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Substrate Selectivities of Proline Hydroxylases
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Abstract: Substrate selectivities of microbial proline 4-hydroxylase and proline 3-hydroxylases, all of which
were purified from recombinant Escherichia coli, were investigated. L-2-Azetidine carboxylate, 3,4-dehydro-L-
proline and L-pipecolinic acid were hydroxylated by those enzymes in regio- and stereospecific manner.
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3-Hydroxyproline and 4-hydroxyproline have been found as constituents of collagen' and several secondary
metabolites including etamycin? and telomycin.’ Among the naturally occuring three diastereomers of 4-
hydroxyproline and two diastereomers of 3-hydroxyproline, trans-4-hydroxy-L-proline is the most abundant as
a constituent of collagen. The biosynthesis of hydroxyprolines has been extensively studied in mammalian
system, in which cis-3-hydroxy-L-proline and trans-4-hydroxy-L-proline are formed through the post-
translational hydroxylation of peptidyl L-proline of procollagen catalysed by procollagen-proline 3-dioxygenase
(prolyl 3-hydroxylase, EC1.14.11.7) and procollagen-proline dioxygenase (prolyl hydroxylase, EC1.14.11.2),
respectively.* In contrast, proline hydroxylases which hydroxylate free L-proline occur in microorganisms.”
Proline 4-hydroxylase was reported in the biosynthesis of frans-4-hydroxy-L-proline in etamycin producing
Streptomyces™ and 3-hydroxylases were reported in the biosynthesis of cis-3-hydroxy-L-proline in
Streptomyces including telomycin producer and Bacillus.”® Both mammalian prolyl hydroxylases and bacterial
proline hydroxylases require 2-oxoglutarate and dioxygen as cosubstrates and ferrous ion as a cofactor. These
2-oxoglutarate dependent dioxygenases have commonly a relatively loose substrate specificity for hydroxylation.
In the case of proline 4-hydroxylase of S. griseoviridis P8648,% several proline analogues were shown to react
as substrates, however, the structures of the products were not confirmed except in the case of 3, 4-dehydro-L-
proline 3 which was epoxidised to give trans-3,4-epoxy-L-proline 4. The reactivitics of other proline analogues
were only shown through the increase of the turnover rate of 2-oxoglutarate.®

Here we report the studies on the substrate selectivities of proline 3-hydroxylases and proline 4-
hydroxylase. Two genes encoding proline 3-hydroxylase typel and typell, respectively, from Streptomyces sp.
TH1*® and a gene encoding proline 4-hydroxylase from Dactylosporangium sp. RH1 were cloned in
Escherichia coli and overexpressed. Proline 3-hydroxylase typel and typell are homologous enzymes having
76% homology in amino acid sequences. All of the hydroxylases were purified to homogenuity from
corresponding recombinant E. coli cells by means of DEAE Sepharose and Phenyl Sepharose HP
chromatographies. Specific activties of the purified enzymes were 9674 U/mg (nmole/min/mg) for proline 4-
hydroxylase, 7150 U/mg for proline 3-hydroxylase typel, and 12700 U/mg for typell. A number of anlogues
were examined as substrates to reveal the substrate spectrum and the patterns of substrate recognition of the
enzymes. Assays were basically done by measuring both the decrease of analogues and the appearance of a new
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peak with HPLC equipped with a chiral column SUMICHIRAL OAS000 by post column derivatization method.
(1) Peptides containing L-proline (L-pro-gly; gly-L-pro; L-pro-L-ala; L-pro-L-pro-gly-L-phe-L-ser-L-pro),
amino and carboxyl derivatives of L-proline (L-prolinamide; N-acetyl-L-proline; N-Boc-L-proline; N-Fmoc-L-
proline), 2-pyrrolidinemethanol, and pyrrolidine showed no activity for either 4-hydroxylase or two 3-
hydroxylases. The results suggest that free imino and carboxyl moiety of L-proline are necessary to the action of
both 4-hydroxylase and 3-hydroxylases. (2) L-2-Azetidinecarboxylic acid 1, 3,4-dehydro-L-proline 3 and L-
pipecolinic acid 6, four to six membered ring analogues of L-proline, showed the reactivities for either 3-
hydroxylases or 4-hydroxylase. Relative activities of proline hydroxylases and apparent Kms for these
analogues are shown in Table 1. On the other hand, 3-azetidinecarboxylic acid and piperidine showed no
reactivity. The results suggest that proline hydroxylases recognize an «-imino carboxylic acid structure
independent of the ring size. (3) D-Proline, 3,4-dehydro-D-proline and D-pipecolinic acid did not react as
substrates suggesting that the enzymes recognize L-configured imino acids.
4-Hydroxylase 3-Hydroxylase
Relative Activity Relative Activity Tablel:  Substrate specificity of
Substrate Products  (Apparent KminmM) Products  (appgrent kminmM) proline 4-hydroxylase, proline 3-
Typel/Typell _ hydroxylase typel and typell. Relative
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Although these results suggested that both proline 4-hydroxylase and 3-hydroxylases recognized «-imino
carboxylic acid structure in L-configulation, regio- and stereochemistry of hydroxylation reaction was unclear.
Moreover, even the decrease of substrates in the reaction cannot be regarded as the evidence of hydroxylation.
Then, we isolated the reaction products of the analogues and identified their structures (Table 1).

Hydroxylation of L-2-azetidinecarboxylic acid 1: A new peak was detected in HPLC analysis after the 3-
hydroxylase typell reaction on 1* suggesting the production of a new imino acid. The structure of the isolated
product 2 corresponding to this peak was elucidated as cis-3-hydroxy-2-azetidinecarboxylic acid mainly by
NMR spectral analyses.” Hydroxylation was defined to occur at C-3 because methine-methine-methylene
skeleton was assigned by 'H-'H-COSY spectrum. The stereochemistry was elucidated as follows. The vicinal
coupling constants for azetidines were reported to be 7-9 Hz in cis-orientation and 3-6 Hz in ¢rans-orientation. '°
For the compound 2, the coupling constant between H-2 and H-3 could not be determined because their
resonances were not well resolved (54.92 and 54.88, respectively). While, the coupling constants between H-3
and H-4a, and between H-3 and H-4b were analyzed to be 6.8 and 4.6 Hz, respectively. These coupling
constants revealed that H-3 and H-4a were oriented in a cis relationship and H-3 and H-4b in a trans
relationship (Fig. 1). Furthermore, NOEs were observed between H-4a and H-2 as well as H-3 while no NOE
was observed between H-4b and H-2 or H-3, indicating H-2, H-3, and H-4a were spatially near to each other
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and on the same side as shown in Fig 1. A diastereomer of 2, trans-3-hydroxy-L-2-azetidinecarboxylic acid,
was not detected in NMR spectral analyses. Based on these results including that absolute configulation of 1 is
L, the structure of the isolated compound 2 was determined to be cis-3-hydroxy-L-2-
azetidinecarboxylic acid. A peak having the identical retention time to 2 was also
observed in the reaction with 3-hydroxylase typel although the reactivity was very
weak. 'On the contrary, no decrease of 1 was observed in the reaction with proline 4-
hydroxylase of Dactylosporangium sp. RH1 suggesting that the enzyme was inactive
on 1, although proline 4-hydroxylase of S. griseoviridis P8648 was reported to show
the reactivity on 1 in terms of the turnover of 2-oxoglutarate.’
Y Epoxidation of 3,4-dehydro-L-proline 3: Proline 4-hydroxylase from S. griseoviridis
H P-8648 was reported to catalyse the epoxidation of 3 to trans-3,4-epoxy-L-proline 4.°
Similarly, the product in the reaction on 3 with 4-hydroxylase from
Figure 1: Coupling Dactylosporangium® was confirmed to be identical to the synthetic compounds 4 by
constants and NOEs  €ans of HPLC and TLC analyses,'' and 5, a diastereomer of 4, was not detected. In
of 2 observed in D,0. the 3-hydroxylase typell reaction on 3, an another new peak was detected in HPLC
analysis suggesting the production of a new imino acid. The structure of the product
isolated® was elucidated as 3,4-epoxy-proline from the spectral analyses,'> however, the stereochemistry was
not confirmed. Then the isolated product was compared with the synthetic cis-3,4-epoxy-L-proline 5¢ as well as
4. The product showed a spot with identical Rf in TLC and a peak with identical retention time in HPLC to
those of 5,'' and 4, a diastereomer of 5, was not detected. The epoxidation product § was also detected in typel
3-hydroxylase reaction using 3 as a substrate.

Hydroxylation of L-pipecolinic acid 6: The hydroxylation product of 6 was isolated from the 4-hydroxylase
reaction mixture.’® Spectral data of the isolated product’’ were identical with those reported for trans-5-
hydroxy-D-pipecolinic acid'** and the specific rotation was opposite. In conclusion, the structure of the product
was confirmed as #rans-5-hydroxy-L-pipecolinic acid 7. A diastereomer of 7, cis-5-hydroxy-L-pipecolinic acid,
was not detected in spectral analyses. On the other hand, spectral data of the isolated hydroxylation product of
6'® from the 3-hydroxylase typel reaction mixture® were identical with those reported for cis-3-hydroxy-L-
pipecolinic acid 8.'® The coupling constant between H-2 (53.37) and H-3 (54.24) was 2.9 Hz, while the
reported coupling constant between H-2 and H-3 was 7.1 Hz in fmans-3-hydroxy-L-pipecolinic acid.'*
Therefore, the structure of the hydroxylation product of 6 with 3-hydroxylase typel was concluded as cis-3-
hydroxy-L-pipecolinic acid 8. A diastereomer of 8, trans-3-hydroxy-L-pipecolinic acid, was not detected in
spectral analyses. Formation of 8 was also observed in the reaction with 3-hydroxylase typell.

In summary, the substrate recognition and regio- and stereospecificity of hydroxylation by both L-proline 4-
hydroxylase and L-proline 3-hydroxylases is rigid, in the sense that these proline hydroxylases recognize a-
imino-L-carboxylic acid structures and hydroxylation occurs with high regularity, although the enzymes showed
relatively loose substrate spectrum with regard to the ring size. These results suggest that these proline
hydroxylases have a common hydroxylation mechanism, however, no homologies were observed in amino acid
sequences between 3- and 4-hydroxylase except that a His-1 motif, which is considered to be a part of an active
site of 2-oxoglutarate dependent dioxygenases, was conserved as reported in other 2-oxoglutarate dependent
dioxygenases. 'S Proline hydroxylases would be of some utilities as enzyme catalysts to functionalise proline
analogues, since these functionalised compounds are useful as chiral building blocks.'’
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