transfand product dissociation would While theo-ketoglutarate-dependent monooxygenases are not

give lt3 in Y‘(’jhiCh the oxaproline moiety has been oxidized t0 4 well-studied as the heme-dependent monooxygenases, several
aspartic acid.

Peptide5 was synthesized as outlined in Schen®® Bhis was (7) The enzymatic reaction mixture consisted of pep&dé0.85 mM),
an efficient suicide substrate for prolyl-4-hydroxylase, covalently Eﬁ_?r(%o(g-OSMTM)k atSC?r?ic ?Ciff) (g-O 1\%'\4-) Bﬁél(é (Sng)r\hcaﬁlgsse) (0-?5| mg),

; i ; .1 mM),a-ketoglutarate (0.5 m ris- mM, p 7.8) prolyl-
labeling the enzyme, and only trace quantities of a polar reaction 4-hydroxylase (68(g) in 5004L. Compound13 was not formed in control
reactions from which the enzyme arketoglutarate were excluded.

(1) (a) Kivirikko, K. 1.; Pihlajaniemi, T.Adv. Enzymol. Relat. Areas Mol. (8) The inactivation of prolyl-4-hydroxylase [B/follows nonpseudo-first-
Biol. 1998 72, 325. (b) Kivirikko, K. I.; Myllyla, R.; Pihlajaniemi, T. In order kinetics due to consumption of the inhibitor. We have estimated the
Posttranslational Modification of Proteinsiarding, J., Crabbe, M. Eds.; CRC rate constant for the inactivation at several inhibitor concentrations (0, 0.5, 1,

Press: Boca Raton, FL, 1992; Chapter 1. 1.5, 2, and 5uM) by determining the activity remaining after two minutes
(2) Vuori, K.; Pihlajaniemi, T.; Marttila, M.; Kivirikko, K. I.Proc. Natl. using the previously described assay procedérem these data, we determine
Acad. Sci. U.S.A1992 89, 7467. that Kinaet = 0.6 min'! and K, = 1.6 uM. The enzyme is protected from
(3) Gunzler, V.; Brocks, D.; Henke, S.; Myllyla, R.; Geiger, R.; Kivirikko, inactivation by the substrate (PP&)To demonstrate covalent labeling of
K. 1. J. Biol. Chem.1988 263 19498. the enzyme, we have synthesized an analogue of peptidehich the ethoxy
(4) Protein-mediated hydrogen-atom transfer is also possible. group of the ester has been replaced with biotin hydrazide. This also inactivates
(5) Vasella, A.Helv. Chim. Acta.1977, 60, 426. the enzyme, and we have demonstrated stable covalent attachment of the label
(6) (a) Vasella, A.; Voeffrey, RJ. Chem. Soc., Chem. Comm@881, 97. to the enzyme (both subunits) by SDS PAGE followed by western blotting
(b) Vasella, A.; Voeffrey, R.; Pless, J.; Huguenin,HRlv. Chim. Acta1983 and visualization of biotin-labeled protein with horseradish peroxidase
66, 1241. conjugated streptavidin and the Pierce SuperSignal substrate.
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examples of this class of enzyme have now been charactétizéd,
and model studies on the reaction have been desclibedach

case, the reaction is proposed to proceed via hydrogen-atomg,

(9) The reaction mixture was extracted with ether to remove unreécted
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abstraction by a ferryl [F¢ = O] intermediate to give a substrate
radical. In the systems for which radical probes have been
synthesized, experimental evidence in support of such a radical
intermediate has been difficult to obtain. The only successful
trapping experiment has been described using a cyclopropyl-
substituted cephalosporin analogue to trap the radical formed by
deacetoxy-deacetylcephalosporin C synttfdSene inactivation
of y-butyrobetaine hydroxylase by a cyclopropyl-containing
substrate analogue has been reported, but the reaction products
have not been characteriz&€dA cyclopropyl-substituted procla-
vaminic acid analogue was not a substrate for clavaminate
synthase, and proline derivatives substituted with radical traps
were not substrates for prolyl-4-hydroxyl&3é3 The experiments
described here demonstrate a new strategy for radical-trapping
and suggest that the prolyl-4-hydroxylase-catalyzed oxidation of
proline residues in procollagen proceeds via a radical intermediate.
Studies to identify the labeled active-site residues of the
inactivated enzyme are currently in progress and will clarify how
the chemistry involved in the oxidation &f results in enzyme
inactivation.
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