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We report the first large scale heterologous expression of a recombinant yeast a-l,2-mannosyl- 
transferase in E. coli. The enzyme was isolated from 10-L and 50-L fermentations, purified and 
used for mannosylation reactions. The specificity of the recombinant enzyme was extensively 
studied by using mannose derivatives, oligosaccharides, and analogs as acceptors, and the results 
show that the enzyme exhibits high activities toward ManOMe and disaccharides connected by an 
a-1,2-mannosidic linkage. The recombinant E. coli cells were also used as a catalyst for glycosylation 
reaction, and mannosylation of saccharides and glycopeptides proceeded in moderate to good yields. 

Introduction 

Due to their important functions in cell recognition 
events, oligosaccharides are attracting a growing interest 
as promising targets for the development of new phar- 
maceutica1s.l The development of new methodologies 
that will provide oligosaccharides in large quantities2s3 
is one of the major goals in oligosaccharide synthesis. 
There is, however, no general and catalytic chemical 
method for the formation of glycosidic bonds.3 On the 
other hand, enzymes have proven to be useful catalysts 
for the regio- and stereoselective synthesis of oligosac- 
c h a r i d e ~ . ~  N-Acetyllactosamine, for example, was syn- 
thesized on a large scale by using galacto~yltransferase~ 
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or galactosidase.6 Further sialylation of the disaccharide 
using sialyltransferase gave a trisaccharide as an inter- 
mediate of sialyl Lewis X, a potential antiinflammatory 
agent.2 The major drawback of using glycosyltrans- 
ferases in organic syntheses is the restricted availability 
of this class of e n z y m e ~ . ~  Purification of glycosyltrans- 
ferases from natural sources such as human milk is 
tedious and provides only limited amounts of enzyme. 
Recently, the genes of some glycosyltransferases have 
been cloned and the corresponding enzymes have been 
produced by heterologous expression in various host 
organisms.8 No report was, however, described for the 
large-scale production of recombinant glycosyltrans- 
ferases. This report is intended to address the practical 
issues of large-scale production and purification of a 
glycosyltransferase. Moreover, during the course of this 
study, we discovered that recombinant Escherichia coli 
cells expressing a glycosyltransferase exhibit glycosyla- 
tion activity without prior cell disintegration or isolation 
of the periplasmic fraction. This observation led to  the 
use of whole recombinant E. coli cells as a cheap, 
convenient catalyst source for large scale enzymatic 
syntheses of oligosaccharides and glycopeptides. 
a-1,2-Mannosyltransferase (Mntlp), a GDP-Man de- 

pendent Golgi glycosyltransferase from Saccharomyces 
c e r e v i ~ i a e , ~  is involved in the chain elongation of protein 
0-linked mannose chains.lo-l2 The enzyme is distin- 
guished from other a-1,2-mannosyltransferases found in 
yeast by its preference of ManOMe as an ac~ep to r .~  
a-1,2-Mannosyltransferase catalyzes the mannosylation 
of protein 0-linked mannobiose (eq 1) by using GDP-Man 
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as a mannosyl donor. The gene encoding the a-1,2- 
mannosyltransferase (MNT1) was cloned and sequencedgf 
and is homologous to mammalian glycosyltransferases. 
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The enzyme contains a short N-terminal domain followed 
by a membrane spanning region and a large C-terminal 
catalytic domain. A soluble form of Mntlp (which is 
designated in this report as a-l,a-ManT), consisting of 
the catalytic domain of the enzyme, was produced in E. 
coli XL1-Blue strain.13 The enzyme was used as a 
catalyst for mannosylation reactions coupled with cofac- 
tor regeneration in situ for large scale ~ynthesis. '~ It  was 
found that  the recombinant a-l,2-ManT accepts man- 
nose, mannobiose, and O-mannosylglycopeptides as sub- 
strates, and among them ManaMe is the best substrate.13 

We report in this paper the optimization of heterolo- 
gous expression of recombinant a-l,a-ManT in a 50 L 
fermentation and the purification of this enzyme. The 
substrate specificity of this enzyme was investigated with 
a number of mannose-containing oligosaccharides and 
glycopeptides. We also describe the use of recombinant 
E. coli cells as a new type of catalyst for enzymatic 
glycosylation reactions. 

Results and Discussion 

Large Scale Heterologous Expression of a-1,2- 
ManT. We confirmed in our initial shake flask experi- 
ments that the expression of a-1,2-ManT in E. coli is 
strongly dependent on the culture ~0ndition.I~ High 
yields of a-1,2-ManT were obtained when E. coli cells 
were grown in MSCA medium a t  37 "C to an  optical 
density of approximately 0.3 followed by induction of the 
enzyme expression with 5 pM isopropyl P-D-thiogalacto- 
pyranoside (IPTG) and a simultaneous switch of the 
temperature to 30 OC.14 Under these conditions the 
enzyme was properly folded and secreted into the peri- 
plasmic space while no formation of inclusion bodies was 
observed (data not shown). 

The expression of a-1,2-ManT was scaled up in two 
steps. In the first step, batch fermentations were con- 

(9) (a) Lehle, L.; Tanner, W. Biochim. Biophys. Acta 1974,350,225- 
235. (b) Nakajima, T.; Ballou, C. Proc. Natl. Acad. Sci. U S A .  1975, 
72,3912-3916. (c) Parodi, A. J. J. Bid .  Chem. 1979,254,8343-8352. 
(d) Lewis, M. S., Ballou, C. E. J. Bid .  Chem. 1991,266, 8255-8261. 
(e) Hausler, A.; Ballou, L.; Ballou, C. E., Robbins, P. W. Proc. Natl. 
Acad. Sci. U.SA.  1992, 89, 6848-6850. (0 Hausler, A.; Robbins, P. 
W. Glycobiology 1992,2, 77-84. 
(10) (a) Strahl-Bolsinger, S.; Tanner, W. Eur. J. Biochem. 1991,196, 

185-190. (b) Strahl-Bosinger, S.; Immervoll, T.; Deutzmann, R.; 
Tanner, W. Proc. Natl. Acad. Sci. U S A .  1993, 90, 8164-8168. 

(11) (a) Schwarz, R. T.; Datema. R. Adu. Carbohydr. Chem. Biochem. 
1982, 40, 287-379. (b) McDowell, W.; Datema, R.; Romero, P. A.; 
Schwarz, R. T. Biochem. 1985, 24, 8145-8152. (c) Wilson, I. B. H.; 
Taylor, J. P.; Webberley, M. C.; Turner, N. J.; Flitsch, S. L. Biochem. 
J. 1993,295, 195-201. (d) Zimmerman, J. W.; Robbins, P. W. J. Biol. 
Chem. 1993,268 (22), 16746-16753. 
(12) (a) Abeijon, C.; Orlean, P.; Robbins, P. W.; Hirschberg, C. B. 

Proc. Natl. Acad. Sci. U S A .  1989,86,6935-6939. (b) Berninsone, P.; 
Miret, J. J.; Hirschberg, C. B. J. Biol. Chem. 1994,269 (l), 207-211. 
(13) Wang, P.; Shen, G.-J.; Wang, Y.-F; Ichikawa, Y.; Wong, C.-H. 

J. O g .  Chem. 1993,58,3985-3990. 
(14) Hsiung, H. M.; Mayne, N. G.; Becker, G. W. Bioltechnology 

1986,4, 991 

300i 0 50 (+ lo)  L fed-batch fermentotion 
10 i botch fermentotion 

e 

10 - 20 30 i o  
time / [h] 

Figure 1. Heterologous expression of a-l,a-ManT in a 10-L 
batch fermentation (m) and in a 50-L fed-batch fermentation 
(0). For 10-L batch fermentation in MSCA medium, induction 
was done with 5 pM IPTG at t = 15.2 h (OD = 0.33) and a 
switch of temperature from 37 "C to 30 "C. The final a-1,2- 
ManT activity was 156 milliunitsL. For 50-L fed-batch 
fermentation in yeast extract medium, a 10-L medium con- 
taining 30 pM IPTG was added from t = 2.3 h (OD = 0.63) to 
t = 23.6 h (temperature was switched to 30 "C at t = 2.3 h). 
Cell yield was 19.5 g wet cellsL and the final a-1,2-ManT 
activity was 254.5 milliunits/L. 
ducted on a 10-L scale by employing the same culture 
conditions as that used in shake flask experiments (using 
MSCA medium and the induction was initiated at the 
early logarithmic phase with 5 pM IPTG). As these 
initial studies proved to be successful, we conducted fed- 
batch fermentations on a 10-L and a 50-L scale which 
employed a richer medium based on yeast extract. 

Figure 1 shows the production of a-1,2-ManT in a 10-L 
batch fermentation using MSCA medium and in a 50-L 
fed-batch fermentation using yeast extract medium. For 
the 10-L fermentation, the expression of a-1,2-ManT was 
induced with 5 pM IPTG when the temperature was 
shifted to 30 "C a t  the early logarithmic phase (OD = 
0.33). Fermentation was finished after 35 h with a final 
a-1,2-ManT activity of 156 milliunitsL. A control ex- 
periment was conducted in a shake flask which resulted 
in the production of a-1,2-ManT at the level of 102 
milliunitsL and a comparable cell yield (10-L batch 
fermentation: 1.6 g of wet cells/L; shake flask: 2.1 g of 
wet cells/L). As these initial batch fermentations indi- 
cated that the production of a-l,2ManT could be scaled 
up, we carried out another experiment to improve the 
cell yield and the concentration of a-1,2-ManT using a 
richer medium. A desirable higher cell yield was ob- 
tained in a 50-L fermentation using yeast extract me- 
dium, but formation of inclusion bodies occurred after 
induction with 5 pM IPTG. We then found that a slow 
feeding of the inducer IPTG in the fed-batch process 
prevented the formation of inclusion bodies. For a 50-L 
fermentation, the final IPTG concentration was adjusted 
to 5 pM by slow addition of IPTG dissolved in 10 L of 
fresh medium during a time period of 21 h. This process 
resulted in an  improved cell yield (19.5 g/L)  and increased 
a-1,2-ManT concentration (254 milliunitsiL). A control 
experiment in a shake flask yielded 137 milliunitsL 
a-1,2-ManT and 4 g of wet cells/L. Comparison of the 
final a-l,a-ManT activity and cell specific a-l,a-ManT 
concentration (Table 1) indicates that cell specific enzyme 
concentration is higher in batch fermentations, whereas 
fed-batch fermentations yield higher cell mass and a-1,2- 
ManT activities.15 In each fermentation, plotting of the 



6358 J. Org. Chem., Vol. 59, No. 21, 1994 Herrmann et al. 

Table 1. Comparison of Final Optical Density, a-1,B-ManT Aciivity, Cell Specific a-l.2-ManT Activity, and Growth Rate 
for Different Batch and Fed-Batch Fermentations 

batch fermentations fed-batch fermentations 

volume of fermentation (L) 10 10 10 (+2) 50 (+lo) 
final optical density 1.47 1.39 5.52 13.1 
final a-1,Z-ManT activity (milliunitan) 157 125 178 254 
cell specific a-l,Z-ManT concnD [milliunits/(OD x L)1 125 136 48.3 20.8 

(r = 0.97) (r = 0.82) ( r  = 0.97) (r = 0.92) 
growth rate# (h-') 0.074 0.068 0.14 0.097 

0 The cell specific a-l,Z-ManT concentration provides information about the productivity of the recombinant E. coli cells and is obtained 
from the slope of the plot of a-1,Z-ManT activity vs optical density. The corresponding correlation coefficients r are given in parentheses. 

steps volume (mL) protein (mg) 
fermentation broth 20000 - 

Table 2. Purification of a-l,2-ManT Obtained from Two 10-L Batch Fermentations 
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Figure 2. Purification of a-l,a-ManT by anion-exchange 
chromatography (Mono Q 10/10, 50 mM TRIS, pH 7.5, 26.35 
mg of protein, 2.85 mufraction, 2.12 mumin). 0 absorbance 
at 280 nm was recorded. The arrow marks the peak cor- 
responding to a-l,Z-ManT. 

concentrations of a-1,2-ManT as a function of optical 
densities resulted in a satisfactory linear correlation 
(data not shown), indicating that the expression of a-1,2- 
ManT is strictly growth associated. 

Compared to the activity of Mntlp in S. cereuisiae (0.2 
milliunits/L),16 a 1300- to 6000-fold overexpression has 
been achieved in the fed-batch fermentation which 
produced the enzyme up  to 900 milliunita. In com- 
parison, a homologous overexpression of the MNTl gene 
in S. cereuisiae yielded an approximately 2.5-fold over- 
expression of M n t l ~ . ~ '  

Purification of u-1,2-ManT. Table 2 summarizes the 
purification of recombinant a-1,2-ManT. The periplasmic 
fraction of recombinant E. coli cells obtained from two 
10-L batch fermentations was isolated by osmotic shock 
treatment to recover 70% of the enzyme activities. 
Isolation of the periplasmic fraction provided a straight- 
forward separation of the enzyme from the E. coli cells. 

(15) These experiments Suggest that the optimal conditions for B 
small-scale fermentation may not be applicable to large scale processes 
io produce large amounm ofenzymei. 

116 Lcwr et o / . ~ '  rcpon thc punficatron of Mnrlp from a 12-L 
femcnraiion ofS. cerew;tae After solubilmne the \Inrlo from crude 
miemromal extrnets with Triton X-IOC they obtained a'laral Mnrlp 
activity uf 112000 pmol h This mrrrsponds IU 1866 pmoVmin I.dB 
milliirnitadMnilp,. The initial hfntlpranrenrratiun in thefermenui 
w a i  appmximately 0.155 millrunitrL. 
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Figure 8. Purification of a-l,Z-ManT, SDS-PAGE (coomassie 
blue staining); lane S molecular weight standards; 94 kD: 
phosphorylase b; 67 kD: albumin; 43 kD ovalbumin; 30 k D  
carbonic anhydrase; 20.1 k D  trypsin inhibitor; 14.4 kD: 
a-lactalbumin. lane 1: periplasmic fraction. Lane 2: am- 
monium sulfate precipitation. Lane 3: anion-exchange chro- 
matography. 

Subsequently, the proteins in the fraction were fraction- 
ated by ammonium sulfate precipitation, and the a-1,2- 
ManT was isolated in 35% overall yield. The enzyme was 
further purified by anion-exchange chromatography (club 
ed from a Mono Q column with a linear gradient from 0 
to 0.6 M NaCl in 50 mM TRIS buffer) to give 4.1 mg of 
the enzyme with specific activity of 165.7 milliunitdmg 
(Figure 2). Figure 3 shows a SDS-PAGE of protein 
samples at different steps of purification. It is worthy 
to notice that only a faint band was detectable for the 
a-1,Z-ManT in the periplasmic fraction, indicating the 
protein was not highly produced in E. coli. 

In summary, this purification8 protocol provides a 
convenient access to large amounts of a-1,2-ManT from 
the recombinant E. coli. 

Acceptor specificity of a-1,2-ManT. Whereas most 
of the N-linked oligosaccharide structures of yeast S. 
cereuisiae have been determined,'T little is known about 
the 0-glycosylation p a t h w a ~ . ~ - ' ~  In the 0-glycosylation, 
the first sugar is believed to be transferred from dolichol- 

(17) (a) Kukuruzinka, M. A.; Bergh, M. L. E,; Jackson, B. J. Annu. 
Re". Biochem. 1987, 56, 915-944. (b) Hemandez, L. M.; Ballou, L.; 
Alvarado, E.; Gillece-Castro. B. L.; Burlingame, A. L.; Ballou, C. E. J. 
B i d .  Chem. 1989, 264, 11849-11856. (e) Ballou, C. E. Methods 
EmymoZ. 1990, 185, 440-470. (d) Ballou, L.; Hemandez, L. M.; 
Alvarado, E.; Ballou, C. E. Proe. Natl. Aend. Sei. U.S.A. 1990, 87, 
3368-3372. 
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phosphate-mannose to serine or threonine in the endo- 
plasmic reticulum,1° followed by addition of a-1,2 and 
a-1,3 linked mannoses in the Golgi apparatus. The 
acceptor specificity of Mntlp has been studied with 
purified enzyme obtained from solubilized yeast 
membranes.gd The enzyme transfers mannose to Ma- 
nOMe (100% re1 activity), mannose (15% re1 activity) and 
a-l,2-mannobiose (42% re1 activity).gd a-l,6-Mannobiose, 
a-1,6-mannotriose and a-l,g-mannotetraose are not 
 substrate^.^^ These results were consistent with those 
obtained from the deletion mutants of S. cerevisiae, where 
the MNTl gene was disrupted,ge and a decrease of 
activity in the transfer of mannose from GDP-Man to 
ManOMe as well to a-1,2- and a-1,3-linked methylman- 
nobiosides was observed. We have reported13 that the 
recombinant enzyme accepts ManOMe (1) (100% re1 
activity), mannose (2) (46% re1 activity), methyl manno- 
bioside (12) (62% re1 activity), and 0-mannosyl glyco- 
peptides 23-27 (17-71% re1 activity) as  substrates. 
ManOMe derivatives with substituents a t  the 6 position 
are not substrates.13 

This study further reveals that  a-1,2-ManT accepts 
a-1,2, a-1,3-, and a-1,6 linked mannobiose derivatives as 
well as some linear and branched mannosyl trisaccha- 
rides as  acceptors. Table 3 shows the relative activities 
of a-l,2-ManT toward compounds 1-2718 as acceptors. 

Although a-1,2-ManT accepts mannose as a good 
substrate, the enzyme shows a very low activity toward 
modified monosaccharides 3-6 as acceptors. P-D-p-Nitro- 
phenylmannoside (5) is the best acceptor among them 
with a relative activity of 0.5%. Compounds 3,4, and 6 
are modified a t  the 6 position and are not acceptable as 
substrates. This finding confirms our previous results13 
that  a-1,2-ManT does not accept substrates with sub- 
stituents a t  the 6 position of mannose. 

In general, disaccharides with an  a-l,2-linkage are 
good acceptors for a-l,a-ManT. Disaccharides 12,13 and 
15, for example, exhibit 39,24, and 26% relative activity, 
respectively. Compound 15 contains a glucose residue 
a t  the reducing end, while 13 is substituted with a 
6-deoxy-6-fluor0 derivative a t  the reducing end. These 
findings show that  a-1,PManT exhibits a relaxed sub- 
strate specificity toward the sugar at the reducing end 
of an a-1,2-linked disaccharide. However, replacing the 
mannose at the nonreducing end of an  a-1,2-linked 
disaccharide with the 6-deoxy-6-fluor0 mannose deriva- 
tive (compound 14) reduces the enzyme activity from 24% 
(for 13) to 0.78%, indicating that a-1,2-ManT is very 
specific for mannose at the nonreducing end of disaccha- 
rides (see also acceptors 3, 4, and 6). 

a-1,3-Linked mannobiose 7 is a weak substrate, con- 
sistent with the observation with a s. cerevisiae deletion 
mutant? where a decrease of the transfer-activity toward 
a-1,3-linked mannobiosides was observed. In addition, 
if the hydroxy group a t  the 6 position of mannose at the 
nonreducing end is replaced by a fluoro group (compound 
81, the compound is not accepted by a-l,a-ManT. 

Methyl 6-0-a-D-mannopyranosyl-a-D-mannopyrano- 

(18)(a) Khan, S. H.; Jain, R. K.; Abbas, S. A.; Matta, K. L. 
Carbohydr. Res. 1990, 198, 259-273. (b) Khan, S. H.; Abbas, S. A.; 
Matta, K. L. Carbohydr. Res. 1990,205,385-397. (c) Khan, S. H.; Jain, 
R. K.; Matta, K. L. Carbohydr. Res. 1990, 207, 57-69. (d) Khan, S. 
H.; Matta, K. L. Carbohydr. Res. 1993, 243, 29-42. (e) Reichert, C. 
M. Carbohydr. Res. 1979, 77, 141-147. (0 Khan, S. H., Matta, K. L., 
unpublished results. (g) Chou, W.-C.; Chen, L.; Fang, J.-M.; Wong, C.- 
H. J. Am. Chem. Soc., submitted. 
(19) For initial study, see: Hemnann, G. F.; Wang, P.; Shen, G-J.; 

Wong, C.-H. Angew. Chem. Int. Ed. Engl. 1994,33, 1241. 
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side (9) is not a substrate for either the deletion mutants 
of S. cerevisiaege or purified M n t l ~ . ~ ~  However, a-1,2- 
ManT accepts a-1,6 linked mannobioses 10 and 11 as  
weak substrates, indicating a broader specificity com- 
pared to Mntlp. 

All trisaccharides 16-19 are weak acceptors for a-1,2- 
ManT (< 1% re1 activity), which is in agreement with the 
results obtained from MNTl mutant strains.% It appears 
that  Mntlp and a-l,2-ManT prefer disaccharides as 
acceptors. Compound 16 is the only branched trisaccha- 
ride tested and shows a very low activity. 

While 1-deoxymannojirimycin 21 is a weak inhibitor 
of a-l,2-ManT (32 mM 21 inhibts 65% of a-l,a-ManT 
activity), the corresponding deoxy thiosugar 22 is a 
substrate with 8.2% relative activity, and the lactam 20 
exhibits 4.8% activity. In addition, a-l,a-ManT shows 
high activities toward the mannosylated glycopeptides 
23-27, suggesting that  Mntlp is involved in the elonga- 
tion of protein-0-linked oligomannose-chains in vivo. 

In summary a-1,2-ManT accepts ManOMe and the 
a-1,6-, a-1,3-, and a-l,a-linked mannobioses. I t  tolerates 
glucose and mannose derivatives a t  the reducing end. 
Mannosylated glycopeptides are good acceptors,13J9 mak- 
ing a-l,2-ManT a useful tool to study the influence of 
sugar residues on the pharmaceutical properties of 
glycopeptides. In general, a-l,2-ManT shows a similar 
acceptor specificity to Mntlp, with the exception that it 
weakly accepts some a-l,g-linked mannobiosides. Ap- 
parently, the acceptor specificity is not changed signifi- 
cantly by removing the N-terminal and the transmem- 
brane domains from Mntlp. 

Use of Whole Recombinant E. coli Cells for Man- 
nosylation Reactions. Although the use of whole cells 
in organic synthesis is well established,20 no example has 
been reported so far concerning their use in glycosylation 
reactions.lg To demonstrate the feasibility of the concept, 
we examined several acceptors for the enzymatic man- 
nosylation reaction using GDP-Man as mannosyl donor 
(Scheme 1). The disaccharides a-l,a-mannobiose (28) 
(75% yield) and Mana1,aManOMe (29) (53%), and the 
dimannosylated glycopeptides Cbz-Thr(aManal,aMan)- 
OMe (30) (72%) and Boc-Tyr-Thr(aManal,2Man)-Val- 
OMe (31) (42%) were obtained in moderate to good yields. 
Since inhibition of the reaction by the released GDP was 
not observed, there is no need to add alkaline phos- 
phatase to decompose GDP. While it is not clear how 
mannosylation takes place, the cell walls of E. coli XL1- 
Blue strain used in this study might be permeable to 
allow the transport of products and substrates. Leakage 
of a-l,2-ManT from the periplasmic space of E. coli to 
the medium was excluded as no mannosylation activity 
was detected in the fermentation broth after separation 
of cells. 

Conclusion 
In summary, we have shown for the first time that  a 

glycosyltransferase can be obtained on a large scale by 

(20) (a) Roberts, S. M.; Wiggins, K.; Casy, G. Preparative bwtrans- 
formatiom: whole cells and isolated enzymes in organic chemistry; 
Wiley: Chichester, 1992. (b) Servi, S. Synthesis 1990, 1. (c) Csuk, R.; 
Glanzer, B. I. Chem. Rev. 1991,91, 49-97. (d) Charney, W.; Herzog, 
H. L. Microbial tramformutiom of steroids; Academic: New York, 1967. 
(e) Zilliken, F.; Smith, P. N.; Rose, C. S.; Gyorgy, P. J. BioZ. Chem. 
1954,208,299-305. (0 Zilliken, F.; Smith, P. N.; Rose, C. S.; Gyijrgy, 
P. J. BioZ. Chem. 1965,217, 79-82. Zilliken et al. report the activity 
of b-galactosidase by using whole cells of Lactobacillus bifidus var. 
pennsylvanicus. N-Acetyllactosamine was obtained in 5.4% yield by 
incubating lactose and N-acetylglucosamine with whole cells of L. 
bifidus under anaerobic conditions. 
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Table 3. Acceptor Specificity of a-l,a-ManT for Compounds 1-27. The Numbers in Parentheses are Relative Activities. 
Assay Conditions: 1-27: 1 mM GDP-Man, 20 mM Acceptor 1-22,21.6 milliunitdml a-1,2-ManT, 37 OC; 23-27: 3.3 mM 

GDP-Man, 150 mM Acceptor 23-27,30 “C 
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heterologous expression in E. coli. The level of the a-1,2- 
ManT produced could be remarkably increased by opti- 
mization of the fermentation condition. Analysis of the 

fermentation data demonstrate that  the enzyme produc- 
tion is dependent upon cell growth. The broad acceptor 
specifity of recombinant a-1,2-ManT and its convenient 
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Scheme 1. Use of Whole Recombinant E. coli for the Synthesis of the Disaccharides a-l,2-Mannobiose (28) 
and Mana1,aManOMe (29), and the Dimannosylated Glycopeptides Cb~-Thr(aManal,2Man)OMe (30) and 

Boc-Tyr-Thr( alMana 1,2Man) -Val-OMe (3 1) 
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access via the use of recombinant whole E. coli cells 
should make it a useful catalyst for enzymatic oligosac- 
charide synthesis. Work is in progress to prepare suf- 
ficient amounts of the enzyme for X-ray crystal structure 
determination and to alter the substrate and regiospeci- 
ficity by site-directed mutagenesis. 

Experimental Section 
General. All chemicals were purchased from commercial 

sources as reagent grade. Silica gel 60 (Merck) was used for 
chromatography. The enzymatic activity of al,2-mannosyl- 
transferase was measured according to  the reported proto- 
c01.13J9 E. coli XL1-Blue strain harvesting the gene of a1,- 
Zmannosyltransferase was developed in this laboratory and 
deposited with American Type Culture Collection (ATCC no. 
77379).13 

Fermentation of Recombinant E. coli. Fermentations 
of E. coli were performed in a 20-L Biostat E (B. Braun 
Biotech.) and a 150-L Biostat UElOO (B. Braun Biotech.). 
Batch-fermentations of E. coli were carried out by using MSCA 
medium.13 For fed-batch fermentations the following medium 
was employed: 12.8 g/L NazHP04.7Hz0, 3 g/L KHzPO4, 1.5 
g/L NaCl, 6.2 g/L (NHdzS04, 4.0 g/L yeast extract, 0.1 g/L  
vitamin B1, 5 g/L glucose, 0.24 giL MgS04, 0.02 g/L CaC12,20 
pM ZnS04, 20 pM MnS04,20 pM CoC12,20 pM CuS04,20 pM 
H3B03,O.l g/L ampicillin. Fed-batch fermentations were fed 
by 20% (v/v) of the starting volume containing 100 g L  yeast 
extract, 50 g/L glucose, 0.22 g/L CaC12, 1 g/L MgS04.7Hz0, 
0.312 g/L vitamin B1,O.l g/L ampicillin, and 30pM IPTG (final 
concentration of IPTG in the fermenter was 5 pM). Fermenta- 
tions were started with an inoculum of 1% (v/v) E. coli in 
M9CA medium (OD of ca. 0.5). Fermentations were carried 
out at 37 "C and the temperature was switched to  30 "C after 

induction with IPTG. The system was maintained at pH 7 by 
adding 85% phosphoric acid or 40% NaOH. Agitation was set 
at 550 rpm. Partial pressure of oxygen was controlled by 
aeration with air (10 Umin) or with 70% oxygen (when cell 
density was higher than OD = 10). Excess foaming was 
prevented by adding DF 204 defoamer (PPG). Cells were 
separated after fermentation by using a centrifuge or a 
microfiltration unit (Pellicon 0.22 pm cassette filter, Millipore, 
Bedford, MA) followed by centrifugation. 

Purification of a-l,a-ManT. The periplasmic part of E. 
coli cells (31.7 g wet weight, obtained from two 10 L batch- 
fermentations) was isolated by scaling up a procedure pub- 
lished previ0us1y.l~ The periplasmic component (101 mL) was 
dialyzed against 50 mM TRIS-buffer (4 L, pH 7.6) for 8 h at 4 
"C. Subsequently, the periplasm was precipitated with am- 
monium sulfate (40-60%) at 4 "C and the resulting pellet was 
resuspended in HEPES-buffer (10 mM, pH 7.0). This solution 
was dialyzed extensively against 50 mM TRIS-buffer at 4 "C 
using Centripep-10 concentrators (Amicon, MA) to yield a clear 
protein solution (6 mL, 52.7 mg protein). Fast protein liquid 
chromatography was performed on a Pharmacia system with 
a 8-mL Mono Q 10/10 column. The protein solution obtained 
from the ammonium sulfate precipitation was applied in two 
runs to the column (each sample contains 26.35 mg protein) 
and eluted with a flow rate of 2 mumin and a linear gradient 
of 0-0.6 M NaCl in TRIS-buffer (50 mM, pH 7.5). Fractions 
of 2.85 mL were collected. The desired fractions containing 
a-l,2ManT (24 mL) were dialyzed against HEPES buffer (10 
mM, pH 7) at 4 "C and subsequently concentrated by using 
Centripep-10 concentrators (Amicon, MA) to yield pure a-1,2- 
ManT (4 mL, 4.1 mg of protein). SDS-PAGE was carried out 
on a Pharmacia Phast system by using PhastGels (gradient 
8-25) with coomassie-blue staining. 

Acceptor Specificity. Acceptors 1-27 were synthesized 
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and characterized as described previously or were obtained 
from Sigma: Methyl a-D-mannopyranoside (1) (Sigma); D- 
mannose (2) (Sigma); methyl 4,6-di-O-methyl-a-~-mannopy- 
ranoside (3);lEd 1,6 anhydro-4-O-methyl-/3-~-mannopyranoside 
(4);lEb 4-nitrophenyl B-D-mannopyranoside (5);'" 4-nitrophenyl 
6-deoxy-6-fluoro-a-~-mannopyranoside (6);lE8 4-nitrophenyl 
6-deoxy-6-fluoro-3-0-( a-~-mannopyranosyl)-a-D-mannop~~o- 
side (7);lSa 4-nitrophenyl3-0-(6-deoxy-6-fluoro-a-~-mannopy- 
ranosy1)-a-D-mannopyranoside (@;lab Methyl 6-0-a-D-man- 
nopyranosyl-a-D-mannopyranoside (9) (Sigma); 4-nitrophenyl 
6-O-(a-~-mannopyranosyl)-B-~-mannopyranoside 4 4 -  
trophenyl 6-O-(a-~-mannopyranosyl)-a-D-mannopyranoside 
(1 methyl 2-O-a-D-mannOpyranOSyl-a-D-ma~Op~~O- 
side (12) (Sigma); 4-nitrophenyl 6-deoxy-6-fluoro-2-0-(a-~- 
mannopyranosy1)-a-D-mannopyranoside ( 13);laa 4-nitrophenyl 
2-0-(6-deoxy-6-fluoro-a-~-mannopyranosy~~-a-D-mannopyrano- 
side ( 14);lsa 4-nitrophenyl2-O-(a-D-mannopyranosyl)-~-D-glu- 
copyranoside (15);lEf 4-nitrophenyl6-deoxy-6-fluoro-2-0-(a-~- 
mannopyranosyl)-3-O-( a-D-mannopyranosy1)-a-D-mannopyr- 
anoside (16);18" 4-nitrophenyl O-a-~-mannopyranosy1-(1-6)-0- 
a-D-mannopyranosyl-( 1-6)-B-~-mannopyranoside (17);'" meth- 
yl O-a-D-mannopyranosyl-(1-6)-O-a-D-mannopyranosyl-(1-6)- 
B-D-mannopyranoside ( 18);lEC methyl 0-a-D-mannopyranosyl- 
(1-2)-O-a-~-mannopyranosyl-( 1-6);6-D-mannopyranoside (19);l& 
mannojirimycin lactam (20); 1-deoxymannojirimycin (21) 
(Sigma); 1,5-dideoxy-5-thio-D-mannopyranose (22).18g 

a-1,2-ManT activity toward acceptors 1-22 was determined 
using the following assay-conditions: A solution containing 1 
mM GDP-ManFl15.6 nCi GDP-[14C]Man, 20 mM acceptor 1-22 
(compound 2: 150 mM,13 compound 21: 32 mM), 50 mM 
HEPES (pH 7.2), 0.1% Triton X, 10 mM MnC12, phosphatase 
inhibitorszz (4 mM ATP, 3 mM theophylline, 3 mM cimetidine), 
and 10 ,uL of purified a-l,a-ManT (0.864 milliunits) in a total 
volume of 40 ,uL was incubated for 58-60 min at 37 "C. 
Control reactions were carried out by omitting the acceptor 
1-22. By using purified a-l,2ManT no unspecific background 
reaction (hydrolysis of GDP-Man) could be detected. The assay 
was stopped by adding 400 ,uL of ice-cold QAF, Sephadex A-25 
in H20, 50% (w/v). The mixture was centrifuged for 10 min 
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at 1OOOOg and 200 pL of the supernatant was taken for 
radioactive counting. 

Use of Whole Recombinant E. coli Cells.1g Manal,2Man 
(28):23 To 1.5 mL of buffer (50 mM HEPES (pH 7.2), 0.1% 
Triton X, 10 mM MnC12, and phosphatase inhibik" (5 mM 
ATP, 3 mM Theophylline, 3 mM Cimetidine)) was added GDP- 
Man (24.2 mg, 20 mM), Man (2) (72 mg, 200 mM), and 
recombinant E.  coli cells (0.5 mL, 50% (w/w)). The mixture 
was stirred for 23 h at room temperature and the reaction was 
followed by TLC (system I, CHC13/MeOHiH20 = 6/2.5/0.25 (v/ 
v/v); Rfi 2 = 0.18, 28 = 0.08; system 11, iPrOH/H20/NH3 = 
7/2/1 (v/v/v); Rf: 2 = 0.36, 28 = 0.26, GDP-Man = 0.16). 
Subsequently the E .  coli cells were centrifuged at lOOOOg for 
15 min. The pellet was washed twice with 3 mL of H2O and 
the supernatants were combined with 40 mL of MeOH and 
stirred for 15 min. The precipitated proteins were spinned 
down at lOOOOg for 20 min, and the supernatant was lyoph- 
ilized and applied to a Biogel P4 column (120 x 4 cm) with 
water as the eluent. The desired fractions were lyophilized 
to yield product 28 (10.3 mg, 75% yield). lH NMR data were 
consistent with those reported." Compounds 29-31 were 
obtained following the same procedure. For details and 
spectroscopic data see ref 19. 

(21) Heidlas, J. E.; Williams, K. W.; Whitesides, G. M. ACC. Chem. 

(22) Metaye, T.; Mettey, Y.; Lehuede, J.; Vierfond, J. M.; Lalegerie, 
Res. 1992,25, 307. 

P. Bwchem. Pharmacol. 1988,37, 4263. 
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