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ABSTRACT

The actions of the wildtype and a truncated a-cyclodextrin glycosyltransferase from Klebsiella
pneumoniae strain M S al on malto-oligosaccharides showed no significant differences, and there was marked
dependence of the kinetic parameters on the chain lengths of the substrate. The action of the §-cyclodextrin
glycosyltransferase from Bacillus circulans was less dependent on the chain length of the substrate, but ¥,

max

of the initial cyclisation with the longer malto-oligosaccharides was only 28% of that determined for the
enzyme of K. pneumoniae. The rate parameters suggested that the active site of each enzyme spans nine
glucosyl residues, and that the catalytic sites are situated between subsites three and four for the K.
pneumoniae enzymes and between subsites two and three for the B. circulans enzyme. The molecular binding
affinities and the affinities of the 9th subsite were calculated from the rate parameters. The primary and
tertiary structures of alpha-amylases and cyclodextrin glycosyltransferases are compared in the context of
the reaction mechanism of the latter enzymes.

INTRODUCTION

Because of the technological importance of cyclodextrins (CDs, cyclomalto-
oligosaccharides) as clathrate-forming compounds, the cyclodextrin glycosyltrans-
ferases {(1—-4)-a-D-glucan[(1 »4)-a-D-glucopyranosyljtransferase (cyclising), EC
2.4.1.19; CGTase} are of special interest. Some 14 bacterial species'? are known to
produce a, B, and y-CGTase. At least 10 CGTase genes have been cloned®'?, and the
sequences of the amino acids of the encoded polypeptides have been elucidated at the
DNA level. The CGTases of the bacilli are homologous, with 50-70% of the amino
acids identical, whereas the a-CGTase of Klebsiella pneumoniae strain M 5 al (Kp-o-
CGTase) showed only ~30% homology with the enzymes of bacilli. Similarities in
sequence between alpha-amylases {(1—4)-a-D-glucan(glucano]hydrolase, EC 3.2.1.1}
and CGTases were found for at least four conserved regions, including the catalytically
active amino acid residues of the alpha-amylases. The three-dimensional structure of
the B-CGTase from Bacillus circulans strain 8 (Bc-f-CGTase) has been elucidated'' at a
resolution of 3.4 A. The NH,-terminal domains resemble closely the two known
structures of alpha-amylases'>",
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X-Ray diffraction analyses of the alpha-amylases'>" and lysozyme' revealed that
each active site forms a depression at the surface of the protein molecule, which is
capable of accommodating 5-10 residues of the substrate, and may be regarded as
consisting of the corresponding number of subsites. Each subsite interacts specifically
with a substrate residue through hydrogen bonds, van der Waals forces, and hydro-
phobic interactions'>'6. The catalytic site is situated between two of the subsites and the
location depends on the type of enzyme. The interaction of the substrate with the
subsites and the location of the catalytic site could be established by kinetic studies'™2'.

Some kinetic studies of the Kp-a-CGTase with malto-oligosaccharides up to Gq
and maltodextrin (average d.p. 19) have been performed®. Since both the affinity for the
substrate and the maximum velocity of cyclisation were not higher for the maltodextrin,
the active site was supposed to involve eight subsites, with the catalytic site situated
between subsites two and three. Comparative kinetic studies are now reported for the
cyclisation reactions mediated by the wildtype and a truncated Kp-a-CGTase and
Bc-B-CGTase with malto-oligosaccharides (G,) up to G, as substrates.

EXPERIMENTAL

Enzymes. — Crude wildtype Kp-a-CGTase and the clone Escherichia coli DS 410
were kindly provided by Dr. G. Schmid (Consortium fiir Elektrochemische Industrie,
Munich). E. coli DS 410 contains and expresses the plasmid-encoded Kp-a-CGTase
gene that was shortened by a DNA stretch coding for the 90 COOH-terminal amino
acid residues®. The clone was cultivated (10-L scale) in an ampicillin-LB-medium (0.8 %
of lactose) for 24 h at 35° and the CGTase was isolated from the homogenised cells
(Laboratory Homogenizer, Manton—Gaulin, The Netherlands).
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Fig. 1. SDS-PAGE of the wildtype (1) and truncated (2) Kp-a-CGTases and the Bc-f-CGTase (3); 5 and 10
ug of protein were subjected to electrophoresis on 12% gels at 80 mV and 20 mA for 2.5 h. The gels were
stained with Coomassie Brilliant Blue: X, bovine serum albumin (M, 68 000), albumin from chicken egg
(43000), carboanhydrase B (28 000), and myoglobin from horse (17 000).
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The Bc--CGTase gene was isolated from a genomic library and mapped ona 3.4
kb fragment, that was cloned into the plasmid pTZ 18R, transformed, and expressed in
E. coli JM 103 to yield* the clone pBC 22. The recombinant f-CGTase was isolated
from homogenised cells of the clone pBC 22 that were grown (10-L scale) in an
ampicillin-LB-medium for 26 h at 35°.

The crude homogenates were centrifuged (20000 r.p.m., 1 h) and the CGTases
were isolated from the supernatant solutions by affinity chromatography onto SCD
covalently bound to Sepharose 6B (Pharmacia)'.

Samples (5-8 ug) of protein were analysed by sodium dodecyl sulfate/polyacryla-
mide gel electrophoresis (SDS-PAGE). One protein band was revealed for each enzyme
preparation (Fig. 1). The M, of the CGTases, determined from the plots M, (marker
proteins) vs. —log R,, were 68 500+ 600 (wildtype Kp-a-CGTase), 59 800 1400 (trun-
cated Kp-2-CGTase), and 74 000 + 500 (Bc-f-CGTase). The small errors reflect slight
fluctuation of the R, values.

The sequence of the amino acids of the wildtype Kp-2-CGTase has been elucidat-
ed ona DNA base’. The polypeptide contains 625 residues, corresponding to M, 69 000.
The truncated Kp-a-CGTase contains 535 residues, corresponding to M, ~60000.
DNA sequencing yielded 684 residues for the recombinant Be-f-CGTase, correspond-
ing to M, 74 416. Accordingly, the M, values revealed by SDS-PAGE agreed well with
those derived from DNA sequencing of the CGTase genes.

The recombinant Bc-8-CGTase showed the same specific activity, and the same
pattern on SDS-PAGE and isoelectric focusing, as the extracellular enzyme of the
parent bacillus. In order to ensure the predicted COOH-terminus (-Ser-lle-Asn-Phe-
Thr-COOH) of the truncated Kp-x-CGTase, the protein was digested with carboxypep-
tidase Y (peptidyl-L-amino acid hydrolase, EC 3.4.16.1)*. Analysis of the amino acids
released yielded (mol%) Thr, Asn, Ser [one peak] (36.0), Phe (17.3), Ile (11.2), Gly (9.2),
Ala (9.1), Leu (5.9), Val (5.9), and Tyr (5.4). As the sequence of the amino acids of the
CGTase excluded any other interpretation for a polypeptide with M, ~ 60000, Thr-534
should be the COOH-terminal residue of the truncated enzyme, and some of the amino
acids detected might have resulted from the action of endopeptidase impurities in the
carboxypeptidase.

Substrates. — G, and G, were commercial materials (Boehringer), GG, were
prepared from cyclomaltohexaose (¢CD), cyclomaltoheptaose (8CD), and cyclomalto-
octaose (yCD), respectively, by hydrolysis (98°) with M maleic acid®®, and G~G,; were
prepared”’ from digests of aCD and maltose with the wildtype Kp-a-CGTase.

Dry samples (1 g) of carbohydrate were acetylated® in 1:1 pyridine-acetic an-
hydride (80 mL) for 90 min at 100°. A solution of each acetylated saccharide (150 mg) in
acetonitrile (2 mL) was subjected to preparative reverse-phase h.p.l.c. onacolumn (3.2x
25 cm) of C,;-Nucleosil (Knauer), using acetonitrile-water (63:37) at 9 mL/min (800
p.s.i., 60°) with refractometric detection. Each saccharide fraction was re-chroma-
tographed, using the same conditions, and then O-deacetylated with 0.1m KOH in 3:1
methanol-toluene at room temperature for 1 h. Each mixture was neutralised with
acetic acid, and the precipitate was collected by centrifugation, washed twice with



260 H. BENDER

aqueous 96% ethanol, and vacuum-dried. The resulting malto-oligosaccharides were
>96% pure (h.p.l.c.).

Analytical methods. — Total carbohydrate was determined with the anthrone
reagent”, reducing end groups with the Nelson reagent®, and protein by the biuret
method™.

The initial rates of cyclisation were followed by an optical assay*>*, 0.07-5.0mm
Solutions (3 mL) of substrate in 10mm Tris—-HCI buffer (pH 6.8) that contained 3mm
CaCl, and 46um Methyl Orange were incubated with 1.0-10.0 ug of each CGTase at 30°.
The decrease in absorbance at 510 nm, caused by complexing of the dye with the CD
produced, was calibrated with free and CD-complexed Methyl Orange. The enzymic
activity is expressed as katals (mol of CD/s), and the molar catalytic activity (V/[E_]) as
kat.mol ™' of enzyme, where ¥ and [E_] are the maximum velocity of cyclisation and the
molar concentration of enzyme, respectively. The Michaelis constants (K,)) and V were
determined* from double reciprocal 1/v, vs. 1/[S] plots, where v, and [S] are the initial
rates of cyclisation and the concentration of substrate, respectively.

Subsite analysis. — The molecular binding affinities were calculated'® according
to equation 1,

—4G, = RT(In K, ) + 4G, ¢))
where K, . (= 1/K_) is the association constant of n-mer substrate for productive
complex formation (EG, ), R and T are the gas constant and the absolute temperature,
respectively, and — 4G, (= 10.04 kJ.mol ") is the contribution of the mixing entropy
in water®.

K, , was calculated according to equation 2,

Koy = | (VIED/K/ K @
where k,, is the true rate constant, assumed to be constant irrespective of the length of
substrate, and the observed n-dependence of V/[E,] arises from the multiplicity of the
binding modes of substrate!®.

Individual subsite affinities (A) were calculate according to equation 3,

—Apiny = RTn K, —In K, ], 3
where K, ,,and —A,, ., are the association constant of the n+ 1-mer substrate and
the affinity of the n+ 1th subsite, respectively.

Short-term digests. — These digests involved incubation for 1 min of 1.5mm
solutions (1 mL) of G4—G, in 10mM sodium phosphate buffer severally with 2 ug/mL of
wildtype and mutant Kp-2-CGTase and 3 ug/mL of Bc--CGTase at pH 6.8 and 30°.
Each enzyme was inactivated by boiling (5 min), and each digest was concentrated to
1/10 volume. An aliquot (20 L) of each concentrate was subjected to analytical h.p.l.c.
on a column (3.9 x 300 mm) of xz-Bondapak-NH, (Waters), using acetonitrile—water
(65:35) at 1.5 mL/min (1200 p.s.i., 30°) and refractometric detection. The carbohydrate
content of the peaks was calculated by planimetry and calibrated using pure malto-
oligosaccharides™.

mix

dlS,]9,22
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The values of K, and V/[E ] obtained for cyclisation by the wildtype and the
truncated Kp-a-CGTase and the Bc-f-CGTase with the malto-oligosaccharides em-
ployed are summarised in Table 1. Plots of log 1/K,, log (V/[E,]), and log [(V/[E )/ K.l
indicated the dependence of the rate parameters on the chain length of the substrate
(Fig. 2). The wildtype Kp-a-CGTase showed, on average, 1.2 times higher rates of

TABLE I

Rate parameters of cyclisation by the wildtype (Kp,,) and the truncated (Kp,,) x-CGTase of K. pneumoniae
and the f-CGTase (Bc) of B. circulans at pH 6.8 and 30°** with malto-oligosaccharides

Substrate K, (Mx 107 V/IE] (kat. mol™")

(G) Bc Kp, Kp, Be Kp, Kp,

4 8 (£0.3) 43 (£0.6) 45 (+06) 42 (+£1.8) 22 (+1.5 18 (+0.8)
5 6 (£0.2) 25 (+£04) 27 (£0.8) 61 (£1.5) 46 (£0.7) 38 (£12)
6 4 (£04) 16 (£0.5) 17 (£0.3) 72 (£1.8) 68 (+£0.9) 55 (%1.2)
7 3 (£0.2) 8 (+0.3) 9 (£04) 74 (+£09) 92 (£1.6) 76 (+2.1)
8 2 (+£03) 25 (+02) 2.8 (+0.18) 77 (+1.3) 239 (£1.2) 200 (+1.7)
9 1.1 (£0.06) 1.4 (£0.1) 1.6 (+£0.08) 80 (£22) 287 (£1.9) 240 (+1.6)
10 LI (£0.1) 14 (£0.12) 1.6 (£0.1) 80 (£1.6) 287 (+2.1) 240 (+2.1)
11 1.1 (£0.08) 1.4 (+£0.06) 1.6 (£0.08) 80 (+2.1) 287 (+1.6) 240 (+24)
12 1.1 (£0.09) 14 (£0.1) 1.6 (£0.1) 80 (£1.9) 287 (£12) 240 (+1.8)
13 1.1 (+£0.06) 1.4 (+0.08 1.6 (+£0.09) 80 (+1.6) 287 (+2.0) 240 (+1.5)

¢ Initial cyclisation was followed in 10mM Tris—-HCl buffer (3mm CaCl,), using an optical assay (see
Experimental). The rate parameters were determined from double reciprocal 1/v, vs. 1/[S] plots. ® The
standard deviations were listed in brackets®’.
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Fig. 2. Dependence of the rate parameters experimentally obtained for the initital cyclisation on the chain
length of the substrate: @ and x, wildtype and truncated K p-2-CGTases, respectively; o, Bc--CGTase; A, log
1/K; B, log (V/[E D; C, logl(V/[E.])/K,|. Line in A, values calculated for the Bc-#-CGTase according to
equation 3.
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cyclisation and 1.04-1.14 times higher affinities for the substrates than the truncated
enzyme, i.e., the differences are negligible. Each CGTase exhibited marked dependence
of V,,, and K on the chain length of the substrate. The maximum velocity of cyclisation
occurred with G,, but the plots showed a marked break between G, and G;. The rate
parameters determined for the Bc-8-CGTase were less dependent on the chain length of
the substrate and there was a pronounced affinity even for the shorter substrates.
However, the V. of cyclisation with G, was only 28% of that for the Kp-enzymes.

max

There was a marked break between G; and G, in the plots of log 1/K_ and log
((VIED/K,.

Further information was obtained by h.p.l.c. of short-term digests (Table II). The
typical «CD, CD, and yCD ratios for digests of potato starch with B¢-g-CGTase were
1:7.3:1.8. However, digestion of G, yielded aCD as the main cyclic product, indicating

TABLEII

Cyclic and linear products of short-term digests of G,~G,, with the Be-f-CGTase”

Substrate CDs (umol/L) Molar ratio  Linear products (umol/L) Molar ratio
o B y G, G, G, G, G; G, CD|GsG,

Potato starch® 39 281 69 1:7.2:1.8 - - - - - - =

G, 154 125 78 1:0.8.0.5 150 50 42 38 30 8 112

G, 77 230 78 1:3.0:1.0 150 51 40 30 30 15 1.22

Gy, 59 264 60 1:45:1.0 145 60 45 36 34 15 1.14

G, 51 268 64 1:53:1.3 138 58 S0 45 42 12 1.11

G, 50 273 82 1:55:1.6 131 43 45 50 60 20 1.16

G, 50 283 91 1:57:1.8 140 40 50 50 56 20 1.19

“1.5mM Substrate in 10mM sodium phosphate buffer (1 mL) was incubated with 3 ug/mL of CGTase at pH
6.8 for 1 min at 30°% ~ 34% of the substrate reacted. * The concentration of potato starch was 10 g/L.

TABLE III

Cyclic and linear products of short-term digests of G;—G,; with the truncated Kp-a-CGTase”

Substrate CDs (umol/L) Molar ratio  Linear products (umol/L) Molar ratio
o B 7 G, G, G, G5 Gy G, CD|G~G,)

Potato starch® 380 20 15 1:0.050.04 - T

G, 380 12 8 1:0.03:002 290" 50 8 42 - - 1.02

G, 39 25 18 1:0.06:0.05 110 190 6 10 9 20 1.26

Gy, 392 28 22 1:.0.07:0.06 80 75 180 10 8 6 1.23

Gy, 390 30 40 1:.0.08:0.1 90 80 30 185 10 7 1.24

G, 39 30 40 1:0.08:0.1 100 73 10 12 175 8 1.22

Gy, 395 32 42 1:0.08:0.1 110 60 8 10 15 180 1.22

“1.5mM Substrate in 10mM sodium phosphate buffer (1 mL) was incubated with 2 ug/mL of CGTase at pH
6.8 for 1 min at 30°; ~37% of the substrate reacted. * The concentration of potato starch was 10 g/L. * The
numbers in italics are the concentrations of the products of the reaction G,»G,,_g + aCD.
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the influence of the chain length of the substrate on the size of the macrocycle produced.
The amounts of SCD relative to the other CDs increased with increase in chain length.
The main linear product was maltose and only traces of glucose were detected. The main
cyclic product of Kp-2-CGTase was aCD (Table III; the wildtype enzyme showed
similar behaviour; data not reported). Depending on the chain length of the substrate,
marked amounts of the linear products of the reaction G,—»G,,_, + «CD were found
(Table H1, italicised numbers). For example, G; yielded mainly maltose and «CD. Since
equimolar concentrations should be formed, the differences observed might be caused
by disproportionation, whereby the longer chains formed were not detected by h.p.l.c.
Glucose was a minor product of the short-term digests.

Theincreasein V/[E ] and 1/K_ up to G, observed for the wildtype and truncated
Kp-a-CGTase pointed to a length of the active site of 9 glucose residues. As judged from
the main initial products revealed by h.p.l.c., the part of the active site to the right of the
catalytic site in Schemes 1 and 2 should be 6 subsites in length, i.e., the catalytic site is
likely to be situated between subsites 3 and 4, numbered from the reducing end (&) of
the substrate. Since only small amounts of G; and G, were formed from G initially (see
Table III), G, (which is the smallest substrate that is cyclised directly??) should bind to
subsites 2-9 preferentially (Scheme 1). The larger amounts of maltose that were detected
in each digest do not conflict with a catalytic site situated between subsites 3 and 4.
Maltose is a poor substrate for the CGTases™ and will accumulate if the binding mode
of substrate is that supposed for G;.

EG;,.)

Z-0-0-0-0-0-0-0 a,j =2(EGy);b,j=1(
= 2(EG,,)

&-0-0-0-0-0-0-0 a,j=3(EGy ) b,j
1 21314 5 6 7 8 9 (subsites)
b a

Scheme 1. Binding modes (j} of G; at the active site of CGTases: a and b are the putative positions of the
catalytic sites of the Kp- and Bc-CGTases, respectively, and ¢ is the reducing residue of Gg; p and q are the
enzyme-substrate complexes productive and nonproductive for cyclisation.

The rate parameters determined for Be-f-CGTase also indicated the length of the
active site to be 9 glucose residues. The marked amount of «CD and maltose produced
from Gy indicated that direct cyclisation occurred. Because of the high rate of dis-
proportionation relative to that of cyclisation, the location of the catalytic site could not
be derived from the h.p.l.c. data. Since maltose was the main linear product, the
catalytic site might be situated between subsites 2 and 3.

Accordingly, the differences between «- and f-CGTases could arise from the
location of the catalytic sites. However, the active sites are not specific for one ring size
of the macrocyclic product, as shown by the slow formation of CDs other than those
produced initially, depending on the type of enzyme.

Assuming that the equilibrium

E + G, K EG,,(n = 9)

is established rapidly, then the molecular binding affinities can be obtained from
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TABLE IV

Kinetic and thermodynamic parameters of enzyme-substrate complexes productive for cyclisation from
malto-oligosaccharides

Substrate  k, (x 107" k./K,, K,,(x 1% — A, (kJ.mol™ ')
B Kp, Kp! B Kp, Kp, Bc Kp, Kp, Bc Kp, Kp,

G, 139 147 - 31.6 92 - 253 263 - - - -

G; 134 109 - 44.7 136 - 3.57 389 - 0.90 — -

G, 130 42 50 565 168 179 452 4.80 425 060 — -

G, 12.5 35 42 113.6 250 263 9.09 7.14 6.25 1.76 1.0 0.97

“ 1)(V/[E]]), s.-mol~". * Calculated according to equation 2 where k;;, = k. (G,). ¢ Calculated according to
equation 3, A, affinity of the i subsite.  Bc-f-CGTase. ¢/ Wildtype and truncated Kp-a-CGTases.

equation /. The values of —A4G, were —32.9 (Bc-f-CGTase), —32.3 (wildtype Kp-a-
CGTase), and — 32.0kJ.mol ' (truncated Kp-2-CGTase). These values are comparable
to that obtained for an alkalophilic Bacillus sp.*®.

If G, is a substrate for direct cyclisation, the affinities of the 9th subsites can be
evaluated. 1/K,, (G,) will not give the value of X, since EG,-complexes might be
formed that do not result in cyclisation (EG, ) in at least one binding mode j (Scheme 1).
H.p.l.c. of the short-term digests indicated that the binding mode j = 2 was predom-
inant. Thus, the true value of K;, can be calculated according to equation 2, where &,
(Gy) = k,,.. The affinities of the 9th subsites obtained by equation 3 are summarised in
Table IV.

Only the longer (enzyme-bound?) products of disproportionation of substrates
< Gqcould serve for cyclisation. The values of K; and K, obtained from equation 3 for
Be-f-CGTase were near those determined experimentally (Fig. 2A). Thus, the forma-
tion of disproportionation products, suitable for cyclisation in a productive binding
mode, was not rate-limiting. The approximate affinities of subsites 7 and 8 of Bc-f-
CGTase are listed in Table IV. If the overall binding affinity is —32.9 kJ.mol~', the
highest affinities must be among subsites 1-6.

The highly conserved regions characteristic of alpha-amylases, including the
catalytically active residues and the residues responsible for binding substrate and Ca’*,
are found also for CGTases in corresponding positions®®¥. This finding implies similar
first steps in the actions of these enzymes, namely, protonation of a glucosidic bond of
the substrate and attack at C-1 by the carboxyl group of Asp and/or Glu of the enzyme.
For alpha-amylases, the enzyme—substrate complex glycosylates water, i.e., hydrolysis
occurs'’*, whereas, for CGTases, a site in the substrate is glycosylated. The cyclisation
observed with the shorter malto-oligosaccharides indicates that a helical configuration
of the substrate is not a prerequisite*' since, at least up to G,,, helical configurations
scarcely exist in aqueous solution*’. Rather, the active site of the CGTases iscurved in a
way that allows cyclisation to occur (Scheme 2).

From X-ray diffraction data'', the folding of the chain of Bc-f-CGTase could be
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Scheme 2. Putative curvature of the active site of the CGTases suitable for cyclisation. The symbols are the
same as in Scheme 1.

considered as similar to that in alpha-amylase but with two additional domains, i.e., the
polypeptide chain of the CGTase has been subdivided into 5 domains*. The active site,
which has the form of a broad depression, is situated at the COOH terminals of the
f-strands of a (Bu)g-barrel built up by domains A and B (A, residues 1-NH,—140 and
195-403 + 8 residues; B, residues 140-195 + 2 residues). The domains C (residues
403-492 + 3residues) and D (residues 492-570 + 2 residues) are distant from the active
site and cannot contribute efficiently to catalysis. Indeed, less homology is noticed in
these regions. Domain E (residues 570-664 + 5 residues), which shows rather high
homology between all CGTases and also some homology with glucoamylases {(1—4)-
a-D-glucan|gluco]hydrolase, EC 3.2.1.3} (ref. 43) is situated near the depression. The
COOH-terminal region may be involved in catalysis® and in binding the substrate®.
Thus, a CGTase of the alkalophilic Bacillus sp. strain 1011 deleted by 10-13 COOH-
terminal residues showed altered CD/linear product and «CD/BCD ratios, and a
reduced stability in the alkaline pH range*. Although not absolutely comparable, the
kinetic parameters obtained for the truncated Kp-a-CGTase conflict with these results.
At least for this enzyme, the COOH-terminal region 1s not involved significantly in
catalysis.

The Kp-2-CGTase had markedly higher rates of cyclisation with the longer-chain
substrates than had Bc-§-CGTase. The alignment of the primary structures revealed
that Kp-a-CGTase differed from the bacilli CGTases in two respects, namely, the region
of the polypeptide (83 residues) corresponding to domain D of Be-f-CGTase is deleted,
and a stretch of 21 residues is inserted near region 4, common to both CGTases and
alpha-amylases.

Essentially, the differences between CGTases and alpha-amylases are restricted
to domains A and B. However, refinement of the three-dimensional structure of the
CGTases and their enzyme—substrate complexes is necessary for elucidation of the exact
mechanism of the transfer reactions.

* 664 Amino acid residues can be fitted into the electron density map. DNA sequencing of the CGTase gene
yielded 684 residues. The refinement of the three-dimensional structure (unpublished results) showed that
the remaining 20 residues were scattered over the polypeptide chain.
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