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ABSTRACT

(1/2,5,6)-2-(3-Azibutylthio)-5,6-epoxy-3-cyclohexen-1-01** (1) was synthesized and was found to
irreversibly inactivate f-D-galactosidase (Escherichia coli). The inactivation was prevented by the presence of
isopropyl 1-thio-f-D-galactopyranoside (IPTG). The vinyloxirane group of 1 reacted with water and other
nucleophiles, especially at higher pH values. Reaction of 1 with §-p-galactosidase was slow enough so that a
competitive-inhibition constant (K,) of 29mm could be determined. The inhibition constant for (/,2/3,6)-6-
(3-azibutylthio)-2-bromo-4-cyclohexene-1,3-diol (2), the precursor of the bireactant inhibitor 1, was [3mMm,
while that of (/,3/2,4)-3-(3-azibutylthio)-5-cyclohexene-1,2 4-triol (3), the product formed when the reac-
tant is allowed to react with water, was 23mM. After irradiation by light, -D-galactosidase that had initially
been treated with the bireactant compound and then digested with trypsin, showed a new pattern of ¢lution
from h.p.l.c., indicating that there was reaction at two regions of the f-p-galactosidase molecule.

INTRODUCTION

A reactant capable of reacting at two places at the active sites of glycosidases
would be useful as a means of determining the geometry of the active sites and would
also be important for obtaining insight into the mechanism of action of such enzymes.
For such purposes, an inositol derivative having a vinyloxirane unit, resembling a
monosaccharide, and connected to a chain containing a diazirine, is of potential
significance. A vinyloxirane has alkylation ability at the allylic carbon atom' and any
nucleophilic functional group is a potential reactant. Vinyloxiranes, in contrast to
ordinary oxiranes®, are highly reactive and do not need assistance by protonation of the
epoxide oxygen. Irradiation of a diazirine with light generates a carbene, which is highly
reactive with both nucleophiles and electrophiles.

* Presented at the 15th International Carbohydrate Symposium, Yokohama, Japan, August 12-17, 1990.
* Recipient of a Bilateral Exchange Fellowship from the Deutsche Forschungsgemeinschaft and the Natural
Science and Engineering Research Council (Canada).
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We describe here the synthesis of (//2.5.6)-2-(3-uzibutylthio)-5,6-epoxy-3-cyclo-
hexen-1-01 (1). a unique compound havmg both a vinyloxirane component and a
diazirine component. The compound was found to have an afinity for the active site of
f-D-galactosidase and brought about an irreversible inactivation of the enzyme that was
prevented by the presence of isopropyl i-thio-f-b-galactopyranoside (1IPTG), & sub-
strate analog inhibitor of f-n-galactosidase. Irradiation by uv. light of 330 nm did not
cause any further inactivation, but some distinct changes were detected in the elution
patterns of the carboxymethylated tryptic peptides when the peptides from the light-
irradiated enzyme were compared to the peptides {rom the non-irradiated enzyvme.

RESULTS ANID DISCUSSION

3-Azi-1-butanethiol (6), generated in sirw from its S-benzoate (5) by treatment

with sodium methoxide. reacted smoo sthly with (7/4.5 )-6-bromoe-4 5.

x

hexen-1-01 (7). The product {2) was subscqm,mly converted into the ;upu.vu vinvioxi-
rane, 1, by alkall treatment through phase-transfer catalysis. The reaction to form
compound 1 was essentially quantitative, as monitoring by t.1.¢. showed no formation
of byproducts and the complete disappearance of the starting material 2. Purification of
1 by column chromatography on silica gel or reversed phase chromatography using
protic solvents was virtually impossible because of its chemicu! instability. The identity
of compound 1 was, therefore, verified by showing that the expected product 3 was
obtained after reaction with water and that product 8 was obtuined after reaction with
cthanethiol. Both products (3 and 8) were rigorously purified by stlica gel chromatog-
raphy and h.p.lc. Because of s instability, compound T was emploved without further
purification.

incubation of f-p-galuctosidase (£ coliy with freshly prepared §caused a loss of
catalyzing ability (Fig. 1). On the other hand. there was ne activity oss when the enzyme
was incubated with | in the presence of IPTG (Fig, 1) I the PTG and other reacted
components were removed alter reaction { by molecular sieving) and more 1 was added.
the enzyme lost activity (Fig. 1) at essentially the same rate as without the pretreatment
in the presence of IPTG. In each case the logs of activity was initially first-order with
respect 1o enzyvme. but after 5 10 min the rate deviated from first-order kinetics and
after 25 min the enzyme no longer lost activity, T.i¢ showed that the ability to
deactivate the enzyme was fost as 1 decomposed to the hvdrolvsis product. 3. showing
that it was 1 that caused the inuctivation and that 3 was inert. Indeed. incubation with
pure compound 3 did not result in any activity loss. If more § was added atter the initial
ahquot had decomposed. another activity loss similar to the first occurred. The loss of
activity as a result of incubation with  was irreversible, since there was no restoration of
activity after a 3000-fold dilution. Incubation of this difured enzyme in buifer also did
notcause any activation as a function of time. Finally, incubation with compound 2 did
not cause any irreversible loss of activity (Fig. 11 Al of these reactions were conducted
in the absence of light and the data indicate that the vinvioxirane cavsed irreversible loss
of the enzymic activity.
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Fig. 1. Percentage of activity remaining as a function of time in assay medium that did not contain substrate.
[The concentration of enzyme in each case was 1 mg/mL and the potentially reactive compounds were added
at 250mm. Key: [, compound 1; @, compound 1 with 300mm IPTG; O, the IPTG and other reaction
components after reaction with compound 1 were removed by molecular sieving (Pharmacia LKB columns
PD-10 Sephadex G-25M) and fresh compound 1 was added; A, compound 2].

When kinetic constants with p-nitrophenyl f-D-galactopyranoside (PNPG) were
obtained with the enzyme before addition of I and compared to the constants that were
obtained with the activity that remained after 25 min of incubation with 1, it was found
that only the v, ,, value had changed (the v,,, decreased from 42 to 4 U/mg). The K,
values were essentially unchanged (0.036mm before and 0.037mwm after). Since the K|
value of f-D-galactosidase with PNPG as the substrate is equal to its K, value’, the
activity loss must have been due to a change in catalytic properties, not binding effects.

Competitive inhibition constants were obtained for 1*, 2, and 3. The values of 29,
13, and 23mm were obtained for the three compounds, respectively. Considering the
structures of the compounds, these values are acceptable, and explain why the inactiva-
tion was specific enough to be prevented by IPTG. In the case of compound 3 there was

max

* Very short assay times (< 1 min) were used with compound 1 so that the inhibitory activity was measured
before a significant amount of enzyme inactivation or reagent decomposition had occurred.
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evidence of non-competitive inhibition. The structure of 3 (as an inositol) could explain
its function as a4 good transferolytic acceptor in the /?—DAgalactmuiase-cala ysed transfer
reaction®, This would result in non-competitive inhibition kinetics. Note. however. that
the K, values reported in each case constituie the competitive-inhibition constants since
the kinetic method of analvsiy used here specifically accounts for transfer effects and

represents interaction of an inhibitor with free enzyme
f-n-Galactosidase, which was initially treated with 3m sodium iodouacetate” in the
presence of 1PTG for 3 h and which was sull fully active, was then reacted with 1after
removal of the IPTG and the excess of sodium todoacetate) for 23 mmn. Thisenzyvme was
subseguently irradiated with light at 350 nm. The light rradistion did not result in any
:hv non-irradiated and the irradiated samples were dens-
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Fig. 2. Portions of the profiles of two h.p.Le. elotions { ~ 40 min after elution hzzd started) showing disting
differences in peaks (differences awe hi;.hiié_htcd by*y [f-n-Galactosidase was treated with 3s sodium
odoacetate in the presence of 300my IPTG for 3hand then for 25 minwith oo m;mmmi Valtwr the IPTG and

wed snd one part of the

sodium sodoacetate was removed. The reaction components were agan :
solution was irradiated with light o 350 nm for 40 min. The enzyme was then denaturaied with urea and
wrhn:\wncth\-‘kucd After treatment with trypsinn, the poptides werc cluted By bop Lo oas desertbed iy the e
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tured in urea and carboxymethylated®, and then treated with trypsin. The peptide
elution-patterns from a reversed-phase h.p.l.c. column showed at least one distinct
change in elution pattern (Fig. 2) showing that the diazirine end of 1 had reacted.

EXPERIMENTAL

General methods. — All reactions were monitored by t.l.c. on Silica Gel 60 F,,,
(Merck). Column chromatography was carried out with Silica 32-63, 60 A (ICN).
Preparative h.p.l.c. separations involved Knauer components and a Hypersil column
(250 x 20 mm, 5 um, Bischoff). Analytical h.p.l.c. of the carboxymethylated trypsin
peptides was carried out on a Vydac 218 TP (250 x 4.6mm) C,, reversed-phase column
(1 mL/min). The gradient was as follows: 0 to S min: 0-10% MeCN in H,0; 5 to 70 min:
10-45% MeCN in H,O (in every case with 0.1% CF,CO,H). '"H-N.m.r. spectra were
recorded with a Bruker WM 250 spectrometer at 250 MHz as solutions in CDCl,
(internal Me,Si).

Enzymic reactions. — f-pD-Galactosidase (f-D-galactoside galactohydrolase, EC
3.2.1.23) from E. coli was purchased from Boehringer Mannheim. Isopropyl 1-thio-f-D-
galactopyranoside, and o- and p-nitrophenyl f-p-galactopyranoside were obtained
from Sigma. Assays were performed at 30° in 50mM sodium phosphate buffer (pH 6.8)
containing mM magnesium chloride. For assays of the loss of activity as a function of
time, enzyme (0.1 ug) was added to the assay solution (1 mL) containing 2mMm ONPG.
For determination of the inhibition constants enzyme (0.1 ug) was added to a range of
concentrations of PNPG (0.01-0.15mm) and inhibitor (5-30mm) in the assay buffer.
Units were defined as 1 umol of nitrophenol produced per min under the assay
conditions. Kinetic data were analyzed by the method of Deschavanne et al. as
modified by Huber and Gaunt®, which takes into account the effect of the transfer
reactions that can result from the reaction of f-p-galactosidase with inhibitors. The
method gives K, values that represent interaction of inhibitor with free enzyme.

S-(3-Azibutyl) thiobenzoate (5). — To 3-azibutyl p-toluenesulfonate’ (4, 1.5 g, 5.9
mmol) in dry acetone (60 mL), potassium thiobenzoate (1.1 g, 6.2 mmol) was added and
the solution was kept at room temperature for 3 h. The mixture was then concentrated
to dryness, diluted with water (50 mL) and extracted with CH,Cl, (3 x 50 mL). The
combined organic layer was dried (MgSO,), concentrated, and purified by column
chromatography (1:10 EtOAc-cyclohexane) to give 5(0.9 g, 70% ) as a colourless syrup;
R, 0.40(1:10 EtOAc—cyclohexane); "H-n.m.r.:62.97(t,2 H, J,,7.7Hz,H-1),1.73 (t,2
H, H-2), 1.11 (s, 3 H, H-4), 7.41-8.00 (m, 5 H, Ph).

(1,2/3,6)-6-( 3-Azibutylthio )-2-bromo-4-cyclohexene-1,3-diol (2). — To com-
pound 5 (1 g, 4.5 mmol) and compound 7 (1 g, 5.2 mmol) in dry EtOH (20 mL),
methanolic M NaOMe was added dropwise to keep the solution basic until the reaction
was complete (t.l.c.). The mixture was then desalted by eluting it through a silica gel
column with MeOH. The eluate was concentrated and purified by h.p.l.c. (1:3 EtOAc-
cyclohexane) to give syrupy 2 (1.25 g, 90%); R 0.09 (1:3 EtOAc—yclohexane); 2.,
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363nm, 'H-n.m.r.:64.09(s. 1H./,,1.8,J,,5.3Hz H-1),4.48(dd, | H. /., 6.5 Hz. H-2
4.54(d. 1 H,H-3),5.80(s. 2H,H-4,5),3.43(d. | H. H-6). 245 (t. 2 H. J, . 7.5Hz. H-1").
1.69 (1, 2 H, H-2"). 1.07 {s. 3 H, H-4"), 2.70-3.17 (m. 2 H, OH).

Anal. Cale. for C, H,.BrN,O.8: C, 3910 H. 4.92: N. 912, Found: C. 39.06; H.
4.76: N, 9.39,

(1:2.5,6)-2-73-Azibutyithio )-5.6-epoxy-3-cyelohexen-f-¢/ {1y, To compound 2
(200 mg. 0.65 mmol) in dry CH,CI, (10 mL) powdered KOH (60 mgy and Et,NBr (~4
mg} was added and the mixture was stirred for 5 min. The solid material was then
centrifuged off and the clear solution was concentrared and used without turther
purification: R, 0.34 (1.1 EtOAc-cyclohexane): £, 363nm.

(1,3/2.4)-3-7 3-Aziburvithio )-5-cvelohexene-1.2 4-1rind (3). Compound 1 (100
mg. (0.325 mmol) was dissolved in water (1 mL) and kept at room temperature for 40
min. The solvent was then removed in vacuo and the residue purified by hople (2:]
EtOAc—cyclohexane. only absolutely pure fractions were collected) to give syrupy 3(27
mg. 27%). Ry 0.16 (2:1 EtOAc-cvclohexune); 7 363 nm. For kH«n.m roanalysis thc
product was acetylated with 112 Ac.O-CHN (I mLy: ¢ 3.55¢ddt, t HL/, 7807 2
J 204, 21 Hz, H-1). 5 "(dd H. /.. 11.7Hz H-2), 291 (dd. t H. [ 9 «H/ H%
549 ddt, T H, /0 2.0/, 200 Hzo H-4y, 870 (d T ML/, 10 4Hi H-5. 578 (dt. 1 H,
H-6).2.45(ddd. T H. /1530, 5,68,/ 82 Hz. H-1"0). 247 (ddd. T H. /., 8.2,
Jiy 20 6.8 Hz H-1b). 1. %(ddd M, J 15.0Hz H-220. 1. ol e iud‘ PHLH-2B) 105 (s,
3H.H-4,2.07. 213, and 2. 14 (3 x s, 9 H. OAc).

(1.3:2.6)-3-1 3-Azibury fi!un«é—e!hn’rlz1'0-4~c'y('/()/m\:c"ne- {.2-diol(8) - Ethanethiol
(150 ul) and potassium rert-butoxide { ~ 2 mg) were added to a stirred solution of
compound I {J00 mg. 6.325 mmoly in dry EtOH (1.5 mL). After 30 min at room
temperature the mixture was concentrated and the residue roughly puritied by column
chromatography (1:2 EtOAc¢-cyclohexane), Further purification was performed by
h.p.Lc. (2:5 EtOAc cyclohexane), ()nl the pure centre fractions were collected and
gave syrupy 8 (38 mg, 30% 1 R, 0.19 (1.2 EtOAc cyclohexane): '"Honm.ro 3321 3.34
(m, 2H, H-1.4), 355 368 (m.2 H, H JRLE5T5.74(0 < JUTHO/ 102 Hz H-5060.
237 248 (m.2H.J, L 75 Hz, H-1L 1 8((.2 HoH-2'0 106G, T HL H-A) 2539 1dg T H
Jrorn 120000« 75 Hz  H-1"a. 2.62¢dq. T HO /- 75 He B hy 128 (0 A HLDHA2Y)

ACKNOWLEDGMENT
We thank the Deutsche Forschungsgemeinschaft for financial support.

REFERENCES

i J. Lehmann and M. Brockhaus, Methods Carbohydr. Chem., 8 (1980) 301 304; J. Lehmann and B.
Schwesinger, Curbohydr. Res., 107 (1982) 43 53: 110 (1982) 181 185; J. Lehmann and B. Neumann.
Carbohydr. Res., 200 (1990} 355 361,

2 G. Legler, Hoppe Seyler's Z. Physiol. Chem., 349 (1968) 767-774. M. Herrchen and G. Legler. Eur. J
Biochem.. 138 (1984) 527 531, P. B. Hoj. E. Rodriguez. R. V. Stick. and B AL Stone, 4bsor. Pup
Iaternational Cavbohydrate Symposivm YIV Stockholn: 1988, Abstr. O



B-GALACTOSIDASE IRREVERSIBLE INHIBITOR 41

-P. Tenu, O. M. Viratelle, J. Garnier, and J. M. Yon, Eur. J. Biochem., 20 (1971) 363-370.
E. Huber, M. T. Gaunt, and K. L. Hurlburt, Arch. Biochem. Biophys., 234 (1984) [51--160.
Jornvall, A. V. Fowler, and 1. Zabin, Biochemistry, 17 (1978} 5160-5164,

E. Huber, A. V. Fowler, and 1. Zabin, Biochemistry, 21 (1982) 5052-5055.

J. Deschavanne, O. M. Viratelle, and J. M. Yon, J. Biol. Chem., 253 (1978) 833-837.

E. Huber and M. T. Gaunt, Can. J. Biochem., 60 (1982) 608 612.

F.

R. Church and M. J. Weiss, J. Org. Chem., 35 (1970) 2465-2471.

N=Ro BN s N VS N 98

R.
H.
R.

J

R
P
R



