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ABSTRACT 

The spin-labeled &actoside analogs 4-(4_4,5,5-tetramethyl-2-imidazolin-Z-y1 
1-oxide)-2-nitrophenyl j?-D-gaIactopyranoside, 4-(4,4,5,5-tetramethyl-2-imidazolin-2- 

yl I-oxide)phenyl P-D-galactopyranoside, and 4-(4,4,5,5-tetramethyl-2-imidazolin-2- 
yl I-oxide)-Znitrophenyl p-D-fucopyranoside were synthesized by condensation of 
the corresponding 4-formylphenyl galactopyranosides with 2,3-di( hydroxyamino)-2,3- 
dimethylbutane and subsequent oxidation with lead dioxide, and characterized by 
U.V. and eIectron-spin resonance spectroscopy. 

lNTRODUCTION 

The utility of paramagnetic probes as an aid in the study of structural and 
dynamic features of proteins in solution has been well documented in recent years’-‘. 

The use of stable, organic free radicals with structures similar to natural ligands 

along with n-m-r. studies has provided information about the geometry and environ- 
ment of the binding sites for several proteins3-‘. Lu er ~1.~ in this laboratory have 
undertaken an n.m.r. study of the lactose operon repressor. This paper describes the 
synthesis of several spin-labeled compounds that are analogs of the natural inducer of 
the Escherichia co/i lactose operon, allolactose”, which will be used for n_rn.r_ studies. 
These compounds shouId be useful for studying /I-D-galactosidases and related /I-D- 

galactoside-carrier proteins as well. 
The analogs of allolactose and their effects on the expression of the structural 

genes of the Inc operon have been extensively investigated”- “_ Analogs that exhibit 
an effect on the operon are of two types: (a) those that induce the operon, i.e., turn 
the genes on, and (b) those that prevent induction, i.e., compete with inducers for 
their binding sites. Initial experiments with (2,2,6,6-tetramethylpiperid-4-yl l-oxide) 
/?-D-galactopyranoside, synthesized by Struve and McConnell”, showed no inter- 
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action with the Inc repressor. Thus, we have attempted the synthesis of several 
additional analogs. 

The compounds described herein are analogs of o-nitrophenyi /3-D-galacto- 
pyranoside and -fucopyranoside, a neutral effector and an anti-inducer of the ICHZ 
operon, respectively_ The convenient introduction of spin labels into /II-o-galacto- 

pyranosides as described in the present paper can be applied to other sugars as well. 
In addition, the U.V. and es-r. properties and the hydrolysis by P-D-galactosidase is 
also reported. The interaction with the lactose repressor will be reported elsewhereL9. 

RESULTS AND DISCUSSION 

For coupling an IV-oxide spin-label to o-nitrophenyl /I-D-galactopyranoside 
or -fucopyranoside, it was necessary to introduce another functional group into the 
aplycon. Ullman and associates”-” described the reaction between a carbonyi 
group and 2.3-di(hydroxyamino)-2,3_dimethylbutane to yield the corresponding di-N- 
oxides. Numerous other exceptionally stable, organic free-radicals that could be 
obtained by this procedure were characterized by their e_s.r. spectra”. Exploiting 
the versatility of this reaction. we prepared, by Koenigs-Knorr reactionZ6 of per-O- 
acetyi-y-D-gaiactopyranosyl bromides (1, 2) with either 4hydroxybenzaldehyde (3) 
or 4-hydroxy-3nitrobenzaldehyde (a), respectively, phenyl /i’-D-galactopyranosides 
having an aldehyde group in position par-a to the glycosidic bond (5-7). 

The Koenigs-Knorr reaction gave yields between 25’;/, and SSo/o, depending 
on the substituents in the 3-position of 4-hydroxybenzaldehydes being used_ A nitro 
group in position o&o to the hydroxyl group possibly decreases the yield of the 
condensation reaction with the bromides for stereochemical reasons. In those cases 
where the yields were SS~/, of the starting glycosyl bromides, the corresponding 
benzaldehyde derivative could be easily crystallized from the reaction mixture. When 

the yields were less, a preparative purification on a silica gel column with chloroform 
was performed before crystallization from methanol. 

The condensation of the benzaldehyde derivatives 5-7 with 2,3-di(hydroxy- 
amino)-2,3_dimethylbutane in benzene could be followed by chromatography on silica 
gel. After 4-S h at room temperature, compounds were obtained that moved slower 
than the corresponding starting-materials. In most cases, these compounds crystallized 
spontaneously from methanol to give, in good yields, crystals showing n.m.r. data 
and elementary ana!yses corresponding to the 4-( 1,3-dihydroxy-4,4,5,5_tetramethyl- 
imidazolidin-2-yl) derivatives OF the phenyl galactosides (S-10). 

AIiquots of these compounds were further purified by recrystahization from 
methanoI. Otherwise, the crude compounds could be used in the subsequent oxidation 
step by lead(N) dioxide without further purification. Contrary to the initial report 
of Osiecki and Ullman’“, this oxidation did not give the expected l&oxides 11-13 
but the corresponding unsaturated l-oxides 14-16, which are known to have, in some 
cases, greater thermal stability and have been found as byproducts in the synthesis 
of di-N-oxides”. Although a violet compound was observed in t.1.c. on silica gel 
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8 R = NOz.R’ = OAc 

9 R = N,R’= OAc 

10 R = NO>,R’ = H 

11 R = NO* ,R’ = OAc 

12 R = H.R’= OAc 

13 R = NOZ,R’ = H 

14 R = NO>.R’= Ac.RN= OAc 

‘15 R = H,R’= Ac.R”‘= OAC 

16 R = NO>.R’ = Ac.RI = H 

17 R = NO*,R’= H,RI= OH 

18 R = R’= H,R”= OH 

‘19 R = NOZ,R’ = Rn = H 

shortly after the addition of lead dioxide, no attempt was made to analyze this inter- 
mediate which slowly reacted further to give an orange compound_ The orange, 

paramagnetic compounds were purified by p.t.1.c. in silica gel and crystallized easily 

from methanol. The e.s.r_ spectra were in agreement with those reported for similar 

N-oxides and elementary analyses were consistent for 4-(4,4,5,5-tetra-methylimidazo- 
lin-Z-y1 I-oxide)phenyl per O-acetyl glycosides (M-16). The O-deacetylated N-oxides 
17-19 were easily obtained by reaction with half-saturated ammonia in metha- 
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Fig. 1. E&r. spectrum at 9.149 CiHz of 18 in water. The spectrum was recorded at 25”. The hyperfine 
splitting by the two nonidentical nitrogen atoms is indicated at the top of the Figure. 
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Fig. 2. U.V. absorption difference-spectra of the hydrolysis of equimolar solutions of 17,19 ( -) 
and 18 (------) in >I sodium hydroxide_ The hydrolysis was performed in a cuvette that was kept 
at 50”. The U.V. spectra were recorded until no further change in the absorption spectrum could be 
observed_ The difference between the spectrum from the compIetely hydrolyzed sample and the 
spectrum from the identical, but unhydrolyzed, compound was then calculated. 

no1 at 4”. This procedure did not result in the loss of the N-oxide spin-label as moni- 

tored by the es-r. and U.V. spectra of the 0-acetylated and 0-deacetylated compounds. 

The e.s.r. spectra of 14-17, 16, and 19 were identical (see Fig. 1) and present 
the same characteristics as that of 4,4,5,5-tetramethyl-2-phenylimidazoline l-oxide, 
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Fig. 3. Hydrolysis of o-nitrophenyl fi-n-galactopyranoside (ONPG), 17, 18, and 19 by p-u-galacto- 
sidase from E_ culi. The hydrolysis was performed in a cuvcttc containing 20;~ substrate and 
0.1 mg/mL of P-u-galactosidase in 0.1~ Tris buffer tpH S.0) at 37”. The percentage of increase in 
absorption at wavelength of maximum hyperchromicity (see Fig . 3) on hydrolysis is plotted KS. time. 

Cdl 

Fig. 4. Reduction of 18 by dithiothreitol as indicated by decrense of spin label. The c.s.r. spectra 
of 20/w 18 in 0.1~ Tris buffer (pH 7.4) containing mxf dithiothreitol were rccordcd at: (a) t, 0 h; 
(.b) t, 5 h; (d t, 10 h; and (d) t, 24 h. A sample without dithiothreitol showed no signiticant dccrcase 
in the intensity of the e.s.r. spectrum during the same time. 
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TABLE I 

COXDITIONS OF REACl-ION AND PROPERTIES OF COMPOUXDS OBTAINED (510 AND 14-19) 

Compound Conditions of 
reacrion 

(s, mmoW 

- - 
Yield Formula Anal. 

(g. 70)” Calc. Found 

2 H N 2 H N 

2.3,4.6-Terra-O-acetyi b-D-galacto- 
pyranoside 

4-Formy!phenyl (6) I:10 
3: 5.3 

4-Formyl-2-nitrophenyl (5) 1.10 
4: 6.1 

4-(1.3-Dihydroxy+4.5,5-tetra- 
methylimidazolidin-2-yI)phenyl (9) 6: 5 

19: 1.9 
4-(1,3-Dihydroxy-4,4,5,5-tetramethyl- 
imidazolidin-2-yl)-2-nitrophenyl (8) 5: 3 

19: 1 
4-(4.4.5.5-Tetramerhylimidazolin- 
2-yl I-oxide)phenyl (15) 9: 3 

PbOzr 12.2 

(24.3) 9.4 (85) GIHxO,, 55.8 5.4 56.0 5.1 
(50) 
(24.3) 3.5 (29) CXH.‘~NOIX 50.7 4.7 2.8 50.8 5.0 3.0 

(50) 

(11) 3.5 (55) Cz;H~sN10,% 55.7 6.6 4.8 55.9 6.9 4.7 
(13) 

(6) 2.3 (62) GSHJSNJOLJ 51.7 5.9 6.7 

(7) 

(5.1) 1.9 (66) CzH35N-‘On 57.7 6.3 5.0 58.0 6.7 5.0 
(51) 

2-Nitro+(4.4.5.5-Tetramethyl- 
imidazolin-2-yl I-oxide)phenyl (14) 8: 1.5 (2.4) 1.2 (82) CzHuN3013 53.3 5.6 6.9 53.5 6.0 7.0 

PbO:: 5.74 (24) 

fl-D-Gaiactopyranoside 
4-(4.4.5.5-Telramethylimidazolin- 
2-yl I-oxide)phenyl (18) 15: I.5 (2.66) 0.97 (90) GeHa:NzO; 56.3 6.7 6.9 56.1 69 6.6 

4-(4.4,5,5-Tetramethylimidnzolin- 
2-yl I-oxide>phenyl (17) 14: 1 (1.64) 0.68 (95) CwHzoN,Os 51.8 6.0 9.5 52.0 6.2 9.3 

2,3,4,6-Tri-O-acetyI-B_q-fuco- 
pyranoside 

4-Formyl-2-nitrophenyl(7) 2:lO (18.3) 3.1 (25) C,~HXNOII 51.9 4.8 3.2 52.0 5.0 3.3 
4: 9.4 (56) 

4-(1.3~Dihydroxy-4.4,5,5-tetramethyl- 
imidazolidin-2-yl)-2-nitrophenyl (10) 7: 2.5 (5.7) 1.8 (56) CziHz,N30~z 52.7 6.2 7.4 

19: 1 (7) 
2-Nitro-4-(4,4.5,5-tetramethyl- 
idazolin-2-yI I-oxide)phenyl (16) 10: I (1.8) 0.7 (71) C~~H~“-N~OU 54.5 5.9 7.6 54.8 6.1 7-7 

$-D-Fucopyranoside 
PbO?: 4.3 (IS) 

2-Nitro4(4.4.5.5-tetramethyl- 
idazolin-2-yl I-oxide)phenyl (19) 16; 0.5 (0.91) 0.35 (91) CX~HRGN~OB 53.8 6.2 9.9 53.4 6.6 9.5 

o~ol in parentheses_ lPercent in parentheses. %iiica gel: 17:3 (A), 19: 1 (v/v) (B) chloroform-methanol; 
(C) chloroform; (D) paper chromatography, 7 : 1:t (v/v) 2-propanol-25 % ammonia-water. &Extinction coefficient (E) 
in parentheses. Abbreviations: sh. shoulder; max. maximum: and min, minimum. CPercent in parentheses. 
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RF= U.V. spectrum (nm, E)~ h’.n.m.r. spcctrmn (11) 

1.0(B) 
0.50(C) 
1.0(B) 
0.52(C) 

0.35(B) 
0.19(C) 

0.38(B) 
0.18(C) 

1 .O<B) 
0.06(C) 
0.42(D) 

1.0(B) 
0.06(C) 
0.41(D) 

0.3 I (A) 
0.01(B) 
0.86(D) 

0.33(A) 
O.Ol(E%, 
O&(D) 

1.0(B) 
0.53(C) 

0.40(B) 
o.zqc, 

0.62(B) 

0.67(A) 
0.05(B) 
0.93(D) 

MeOH: max 263 (16 250). min 230 (2 700). and CCL: 9.97 (1 H. CHO), 8.2 (2 Hi), and 7.5 (I H. Ph). 
max 213 (14400) and 2.2-2.0 (12 H, AC) 

MeOH: sh 300 (1 840). max 251 (10 700). and CDCls: 9.77 (1 H, CHO), 7.7 (2 H) and 7.0 (2 H. Ph), 

min 227 (8 6OO) 2.08 (3 H). and 1.9 (9 H, AC) 

MeOH: max 307 (3 070). min 283 (2 400). Me&O-Q: 7.4 (2 H) and 6.9 (2 H. Ph), 4.55 (1 H. 
max 254 (7 140). min 235 (4 760). and max 220 (9 400) -CH=).2.15-1.95(12H,Ac),and1.25-1_1(12H,Me) 

MeOH: max 460 (8OO), min 370 (200). sh 270 (7 9001, 
max 245 (22 500). and min 216 (7 300) 

MeOH: max 460 (800). min 375 (300). sh 300 (3 200). 
max 231 (21 500). and min 210 (12 ZOO) 

Hn_O: max 46O (600). min 365. sh 270 (8 400), 
max 245 (22 700). and 217 (6 750) 

H20: max 460 (750), min 375 (300). sh 300 (3 500). 
max 231 (21 OOO), and min 210 (12 500) 

MeOH: sh 300 (1 750). max 251 (10 900). 
and min 227 (8 400) 

CCL: 9.97 (1 H. CHO). 2.2-2-O (9 H. AC). and 
1.3 (3 H. Me) 

MeOH: max 460 (750). min 375 (300). sh 300 (4 OOO). 
max 231 (21 300). and min 207 (12 700) 

HrO: max 460 (800). min 375 (300). sh 300 (4 250). 
max 231 (21200). and min 207 (13 OOO) 
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thus confirrnin_p the structure of these compounds’“. The variations in the U.V. and 

visible spectra upon hydrolysis of the glycosides with 11 sodium hydroxide are shown 

in Fig. 2. Almost all compounds gave a substantial spectral change upon hydrolysis, 
which enables easy monitoring of enzymic reaction by glycosidases. 

When stored in the dark, 14-16 were exceptionally stable with respect to the 
u-v. and e_s_r_ spectra: and chromatographic behavior_ Upon reaction with sodium 
hydroxide, their zlycosidic bond was hydrolyzed, as indicated by the u-v. spectra 

(see Fig. 2). The difference in absorption upon hydrolysis resulting from the change 
in Z--T;* transition of the phenyl chromophore furnishes an easy assay for hydrolysis 

with glycosidases. Such chromophore groups are not present in some of the (2,2,6,6- 

tetramethylpiperid-4-yl l-oxide) /3-D-galactopyranosides previously synthesized’**“. 
Compounds 17-19 were tested as substrates for /2-D-gaiactosidase (see Fig. 3). The 
amount of hyperchromicity observed in the U.V. spectrum of 17 and 18 was equal 

to that obtained by hydrolysis with sodium hydroxide_ Compound 19 was not readily 
cleaved by the enzyme, which is in agreement with the observation that p-D-fUCO- 
pyranosides are not as good substrates as thecorresponding%D-galactopyranosides’”. 

The chemical stability of 17-19 in the presence of reducing agents, particularly 

sulfhydryl groups, which are normally present in buffers for enzyme assays, was also 
investigated_ As indicated by the e.s.r. spectra (Fig. 4), a substantial reduction of the 
.V-oxide spin-label was observed. when the concentration of sulfhydryl compounds 
\vas - 2 orders of magnitudes higher than that of the spin-label compound_ Similar 
results have been obtained for other N-oxides by h4orrisett and Drott”), and by 

GaKney”. Thus, high concentrations of sulthydryl groups should be avoided in 
biochemical reactions where spin-labeled /3-D-,oalactopyranosides are used. 

ESPERIXIESTAL 

Gerwl-rrl. - All chemicals used in the reactions were as purchased, without 
further purification_ D-FucoSe and D-galactose tvere obtained from Sigma Chemical 
Co.; St. Louis, MO 63 17s. 2.3-Dihydroxyamino-2,3_dimethylbutane, was prepared as 
described by Lamchen and Mittag3’. 3 _,3,4-Tri-O-acetyl-x-D-fucopyranosyl bromide 
and 2_3_4,6-tetra-O-ncetyl-z-o-gaJactopyranosyJ bromide were prepared as described 

by Lemieux”‘. /i-D-Galactosidase (EC 3.2.1.23) from E. coli was obtained from 
Worthington Biochemical Carp_, Freehold; NJ 077s and had a specific activity of 
90 U/mg U-v. and visible spectra were recorded with a Cat-y-14 spectrophotometer, 
n.m.r. data with a Varian A-60 continuous-wave spectrometer, and e.s.r_ spectra 
with a Varian E-3 spectrometer. Ail spectra were recorded at room temperature. The 
chemical analyses were performed by Gaibraith Laboratories, Inc., Knoxville, TN 
37821_ All compounds decomposed between 150 and 1 SO”, and were colored from deep 
yellow to orange; no optical rotation was determined. 

4-Form_dplwr1~~~ ckriwtiws 5-7. - A solution of 2,3,4,6-tetra-O-acetyk-v- 
galactopyranosyl (1) or 2,3,4-tri-O-acetal+D-fucopyranosyl bromide (2) in acetone 
was introduced dropwise into a solution of’ the appropriate benzaldehyde derivative (3 
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or 4) in hi sodium hydroxide (one mol. equiv.) and the mixture was stirred at room 
temperature (for 2, the reaction was carried out in suspension because ofpartial solubil- 
ity) for 4-S h. The acetone was evaporated i/z WCIIU, and the residue was extracted 
thrice with chloroform. The combined chloroform extracts were washed three times 
with 5% sodium hydroxide and then with water until neutral. After being dried 
(MgSO,), the solution was evaporated and the residue crystallized from 95 I;/, ethanol 
(see Table I). If it failed to crystallize, it was further purified on a preparative silica gel 
column in chloroform, the main u-v.-absorbing fractions being collected_ 

4- (I, 3-Dil~~~fro_~~-4,4,~,~-t~tt-att~~ti~~.Iit~~i~i~~ofi~~it~-~-~~~~pltett~~ p- D-gaktctopy- 

rntzosides (S-10). - A solution of the appropriate compound 5-7 in benzene was 
mixed with an equimol. amount of 2,3-di(hydroxyamino)-2,3-dimethylbutane in 
benzene and the mixture was kept at room temperature_ The reaction course was 
followed by t.1.c. in silica gel (19 : I (v/v) chloroform-methanol). The new compounds 
formed migrated slower than the corresponding starting material_ After 24 h, when 
the reaction was nearly completed, the reaction mixture was evaporated in WC’UO, 
and the residue usually directly crystallized from methanol or purified by preparative 
silica gel chromatography prior to crystallization (see Table r). 

N-Osiries 17-19.-A solution of the appropriate compound S-10 in benzene 
was oxidized to the corresponding di-N-oxides with an excess of lead(W) dioside. 

The reaction mixture became violet immediately, and then turned to bro\vn and 
finally to orange. T.1.c. of the reaction mixture initially showed a dark-red compound, 

which appeared to be unstable, and gave an orange compound when the suspension 

was stirred for 3-4 h at room temperature. The suspension was filtered, and the 
filtrate evaporated to dryness. The residue was crystallized from ethanol and gave the 

corresponding 0-acetyl derivatives of the imino N-oxides 14-16 (see Table I). O- 

Deacetylation of 14-16 was achieved without loss of the N-oxide residue by dissolving 
the compound in methanol, half-saturatin g with ammonia, and keeping the solution 

for 12-15 h at 4”. After evaporation, the residue was dissolved in methanol, purified 
by preparative silica gel chromatography, and lyophylized from water to yield the 
N-oxides 17-19, as orange to red powders (see Table I). 
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