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ABSTR+CT 

Ethoxyfotmylation with diethyl pyrocarbonate of N I.5 His residues per molecule of enzyme 
reduced the cyclising activity of both the a-cyclodextrin glycosyltransferase from Kiebsielk pneumoniae 
strain M 5 al and the j?-cyclodextrin glycosyltransferase from BaciZlus circulars strain 8 by ~90%. 
Pre-incubation with substrate protected the enzymes from ethoxyformylation. Digestion of starch by the 
modified enzymes resulted in a delayed formation of cyclodextrins (cyclomalto-oligosaccharides, CDs), but 
a marked increase in the production of reducing saccharides. Similarly, coupling of aCD and maltose and 
successive disproportionation yielded mainly glucose and malto-oligosaccharides. The results are discussed 

in the context of the role of conserved His residues for binding of substrate and the transfer reactions. 

INTRODUCTION 

Comparison of the primary structures of cyclodextrin glycosyltransferases 
{(1+4)-a-D-glucan[( 1+4)-cr-D-glucopyranosylltransferase (cyclising), EC 2.4.1.19; 
CGTase} with those of alpha-amylases {( l-4)-a-D-glucan[glucano]hydrolase, EC 
3.2.1.1) revealed similarities in sequence at least for four conserved regions, including 
the catalytically active amino acid residues and the residues responsible for the binding 
of substrate and calcium of the alpha-amylases’. The three-dimensional structure of the 
/I-CGTase from Bacillus circuluns strain 8 (Bc-#I-CGTase) has been elucidated2 at a 
resolution of 3.4 A. The chain fold has been subdivided into five domains that could be 
considered as an alpha-amylase fold’s4 with two additional domains. 

The mechanism of the reversible (l-4)-ol-b-glucopyranosyltransfer reactions is 
still not clear. The C-terminal regions show high homology between all CGTases and 
have been supposed to be involved in catalysis and in the binding of substrate’. 
However, deletion of the 90 C-terminal residues of the a-CGTase from Klebsiella 

pneumoniue strain M 5 al (Kp-a-CGTase) did not alter the catalytic properties6. 
Essentially, the differences between alpha-amylases and CGTases might be restricted to 
the N-terminal domains. 

Before starting genetic engineering experiments, the role of functional amino acid 
residues for the transfer reactions was investigated by selective chemical modification. 
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Modification of CGTases with N-bromosuccinimide revealed that tryptophan 

residues participate in the binding of the substrate, but only slightly in catalysis’. 

Histidine (His) residues of alpha-amylases3 also contribute to binding of substrate and 
His-122 (region l), His-210 (region 2), and His-296 (region 4) are subsites of Taka- 
amylase A. The CGTases contain conserved His residues in corresponding positions. 

Diethyl pyrocarbonate (ethoxyformic anhydride) selectively ethoxyformylates 
His residues in proteinss-‘3, and the effect of ethoxyformylation of Kp-c+CGTase and 

Bc-/I-CGTase on the cyclisation reaction is now reported. 

EXPERIMENTAL 

Enzymes. - Crude Kp-c&GTase was kindly provided by Dr. G. Schmid (Con- 

sortium fur Elektrochemische Industrie, Munich). Recombinant Bc-P-CGTase was 
isolated’ from the clone Escherichiu cob pBC22. The enzymes were purified by affinity 
chromatographyzV6 on /I-CD-Sepharose 6B. Sodium dodecylsulfate-polyacrylamide gel 

electrophoresis revealed one protein band for each enzyme preparation. 
Substrates. - Soluble starch was obtained from Merck, and malto-octaose (G,) 

was prepared as described”. 
Modz$cation of the enzymes. - 0.15-0.4mM Solutions of the CGTases in 20mM 

Tris-HCl buffer (pH 7.0), which contained 3mM CaCl, and 0.46.0mM diethyl pyrocar- 
bonate (Serva, 0.3~ in dry ethanol), were incubated for 1 hat 25”. Reaction with the His 

residues resulted9s’0 in a change in the U.V. spectra at 240 nm, from the intensity of which 
the number of His residues ethoxyformylated was estimated, using an absorption 
coefficient’ of 3.2 x lo3 L.moll’.cm-‘. In parallel, the enzymes were each pre-incubated 
(4”, 5 min) with aqueous 1.5% soluble starch, before treatment with diethyl pyrocarbo- 
nate. 

Analytical methods. - Total carbohydrate was determined with the anthrone 
reagent14, reducing end-groups with the Nelson reagent15, and protein by the biuret 
method16. 

The initial rates of cyclisation were followed by an optical assay6 using G, 
(0.07-5.0mM) and soluble starch (0.08-l .7 g/L) as the substrates, The specific activity is 
expressed as kat.kg-’ of protein, and the molar catalytic activity V/[E,], where V and 
[E,] are the maximum velocity of cyclisation and the molar concentration of the enzyme, 
respectively, as kat.moll *. The Michaelis constants K,,, and V were determined” from 
double reciprocal l/v, VS. l/[S] plots, where v, and [S] are the initial rate of cyclisation 
and the concentration of substrate, respectively. 

H&c. - 3% Gelled potato starch in 1OmM sodium phosphate buffer (pH 6.8) 
was incubated (30”) with the CGTases (cyclising activity 0.8-2.8 pkat/g of starch). 
Aliquots of the digests were withdrawn at intervals, the high-molecular-weight products 
were precipitated by the addition of methanol to 60%, and the supernatant solutions 
were concentrated to their original volumes and analysed6s” by h.p.1.c. For the analysis 
of the linear products, the CDs were removed as their complexes with cyclohexane or 
bromobenzene. 
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The coupling reaction was followed by incubation (30”) of 3Om~ a-CD and 9mM 

maltose in 1 OmM sodium phosphate buffer (pH 6.8) together with the CGTases (cyclis- 

ing activity 0.08-0.28 pkat/mmol of substrate). Aliquots of the digests were withdrawn 
at intervals, and analysed by h.p.1.c. 

Amino acid analysis. - Tyr and His residues of the native and ethoxyformylated 
CGTases were determined essentially as described”. 

RESULTS AND DISCUSSION 

Ethoxyformylation of hr 1.5 His residues per molecule of enzyme, obtained at 

molar ratios of diethyl pyrocarbonate to enzyme of 11.2:l (Kp-a-CGTase) and 20:1 
(Bc-p-CGTase), resulted in a > 90% loss of cyclising activity (Fig. 1, curves I). Complete 

inhibition occurred at molar ratios of diethyl pyrocarbonate to enzyme of > 20: 1, but 
cleavage of imidazole rings and ethoxyformylation of Tyr residues could not be 
excluded. However, as judged from the absorption spectra (Table I) and amino acid 

analysis (Table II) of native and modified proteins, the His residues were ethoxyformyl- 
ated exclusively at the lower molar ratios. 

Pre-incubation with aqueous 1.5% soluble starch protected the CGTases effi- 

I I 

/ 
Y 

-4 

I I I I 

5 10 15 2c 
Diethyl pyrocarbonate:enzyme (mollmol) 

Fig. 1. Effect of ethoxyformylation of the His residues of Kp-a-CGTase (A) and Bc-B-CGTase (B) on the 
rates of cyclisation (curves I). The initial cyclisation was followed by an optical assay. The concentrations of 
enzyme were 0.7-3.5 (Kp-a-CGTase) and 1.6-7.3 pg/mL (Bc-B-CGTase), the concentrations of substrate 
were 1 g/L (soluble starch) and 0.76mM (G,). The 100% activities ofKp-a-CGTase were 3.35 (soluble starch) 
and 3.3 kat.kg-’ of protein (G,), and of Bc-/3-CGTase 1.03 (soluble starch) and 1.0 kat.kg-’ of protein (G,). 
The decrease in activity determined with soluble starch and G, was of the same order. Curves II, the enzymes 
were pre-incubated (4”, 5 min) with aqueous 1.5% soluble starch. 
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TABLE II 

Amino acid analysis of native and ethoxyformylated Kp-a-CGTase (Kp) and Bc-B-CGTase (Bc) 

Amino acid Residues Per molecule 

Native Mod$ed From sequence” 

KP Bc KP BC KP BC 

TY~ 28.4 32.1 28.6 32.3 28 32 
His 10.4 12.2 9.1 11.1 10 12 

’ Modification with 15-fold (Kp-a-CGTase) and 20-fold (Bc-b-CGTase) excess of diethyl pyrocarbonate 
over protein. b Refs. 1 and 20. 

1 2 3h 
(300) 

t 
G 123L56 7 8 9 10 11 

cG 6 - Time 

.__--- - _ 
lZ345b78Y IO 11 12 13 

6 - Time 

Fig. 2. H.p.1.c. of the linear products (5OpL of each digest injected) from 3% starch digested (30”, 3 h) with 
native (A) and ethoxyformylated (B) Kp-a-CGTase. Cyclising activities of 2.4 (native) and 0.8 pkat 
(modified) enzyme per g of starch were employed. Before analysis of the linear products, the CDs were 
removed as their complexes with cyclohexane or bromobenzene. Since the solubility of the a-CD-cyclohex- 
ane complex is I .5 g/L (20”). some of it remained in the fraction of the saccharides, and was eluted near to 
maltotetraose. G,, malto-oligosaccharide; cG,, CD with n glucose residues. For preparation of the digests 
and their analysis, see Experimental. Inserts: time-dependent increase in CDs (t. % of total carbohydrate) 
and glucose equiv. (g.e., -o--). 
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Abat& (30q) 
3h 

Fig. 3. Time-dependent increase in CDs (t, % of total carbohydrate) and glucose equiv. (g.e., u) by 
digestion (30”) of 3% starch with native (-) and ethoxyformylated (--) Bc-p-CGTase. Cyclising activities of 
2.8 (native) and 0.9 ,ukat (modified enzyme) per g of starch were employed. For preparation ofthe digests and 
their analysis, see Experimental. 

ciently from reaction with diethyl pyrocarbonate (Fig. 1, curves II) and - 70% of the 

activity was retained even at the highest molar ratios of diethyl pyrocarbonate to 
enzyme employed, indicating a tight binding of the substrate to the essential His 
residues. Ethoxyformylation of the CGTases caused a decrease in the affinity for the 
substrates (Table III). 

Digestion of starch with the modified enzymes (15fold excess of diethyl pyrocar- 
bonate over protein) resulted in a delayed formation of CDs but a marked enhancement 

of the production of reducing saccharides (Figs. 2 and 3; except for the ratios of CDs, 
Bc$-CGTase behaved similarly; h.p.1.c. data not reported). Likewise, coupling as- 
says 18*22revealed that incubation of clCD and maltose with Kp-c+CGTase for 3 h yielded 

70% of total carbohydrate as CDs (a$,kratios 1:1.3:0.21) and 30% of malto-oligo- 
saccharides (Fig. 4A), whereas coupling and disproportionation with the ethoxyformyl- 
ated CGTase yielded mainly glucose and malto-oligosaccharides, but only 24% of CDs 
(mainly aCD) [Fig. 4B; the Bc+CGTase showed similar behaviour (data not report- 

ed)]. Thus, the modified CGTases had lost most of the cyclising activity but retained the 
ability to form linear products. From the profile of the products, an altered dis- 
proportionation behaviour rather than hydrolysis occurred. 

Therefore, His residues are involved in the cyclisation reaction. Kp-a-CGTase 
and Bc-fi-CGTase contain 10 and 12 His residues, respectively, most of which are 
situated in the N-terminal regions. Of the His residues, 7 are conserved in CGTases, 5 in 
CGTases and Taka-amylase A (Table IV; italicised numbers), and 3 are subsites of the 
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G l23L567 8 9 10 11 12 1234567 8 9 10 11 12 

cG 670 - Time 678 - Time 

I I I II 
1 2 3h 

Fig. 4. H.p.1.c. of the products (20 ,uL of each digest injected) from coupling and disproportionation (30”, 3 
h) of 30 mM aCD and 9mr.r maltose with native (A) and ethoxyformylated (B) Kp-a-CGTase and (inserts) 
time-dependent decrease in substrate (-a-, % of total carbohydrate) and increase in glucose equiv. (g.e., 
4). Cyclising activities of 0.24 (native) and 0.08 pkat (modified) enzyme per mmol of substrate were 
employed. G, and CG,, malto-oligosaccharides and CDs with n glucose residues, respectively. The arrows in 
B indicate /ED and $D. For preparation of the digests and analysis, see Experimental. 

TABLE IV 

Position of His residues in Bc-B-CGTase” and Kp-a-CGTase6, compared to those in Taka-amylase A (TAA) 

Region 

1 

Be-p-CGTase 

9lY 

126 
I40 
I76 
177 

202 
233 
249 
327 

502 
630 
667 

Kp-a-CGTase 

91 
104 
119 
135 
169 
170 
186 

227 

332 

390 

TAA 

108 
122 
147 

210 

296 
334 

’ 684 Residues (ref. 1). b 625 Residues (ref. 20). ’ 478 Residues (ref. 23). “The numbers in italics indicate the 
residues conserved. 
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amylase (regions 1,2, and 4), and presumedly also of the CGTases, because of their 

conserved positions. Thus, the refinement of the Bc-/3-CGTase structure revealed that 
His-327 is situated’ at the active site opposite to the putative catalytic site Asp-229. Since 

the catalytic sites are supposed6 to be situated between subsites 3 and 4 (Kp-a-CGTase) 
and 2 and 3 (Bc$-CGTase), respectively, His-332 of Kp-a-CGTase and His-327 of 
Bc+CGTase should function as one of these subsites. Accordingly, the loss of binding 

affinity caused by ethoxyformation of these His residues may result in an altered binding 
mode of substrate that is not suited for cyclisation, but allows disproportionation to 

yield glucose, maltose, and maltotriose as the main products. 
It is noteworthy that 2 His residues are found in a characteristic stretch of the 

CGTases, that is only partly conserved in Taka-amylase A: 
Kp-a-CGTase 166-Gly-Trp-Tyr-His-His-Asn-Gly-Gly- 
Bc+CGTase 174-Gly-Tyr-Phe-His-His-Asn-Gly-Gly- 

Taka-amylase A 144-Asp-Tyr-Phe-His-Pro-Phe-Cys-Phe- 
The position of His-177 and His-l 78 near the active site of Bc-j?-CGTase suggests 

that they could be important for catalysis. 
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