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ABSTRACT. The biosynthesis of asparagine-linked glycoproteins utilizes a dolichylpyrophosphate-linked
glycosyl donor (Dol-PP-GlcNAgMansGlcs), which is assembled by the series of membrane-bound
glycosyltransferases that comprise the dolichol pathway. This biosynthetic pathway is highly conserved
throughout eukaryotic evolution. While complementary genetic and bioinformatic approaches have enabled
identification of most of the dolichol pathway enzymesSaccharomyces cerisiae, the roles of two of

the mannosyltransferases in the pathway, Alg2 and Alg11, have remained ambiguous because these enzymes
appear to catalyze only two of the remaining four unannotated transformations. To address this issue, a
biochemical approach was taken using recombinant Alg2 and Algll Bomereisiae and defined
dolichylpyrophosphate-linked substrates. A cell-membrane fraction isolated Escherichia coli
overexpressing thioredoxin-tagged Alg2 was used to demonstrate that this enzyme actually carries out an
al,3-mannosylation, followed by aal,6-mannosylation, to form the first branched pentasaccharide
intermediate of the pathway. Then, using thioredoxin-tagged Alg2 for the chemoenzymatic synthesis of
the dolichylpyrophosphate pentasaccharide, it was thus possible to define the biochemical function of
Algl1l, which is to catalyze the next two sequentidl,2-mannosylations. The elucidation of the dual
function of each of these enzymes thus completes the identification of the entire ensemble of
glycosyltransferases that comprise the dolichol pathway.

On the pathway of asparagine-linked protein glycosylation, lumenal face of the membran®, (L0). Translocation of the
a dolichylpyrophosphate-linked tetradecasaccharide com-heptasaccharide intermediate to the lumen is facilitated by
posed of N-acetylp-glucosamine (GIcNAc), b-mannose Rftl through an unknown mechanishl.
(Man), andp-glucose (Glc) monosaccharides (8ane-  Alg7, which catalyzes the first committed step of the
GlcNAc,-PP-Dol) is biosynthesized at the endoplasmic pathway, mediates the coupling of GIcNAc-1-phosphate
reticulum (ER) membrane by a series of glycosyltransferasessom uridine 3-diphosphoN-acetyla-p-glucosamine (UDP-
that Comprise the dolichol pathW&g{)(ThlS process is hlgh|y G|CNAC) with doIiChyI-phosphate to yleld GlcNAc-PP-Dol

conserved among all eukaryotes, culminating in the oligo- (1) This intermediate then acts as a substrate for the Alg13/

saccharyltransferase-mediated cotranslational transfer of the, 4 \aterodimeric complex that transfers a second GIcNAc
tetradecasaccharide to nascent polypepti2le®) (As a result from a UDP-GIcNAc donor, 13, 14). The first mannosyl

of more than 2 decades of genetic screening for yeast mutants, . \sfer step is carried out by Algl using guanosite 5

deficient in donor assembly, supplemented by biochemical diphosphoe-p-mannose (GDP-Man) as the glycosyl donor

tsr::dI2?1easso\;vter:ilsasafr:\c/)\)gfoéggﬁa?oprgr%zcsh(?;r%s?aeear:g/vzlI of (15—-17). This mannosyltransferase has been well-character-

beeg annotated: (98) Thg first seven ;/teps of the dolichol ized in vitro, attracting particular attention because of the
: . challenge of preparing1,4-mannosides by chemical syn-

pathway are known to occur on the cytoplasmic face of the thesis (8—21). For the final four cytosolic mannosylation

ER membrane, while the remaining seven take place on thesteps, which also use GDP-Man as the glycosyl donor, only
two candidate enzymes have been identified. It has been
* This work was supported in full by the NIH Grant GM68692. suggested that Alg2 is responsible for either the second, third,
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lycosylation; Dol-PP, dolichylpyrophosphate; ER, endoplasmic reticu- : P ot i T : :
%?’n; G%P_Man’ guamsinéa¥p%3gsghoaﬁj_mannose; Glog-glucose; the identification of “missing” enzymes in the dolichol

GIcNAc, N-acetylp-glucosamine; HPLC, high-performance liquid —Pathway such as Alg12 and Alg13/14, £8); however, no
chromatography; MALD+MS, matrix-assisted laser desorption ioniza-  candidates have been put forward for the remaining man-

tion—mass spectrometry; Man;mannose; TMHMM, transmembrane Wit ; i ;
prediction using hidden Markov models; TFA, trifluoroacetic acid; nosyltransferase activities. This situation suggested that

TRX, thioredoxin; UDP-GIcNAc, uridine sdiphosphoN-acetylo-b- perhaps Alg2 and/or Alg11 could be responsible for more
glucosamine. than one biosynthetic step (Figure 1). It is noteworthy that
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Ficure 1: Elongation of the GIcNAc-PP-Dol intermediate to M&tcNAc,-PP-Dol on the cytosolic side of the ER membrane, by the
indicated glycosyltransferases, prior to translocation to the lumenal face. Gray circles are mannose residues (Man); black squares are
N-acetylglucosamine residues (GIcNAc); P represents a phosphate group; and dolichyl moieties embedded within the membrane.

dual functionality was recently substantiated for Alg9, which genetic studies have been valuable for narrowing down the
carries out twanl,2-mannosylation steps in the ER lumen, functions of Alg2 and Algl11, in vitro biochemical validation

adding the seventh and ninth mannose resid8gs ( is critical for unambiguously defining the precise roles of
Although Alg2 mutants have been identified and charac- these mannosyltransferases in the pathway.
terized inS. cereisiae (22), Rhizomucor pusillu§25), and Alg2 from S. cereisiaeis a 58-kDa mannosyltransferase

human 26), the characterization of each has yielded varied including four predicted transmembrane domains that are
results. Yeast mutants isolated included point mutations in grouped into two pairs of closely spaced domains, with one
ALG2 conferring temperature sensitivity, while nucleotide pair at the C terminus and the other pair located near the N
deletion or insertion in the human and fungdlG2 mutant terminus, as predicted by the TMHMM server, version 2.0
genes, respectively, led to truncated gene products in both(31). Algll fromS. cereisiaeis a 63-kDa protein with one
cases. In the expressed products of the yeast and humapredicted transmembrane domain at the N terminus, as
ALG2 mutant genes, the sequence of Alg2 was not affected predicted by the TMHMM server, version 2.81). In this
in the conserved signature sequence that is shared by atudy, Alg2 and Algll were cloned and expressed in
number of other glycosyltransferases involved in a wide Escherichia colias thioredoxin (TRX) fusions at the N
range of functions in carbohydrate metabolism, including terminus for improved expression. To evaluate the manno-
Alg11 and MurG. MurG is an enzyme with a role in bacterial syltransferase activity of each of these enzymes, the trisac-
cell-wall biosynthesis that is analogous to Alg13/Alg29)( charide intermediate, ManGIcNA®P-Dol, was first pre-
In the Alg2 sequence, as well as Algll and many other pared by a chemoenzymatic approach using recombinant
glycosyltransferases from the same Pfam fam@g)( the Alg1 isolated from overexpression $ cereisiae The cell-
signature sequence also contains a conservegdt EXotif. membrane fractions containing overexpressed TRX-Alg2 or
Interestingly, Alg2 and Alg11 share 22% homology overall. TRX-Algll were used to demonstrate that Alg2 catalyzes
In contrast to the truncated gene product of the human Alg2 the elongation of the trisaccharide ManGIcNARP-Dol to
mutant, which retains the signature sequence, the conseMansGIcNAc,-PP-Dol and that Algll catalyzes the elonga-
quence of the 5-bp insertion found ALG2 of the filamen- tion of the pentasaccharide product of TRX-Alg2 to the
tous fungi,R. pusillus mutant is a more severe truncation heptasaccharide intermediate, M@altNAc,-PP-Dol. These
of Alg2 that results in a loss of the signature sequence.  results resolve a longstanding uncertainty regarding the exact
Metabolic labeling with jH]Man of the mutant yeast strain  roles of Alg2 and Alg11 in the dolichol pathway.
or fibroblasts from the human patient with th&LG2
mutation revealed an accumulation of dolichylpyrophosphate- EXPERIMENTAL PROCEDURES
linked tris- and tetrasaccharideX?( 26), whereas the fungal Cloning of ALG1, ALG2, and ALG11 Constructs. ALG1
mutant, lacking the signature sequence, accumulated onlyALG2, andALG11were all amplified from yeast genomic
the trisaccharide intermediat@5). Interestingly,ALG2 is DNA by polymerase chain reaction (PCR) using Vent
not an essential gene iR. pusillusand, because of the polymerase. The genomic DNA was extracted from $he
severity of the mutation described in this study, may in effect cerevisiae strain PRY46 using the yeast DNA extraction
represent a\LG2 deletion strain. These results suggested reagent (Y-DER) (Pierce, Inc.). Each gene was cloned into
a role for Alg2 in the second mannose transfer step but werethe pENTR/SD/D-TOPO “entry” vector (Invitrogen) and then
not able to reveal information about the putative role of Alg2 transferred to a “destination” vector for expression in either
in the following step. E. coli (pPBAD-DEST49) orS. cereisiae (pYES-DEST52)
The yeast mutantalgll, was isolated on the basis of by homologous recombination using Gateway Cloning
resistance to sodium vanadate and was shown to affectTechnology (Invitrogen). All mutants were prepared by site-
glycosylation at an early step in the pathw&y. Efforts to directed mutagenesis of clones in pENTR vectors (prior to
define the precise step for which Algll is responsible homologous recombination). TH.G2 double mutant was
included extensive characterization of dolichylpyrophosphate- prepared by changing the codon corresponding to E343A in
linked saccharide intermediates and glycoproteins extractedthe E335A mutant background, while ti#d-G11 double
from algllmutant cells ). These data suggested that Algl1 mutant was prepared by incorporating both mutations
catalyzes the fifth mannosylation, which is the seventh step simultaneously in the wild-type background. All pENTR
in the pathway and the last step prior to translocation to the clones were verified by DNA sequencing at the Biopolymers
lumen; however, interpretation of these results was difficult Laboratory of the MIT Center for Cancer Research. Details
because of the nonspecific translocation by Rftl and elonga-of the cloning procedures can be found in the Supporting
tion by the lumenal glycosyltransferases. While thorough Information.
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Expression in S. cergsiae and Purification of Alg1Alg1- in 0.5 mL of buffer B, and stored at20 °C in 30% (v/v)
V5-His was expressed from the vector pYBEGD- glycerol.
DEST52 in the yeast strain INS&L. Solubilized microsomes Elongation of Dolichyl-Linked Saccharide Intermediates.

were prepared by differential centrifugation and further Reaction mixtures were approximately 4M dolichylpy-
purified by Ni—=NTA chromatography to yield 0.26 mg of rophosphate-linked starting material, 2 mM GDP-Man, and
Algl from a 4 Lexpression culture, with a specific activity 2.0 or 1.4 ug/uL (total protein) of membrane fraction
of 1.8 umol h™ mg~* (£0.99umol h™* mg~ based on four ~ containing TRX-Alg2 or TRX-Alg11, respectively. Starting
assays), with a fixed concentration of @ GDP-Man. with a dried aliquot of the dolichylpyrophosphate-linked
Assays were run as described previousB?)( and the starting material, a 5@4 aliquot of buffer A was added and
specific activity refers to micromoles oH]Man transferred ~ the mixture was sonicated for 1 min to resuspend the
from GDP-PH]Man to the dolichylpyrophosphate-linked substrate. The reaction mixture was then brought to 2 mM
substrate by 1 mg of Algl in 1 h. Details of the expression GDP-Man and 10 mM MgG] and dHO was added,
and purification can be found in the Supporting Information. anticipating a final volume of 10QiL. The membrane

Preparation of Dol-PP-GlcNAd/an with Alg1 Expressed fraction (SuL) pqntaining either TRX-Alg2 or TRX-Alg11
in S. cereisiae. To a dried aliquot of approximately 320 was added to initiate the reaction. Incubation proceeded for

: 1 h at room temperature, followed by quenching into a
nmol of GIcNAG-PP-Dol, 50QuL of buffer A [38 mM Tris- . L -
HCI at pH 7.2, 1.8 mM dithiothreitol (DTT), 0.28 mMm  Piphasic mixture of CHGIMeOH/4 mM MgCb (6:4:1). The

ethylenediaminetetraacetic acid (EDTA), and 0.26% NP-40] QOIichyIpyrophosphate—linked saccharides, which part?tione.d
was added and sonicated for 1 min to disperse the substrate!N© the organic phase, were subsequently washed tV_V'C? with
The reaction mixture was then brought to 2 mM GDP-Man 200 uL aliquots of CHCY/MeOH/4 mM_Mng (2.75:44:

and 10 mM MgC} and a final volume of 99@L with dH,O. 53.25) or CHC{/MeOH/100 mMm KCI (3:48:47) (the latter

A 10 4L aliquot of Algl (2.54M) was added to initiate the was used for larger sapchandes such as the Alg11 products).
reaction. The reaction mixture was incubated atG7#or 1 The extracted organic phase was then concentrated to

o dryness, resuspended in 0.5 mL repropanol/0.2 M trif-
h and then quenched by the addition to 11 mL of CHCI . .
MeOH/4 quaqueous Mé@(6:4:1). The organic phase was Iuproacenc acid (TFA) (1.1), and hegted to 30 for 15
washed twice with 2 mL of CHGIMeOH/4 mM MgCh min to hy_drolyze glycans from the dolichyl pyrophosphate.
(2.75:44:53.25), then evaporated to dryness, redissolved inHydrOIySIS pro.ducts were then evaporated to dryness.
1 mL of CHCK/MeOH (3:2), and aliquoted (1aL/tube). 2-AB Labeling of Saccharides (33Jo prepare the
Aliquots were redried and st'ored aB0 °C. The amount of fluorescent-labeling reag_ent, a ]750. aliquot of ace_tlc acid
dolichylpyrophosphate-linked substrate is difficult to quan- was added to a 350L allquot .Of dimethyl SUHOX'de and
tify, but a rough approximation was made by comparing the then a 10QuL aliquot of this mixture was used to dissolve

peak size on the fluorescence-detected high-performance5 mg of 2-AB. The entire dye solution was added to 6 mg

liquid chromatography (HPLC) to a known amount of of sodium cyanoborohydride and mixed well to dissolve the
maltotriose, labeled with 2-aminobenzamide (2-AB) and reductant. Aliquots of %L of this reagent were then added

: to dried samples of hydrolyzed, dried glycans and heated to
separated from unreacted 2-AB in the same way as theGS °C for 2—4 h. Postlabeling cleanup was accomplished
hydrolyzed glycan sample.

by using GlykoClean S cartridges (ProZyme, Inc.) according
Protein Expression and Preparation of E. coli Membranes. to the protocol of the manufacturer.
For E. coli expression, One Shot Top 10 competent cells  Normal-Phase HPLC (34)The normal-phase analytical
were transformed with either pBABLG2-DEST49 or  HPLC column (GlykoSepN) was purchased from ProZyme,
PBAD(ALG11)-DESTA49 together with plasmid isolated from  |nc. The solvents used were 50 mM ammonium formate at
BL21(DE3)RIL codon-plus competent cells (Stratagene) to pH 4.4 (solvent A) and acetonitrile (solvent B). A linear
enhance the translation of rare codons. Both plasmids weregradient of 26-52% solvent A in solvent B over 80 min
selected on the basis of the carbenicillin resistance of pBAD- was used to elute the 2AB-labeled glycans. Labeled glycans
DEST49 and chloramphenicol resistance of the codon-pluswere detected with a Waters scanning fluorescence detector
plasmid. A 10 mL portion from an overnight culture was (i, 330 nm; Aem 420 nm). For standardization of the
added to 2.5 L of Terrific Broth (Invitrogen) and grown at column, every dolichylpyrophosphate-linked intermediate
37°C with shaking to an OB 0f 0.8—1.0. The culture was  from GlcNAc to ManGIcNAc, was prepared as the hydro-
then adjusted to 18C prior to the induction of protein  |yzed and derivatized species, analyzed by HPLC, and
expression with the addition afarabinose to 0.2% (w/v).  confirmed by matrix-assisted laser desorption ionization
After 24 h, cells were harvested at°€ by centrifugation ~ mass spectrometry (MALBDIMS). Mono- and disaccharides
(25 min, 500@), washing once with 0.9% (w/v) NaCl. The were hydrolyzed from synthetic preparations; the trisaccha-
resulting pellet was either taken forward to cell-membrane ride was hydrolyzed from the chemoenzymatic Algl prepa-
preparation immediately or stored a80 °C until use. To ration; and tetra- through heptasaccharides were obtained by
prepare the membrane fraction, all steps were performed atelongating the trisaccharide intermediate using microsomes
4 °C. Cell pellets from 2.5 L expressions were resuspendedfrom wild-type yeast (IN\Bd, Invitrogen) as well as a
in 50 mL of buffer B (50 mM Tris-acetate at pH 8.5 and 1 temperature-sensitivalgll yeast strain (NDY 13.4)35).
mM EDTA) containing X protease inhibitor cocktail 11l Typically 5—20 pmol of material was injected for HPLC
(Calbiochem). Cells were lysed by sonication and centrifuged analysis.
for 30 min at 570@0. The membrane fraction was pelleted MALDI. Mass spectrometric analysis was performed on a
by centrifugation of the supernatantfbh at14240@. The PE Biosystems Voyager System 4028 using the reflector,
resulting pellet was rinsed with buffer B, then homogenized positive mode as describe86). Calibration mixture #1 from
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the Sequazyme mass standards kit (Applied Biosystems) was
used for standardization.

Mannosidase Claage.2-AB-labeled glycans were col-
lected from HPLC separation and then concentrated to
dryness using a Scl110 Speed-Vac (Savant, Inc.). For
characterization of the TRX-Alg2 products, dried glycans
were redissolved in &L of dH,O and 1uL aliquots were
treated with 2 units (L) of al—2,3-mannosidase from
Xanthomonas manihotiislew England BiolLabs, Inc.) in 50
mM sodium citrate at pH 6.0, 5 mM Cag{hand 100 mg/mL
bovine serum albumin (BSA), or with 1 milliunit (ZL) of
al,6-mannosidase froldanthomonasp. (Calbiochem) in
50 mM sodium phosphate at pH 5.0 and°&7for 5 h. For
the a1—2,3-mannosidase reactions, @5 aliquots each of
commercial buffer (1&) and BSA (1<), which were  GIcNAc; 2AB, 2-aminobenzamide).
supplied with the enzyme, were used in a final reaction Expression and Isolation of TRX-Alg2 and TRX-Alg11.
volume of 5uL. al,6-Mannosidase reactions were performed Before the cell-membrane fraction was employed for the
in a final volume of 10uL, using 1x buffer. isolation of Alg2, other expression and purification strategies

For characterization of the TRX-Algll wild-type and were attempted in an effort to obtain Alg2 in an active form.
mutant productsyl,2-mannosidase fromspergillus saitoi First, an N-terminal His-tagged Alg2 construct failed to
was purchased from ProZyme, Inc. and reconstituted ac-express inE. coli. Expression of yeast genes i coli is
cording to the instructions of the manufacturer. Briefly, at 4 often complicated by the difference in codon usage between
°C, 16 uL of dHO was mixed with 4uL of 5x reaction these two organisms. In the ye#dtG2 sequence, 35 of the
buffer provided by the manufacturer to makea deaction 504 codons (6.9%) are considered “rare”, because of the
buffer. Then, 1QuL of the 1x reaction buffer was slowly  significant under representation of these codons in the coding
added to the vial containing the dried enzyme and mixed by sequence of th&. coli genome. Appending thioredoxin to
gentle pipeting followed by a brief centrifugation. The the N terminus of sequences has been shown to improve
reconstituted enzyme was stored at’@. For cleavage  expression and solubility of many protein targe4§)( An
reactions, dried glycan fractions (M&ICNAC,-2AB or Alg2 construct with an N-terminal TRX domain was thus
MansGIcNAc,-2AB collected from HPLC) were redissolved  successfully expressed i coli and purified, but no activity
into 5L of dH0 and 1uL of heptasaccharide or 2 of was detected using a very sensitive radiolabeled GBIp-|
hexasaccharide was mixed with LB of 5x reaction buffer, Man-based assay3?). Similar attempts to purify Alg2
dHO (7.2 or 6.2uL for the hepta- and hexasaccharide activity were made using an Alg2 construct expressed in the
cleavages, respectively), andgl of reconstitutedol,2- native host,S. cereisiae, which therefore did not require
mannosidase. The reaction was incubated &C3@vernight. the TRX tag for expression. This strategy also failed to yield
RESULTS any detectable activity upon purification (refer to the

Supporting Information for further details of these strategies).
Preparation of the Trisaccharide Intermediate Using Alg1.

On the basis of the apparent instability of Alg2, it was
The chemoenzymatic preparation of Mah4-GIcNAc1,4- thus hypothesized that the two remote pairs of predicted
GIcNAc-PP-Dol began with the degradation of chitin and transmembrane domains might rely on the membrane
subsequent modification to yield peracetylated chitobiose environment to maintain the proper structure and function
using published procedure37). The remaining steps leading  of the soluble portion of the enzyme. In other words, taking
to dolichylpyrophosphate-linked chitobiose were also carried Alg2 away from the membrane may be challenging the
out as described previousi§8). The construct used for Algl  isolation of a catalytically active preparation. To test this, it
expression included a C-terminal His tag for purification. was necessary to examine the activity of Alg2 while

In addition, a V5 epitope, which is a 14 amino acid sequence maintaining the protein in a membrane environment. How-

MN,-2AB

Fluorescence

N,-2AB

v

25 30 35 40 45

Time (minutes)
Ficure 2: Chemoenzymatic preparation of ManGIlcNARP-Dol
using purified Algl. Fluorescence-based HPLC trace of ap-
proximately 5-20 pmol of extracted Algl products from ManGlc-
NAc,-PP-Dol preparation, following hydrolysis and labeling with
2-AB as described in the Experimental Procedures (M, Man; N,

20 50

from the P and V proteins of the paramyxovir89), was
included at the C terminus for detection by Western blot
analysis. Thus, Algl was overexpresse&ircereisiaeand
purified by Ni—=NTA affinity chromatography. To analyze
the reaction of Algl with GIcNAgPP-Dol, dolichylpyro-

ever, it is critical to be able to distinguish both Alg2 and
Algll functions from the rest of the dolichol pathway
components to unambiguously define the functions of these
enzymes. Therefore, expressiorEncoli provides an ideal
platform, because there are no dolichol pathway homologues

phosphate-linked glycans were isolated by extraction into a in this organism. TheE. coli cell-membrane fraction was

CHCIly/MeOH layer, released from dolichylpyrophosphate
by mild acid hydrolysis, and derivatized with 2-ABJ).

therefore chosen as a “vehicle” for preserving the membrane
environment of Alg2 and Alg11l while offering a heterolo-

Labeled glycans were then separated by normal-phase HPLQJous system to enable the assignment of function. The
with fluorescence detection using the column specified for construct chosen to test this strategy was the TRX-Alg2-

2-AB-labeled glycan separation (Prozyme, In@¥)( Algl

V5-His fusion protein used previously for purification. After

was able to convert the disaccharide to the trisaccharide inoverexpression ift. coli, cells were harvested and lysed in
a greater than 95% vyield, as estimated by the relative HPLCthe absence of detergent. Using differential centrifugation,
peak intensities (Figure 2). The product was confirmed by this construct was then isolated in the cell-membrane fraction.

MALDI —MS of the hydrolyzed product (expected [M
NaJt = 729.5 and found [M+ NaJ" = 729.4).

To assess the requirement of the N-terminal TRX domain
in this strategy, two Alg2 constructs were expressed and
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MN,-2AB  M,N,-2AB  M;N,-2AB
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Ficure 3: Isolated TRX-Alg2 and His-Alg2 fronk. coli expres-
sion. Equivalent amounts of cell-membrane fraction were used for
SDS-PAGE and Western blot analysis. Gelcode protein stain
(Pierce Co.) of membrane fractions from the expression of TRX- . o
Alg2-V5-His (lane 1) and His-Alg2 (lane 2) and Western blot ~ S
analysis of TRX-Alg2-V5-His (lane 3) and His-Alg2 (lane 4). The 35 40 45 80 55 60 65

Western blot was visualized using an antibody to the His tag (GE Time (minutes)

Healthcare Bio-Sciences Co.). Ficure 4: TRX-Alg2 and not TRX-Alg11 elongates ManGIcNAc

. . . - PP-Dol to ManGIcNAc,-PP-Dol. Fluorescence-based HPLC traces
|sola_ted, one with the_ N-terminal TRX doma"? and C- show labeled products from reaction mixtures including ManGilc-
terminal His and V5 epitope tags and the other with only an Nac,-PP-Dol, GDP-Man, and the cell-membrane fraction contain-
N-terminal His tag. Levels of protein expression and isolation ing (A) TRX-Alg2 or (B) TRX-Alg11. The retention times of the

were compared using an antibody to the His tag. Figure 3 TRX-Alg2 products (A) match those of MaBIcNAC,-2AB and
shows that TRX-Alg2-V5-His was successfully expressed MansGIcNAC,-2AB authentic standards. These authentic standards

. . . .. have the structures of the corresponding tetra- and pentasaccharide
and isolated in the ceII-membr_ane fraction (lane 3), while in intermediates in the dolichol pathway, respectively (retention times
the absence of the TRX domain (lane 4), no full-length Alg2 can vary from run to run; however, the variation is minor relative

was detected and only a smaller product, presumably ato the separation of distinct glycans) (M, Man; N, GIcNAc; 2AB,
truncation product, was observed. Thus, consistent with 2-aminobenzamide).
previous observations, the TRX was crucial for expression,
and therefore, the TRX-Alg2 construct was chosen for the products as the tetrasaccharide, MaleNAC-2AB (ex-
study of the Alg2 function. Because this isolation procedure Pected [M+ H]* = 869.3 and found [Mt+ H]* = 869.4),
does not include affinity purification, the construct was and the pentasaccharide, M&cNAC-2AB (expected [M
simplified by incorporating a stop codon at theeBd of the ~ + H]*™ = 1031.4 and found [Mt H]* = 1031.3) (Figure
ALG2sequence to eliminate the C-terminal tags, considering S2 in the Supporting Information), suggesting that Alg2
that Algl has been shown to be sensitive to perturbation of catalyzes the addition of two mannose residues. To confirm
the C terminus Z7). Although both constructs exhibited thatthese saccharides have the same structure as the dolichol
catalytic activity, only characterization of the construct Pathway intermediates, the glycosidic linkages were mapped
omitting the C-terminal tags is described herein. by specific mannosidase treatment usingodn-2,3-man-
TRX-Alg2 Elongates ManGIcNABP-Dol to ManGIcNAG- nosidase fronX. manihotusand anal,6-mannosidase from
PP-Dol. The membrane fraction containing TRX-Alg2 was Xanthomonassp. @1). Treatment of the pentasaccharide
assayed for activity with ManGIcNAePP-Dol in the pres-  (Figure 5A) with theal—2,3-mannosidase yielded a tet-
ence of GDP-Man as described in the Experimental Proce-rasaccharide (Figure 5B), which was sensitive todfie5-
dures. The reaction was analyzed by fluorescence-detectednannosidase (Figure 5C). These cleavage products were also
HPLC as described for the Algl reaction. Incubation with confirmed by MALDI-MS (Figure S3 in the Supporting
ManGIlcNAG-PP-Dol in the presence of GDP-Man led to Information). The tetrasaccharide intermediate formed in
the appearance of one new major peak in the HPLC trace,race amounts in the TRX-AIg2 reaction was shown to be

corresponding to the retention time of authentic Mas6- sensitive to aml1—2,3-mannosidase to yield a trisaccharide
(Manal,3)-MarB1,4-GIcNAQ1,4-GIcNAc-2AB, and a mi-  (Figure 6). o _ _
nor peak with the retention time of authentic Medn3- These glycoside linkage-mapping results are consistent

Man31,4-GIcNAQ1,4-GIcNAc-2AB (Figure 4A). To approxi- ~ with previous analysis of accumulated dolichylpyrophos-
mate the level of activity and establish enzyme dependence phate-linked intermediates in wild-type and mutant yeast
radioactivity-based assays were used (Figure S1 in thestrains. These studies had shown that the order of addition
Supporting Information)32). To preclude the possibility that ~ of mannose residues proceedsody 3-mannosylation of the
the products observed were the result of backgrdeinebli trisaccharide intermediate, followed byl ,6-mannosylation
enzymes or extracted native lipids, the experiment was of the 1,4-linked mannose residue to yield the branched
repeated in a manner that is similar to using an empty vectorcore pentasaccharide product (Figure 26, @2).
control. However, instead of removing the geA&G2was The pentasaccharide, M&IcNAC,-2AB, was resistant to
replaced withALG11, which would not be expected to accept the al,6-mannosidase (Figure S4 in the Supporting Informa-
the trisaccharide intermediate. Indeed, a membrane fractiontion), which was expected because this mannosidase is
containing TRX-Algl1l did not show any evidence of the incapable of catalyzing the cleavage of branched structures
reaction with the trisaccharide intermediate (Figure 4B).  (41). This result supports the branched structure of the
Subjecting the products of the TRX-Alg2 reaction to pentasaccharide, in accordance with the natural pentasac-
analysis by MALDHMS confirmed the identities of the charide intermediate. The only other possible structure based
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MN,-2AB  MN,-2AB  M;N,-2AB

A Untreated

B «1-2,3-Mannosidase + A

Fluorescence

C o1,6-Mannosidase + B

30 35 40 45 50 55 60 65 70

Time (minutes)

Ficure 5: Mannosidase mapping of MgBICNAC,-2AB from
TRX-Alg2. Fluorescence-based HPLC traces of the (A) pentasac-
charide product of TRX-Alg2, MayGIcNAc,-2AB, collected from

the HPLC separation of the labeled reaction mixture, (B) product
of a1—2,3-mannosidase treatment of M@&cNAc,-2AB, and (C)
product of al,6-mannosidase treatment of the tetrasaccharide
cleavage product of Ma@IcNAc,-2AB. Cleavage reactions were
carried out as described in the Experimental Procedures (M, Man;
N, GlcNAc; 2AB, 2-aminobenzamide).

MN,-2AB M,N,-2AB
A Untreated

[0}

[$]

= L

[}

3 o

o

u_g_ B «1-2,3-Mannosidase

30 35 40 45 50 55 60

Time (minutes)

Ficure 6: Mannosidase mapping of M#BICNAC,-2AB from
TRX-Alg2. Fluorescence-based HPLC traces of the (A) tetrasac-
charide intermediate from the TRX-Alg2 reaction, M&lcNAC,-
2AB, collected from the HPLC separation of the labeled reaction
mixture and (B) cleavage product from the treatment of the
tetrasaccharide withnl—2,3-mannosidase as described in the
Experimental Procedures (M, Man; N, GIcNAc; 2-AB, 2-ami-
nobenzamide).
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FiGure 7: Analysis of expression/isolation and activity of TRX-
Alg2 mutants. (A) Western blot analysis showing relative amounts
of wild-type TRX-Alg2 (40 ug of total protein) and equivalent
amounts of TRX-Alg2 mutants in cell-membrane fractions. Proteins
were detected using an antibody to the TRX domain (Invitrogen).
(B) Fluorescence-based HPLC traces show the results of incubating
ManGIcNAG-PP-Dol with equivalent amounts (8 aliquots) of
the TRX-Alg2 mutants E335A (top), E343A (middle), or the double
mutant, E335A/E343A (bottom), prepared as described in the
Experimental Procedures (M, Man; N, GIcNAc; 2AB, 2-aminoben-
zamide).

60 65 70

ate that bears a terminall—3 (or a1—2) linkage negates
this possibility. In addition, while thel—2,3-mannosidase
does not necessarily distinguish betweeh,2 andal,3
linkages, prior knowledge of the structure of the pentasac-
charide intermediate in the dolichol pathway as well as the
established role of Alg2 in the early steps of the tetrade-
casaccharide biosynthesis support the presence ofl 8
linked mannose and a branching of thk 6-linked mannose
from thef1,4-linked mannose. When these results are taken
together, they suggest that TRX-Alg2 catalyzes the manno-
sylation of Marf1,4-GlcNA¢31,4-GlcNAc-PP-Dol to pro-
duce Manmt1,3-(Mar1,6)-Marpl1,4-GIcNAg1,4-GIcNAc-
PP-Dol via the intermediate, Maf,3-Marp1,4-GIcNAG1,4-
GIcNAc-PP-Dol.

Analysis of Site-Directed TRX-Alg2 Mutanihe single
site-directed mutants, TRX-Alg2 E335A and TRX-Alg2
E343A, as well as the double mutant, TRX-Alg2 E335A/
E343A were constructed to determine the importance of the
conserved glutamic acid residues in the/EXnotif of the
signature sequence and also to provide further controls to
support the specific role of TRX-Alg2 in the observed
activity. The relative expression/isolation levels of each
mutant in comparison to wild-type TRX-Alg2 are shown in

on the pentasaccharide linkage analysis would be a linearFigure 7A. It has been proposed that the first Glu residue of

structure in which thet1,6-Man is in the penultimate position
and the terminal mannose i&1—3 (or al—2)-linked.

However, the demonstration of the tetrasaccharide intermedi-

this motif directly participates in catalysig¢3). Indeed, in
the case of one member of this family, mutation of the first
Glu residue of the EX motif completely abolished activity,
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while residual activity could_be seen upon mutation of the MN,-2AB M;N,-2AB MN,-2AB
second Glu residue but only in a more sensitive in vivo assay

v MyN,-2AB ™ ¢ v
(44). Many more examples of probing this motif in glyco- v
L A

syltransferases are needed before the relative importance of

the Glu residues can be generally assigned. Nevertheless,

the Alg2 E335A mutation was expected to affect activity,

and, indeed, a significantly lower level of product formation

was observed (top of Figure 7B). More notable, however, is

that the tetrasaccharide intermediate formed ¢fNNa]™ =

M

Fluorescence

890.9; [M + K]* = 906.7) (Figure S5A in the Supporting
Information) is present in greater proportion than the
pentasaccharide product. Investigation of the kinetics of these
reactions will be necessary to ascertain whether the mutation
of the first Glu residue indeed impairs the second manno-
sylation step more severely than the first.

To ensure that the tetrasaccharide intermediate formed was
the natural intermediate in the pathway and that the mutation 35 40 45 50 55 60 65 70 75
did not cause therl,6-mannosylation to occur first, the Time (minutes)
labeled tetrasaccharide product, Ma@feNAc,-2AB, was FIGURE 8: HPLC of the TRX-Alg11 product. Fluorescence-based
shown to be sensitive to thel—2,3-mannosidase and HPLC traces show (A) TRX-Alg2 products (starting material for
resistant to thex1,6-mannosidase (parts B and C of Figure g;ie lJTOF:)((iﬁ(')gl102‘%[3?;0“20?(22)(c|)3f)tg§é-:r:]gblénig??aucﬁit§hg/grin
SS in the _Supportlng Information). The Sec.of‘d Glu_ mutant, TI?(JX-AIgll \ftvgs used inpthe elongation assay (M, Man; N, GIcNAg;
E343A, did not show any detectable activity (middle of ;ag > Zminobenzamide).
Figure 7B). From this assay, it is impossible to know whether

this mutation affects both steps or only the first mannosy- MN,-2AB MN,-2AB
lation. In an attempt to address this issue, the E335A and ‘v ‘v
E343A single mutants were assayed together. If the latter

mutant was able to carry out thel,6-mannosylation, then A Untreated

the combination of these mutants should yield the pentasac-
charide product. However, the only product formation
observed was identical to that of the E335A mutant alone
(data not shown). As expected, on the basis of the results
from the E343A mutant, the double mutant also does not
exhibit any detectable level of product formation (bottom
of Figure 7B). These mutants, while providing preliminary

insight into the possible role of this motif, were prepared

with the main objective of providing additional controls to

confirm that the observed activity can indeed be attributed

to TRX-Alg2 and not to native enzymes in the bacterial Pl T“ N
5 50 55 60 65 70 75

B «o1,2-Mannosidase

Fluorescence

membrane fraction.
TRX-Alg11 Accepts Pentasaccharide To Form Heptasac- 4
charide.Assigning the function of Alg11 has been hampered

by the difficulty in accessing the dolichylpyrophosphate- FiIGURE 9: Structural characterization of the TRX-Alg11 product.
. . . . . Fluorescence-based HPLC traces of the heptasaccharide collected
linked penta- or hexasaccharide intermediates, which A€ rom HPLC separation of the labeled TRX-Alg11 reaction mixture

challenging synthetic targets. Having the means to prepare(a) pefore and (B) after treatment with aml,2-mannosidase
the pentasaccharide intermediate chemoenzymatically usingProzyme, Inc.) as described in the Experimental Procedures (M,

TRX-Alg2 presented the opportunity to examine the function Man; N, GIcNAc; 2AB, 2-aminobenzamide).
of Algll. TRX-Algll was expressed and isolated in the
membrane fraction dE. coli, repeating exactly the methods MALDI —MS (expected [M+ Na]* = 1377.5, found [M+
used for TRX-Alg2. The products of the TRX-Alg2 reaction NaJ" = 1377.5) (Figure S6 in the Supporting Information),
were used as starting material for elongation assays withand the structure was characterized by cleavage wittlar
TRX-Algl1. The starting material was thus represented by mannosidase frorA. saitoias described in the Experimental
a majority of the pentasaccharide, but also contained minor Procedures to yield a pentasaccharide (Figure 9).
amounts of tris- and tetrasaccharides (Figure 8A), and was These linkage-mapping results are consistent with the
prepared by scaling up the TRX-Alg2 reaction and then expected structure, Mar,2-Maronl,2-Maru1,3-(Marod,6)-
aliquoting equal amounts of the products to be used as TRX-Mans1,4-GIcNA¢31,4-GIcNAc-2AB. Thus, TRX-Algll was
Algl1 substrates. shown to catalyze the elongation of Meh3-(Marul,6)-
Incubation of the TRX-Alg2 product mixture with TRX-  Mans1,4-GlcNAg1,4-GlcNAc-PP-Dol to Manl,2-Marul,2-
Alg1l1 resulted in the disappearance of the pentasaccharideManal,3-(Manel,6)-Man$1,4-GlcNAQ1,4-GIcNAc-PP-
peak with a concomitant appearance of a peak with the Dol. The residual tri- and tetrasaccharide intermediates
retention time of the authentic heptasaccharide intermediateremained unreacted, highlighting the specificity of TRX-
(Figure 8B). The heptasaccharide product was confirmed by Algl1 and providing more convincing evidence that the

80
Time (minutes)
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comparable conditions (middle of Figure 10B), which is

ng"‘ 0\%‘“ @53%"‘ consistent with previous hypotheses that the first Glu residue
A % : of the EX;E motif is more critical for activity. For reasons
——  —— that are unclear at the current time, the double mutant is
consistently expressed (or isolated) at a significantly higher
level compared to the single mutants. This characteristic,
B MN,- M3N,- Mg, however, does not complicate the interpretation of the
2AB 2AB M,N,-2AB elongation assay results, because no product formation was
v M & v detected in an elongation assay with this mutant. The
E405A complete loss of activity in the double mutant, TRX-Alg11

E405A/E413A (bottom of Figure 10B), suggests that either
the E413 is critical for the residual activity displayed by the
E405A mutant or perhaps this perturbation in local structure
is enough to abolish the remaining activity. More importantly,
in terms of the current goal of defining the precise function
of Algl1, the sensitivity of the observed activity to point
mutations in TRX-Alg1l and, particularly, the complete loss
of activity in the double mutant, despite robust expression,
""W"‘""‘""‘"‘"‘ = W argues against any involvement of natike coli enzymes
ansAlr ' ' in the cell-membrane fraction. '
E413A Specificity of TRX-Alg2 and TRX-Alglih.the interest of
unambiguously assigning the function of Alg2 and Algl1l
from these studies, it was necessary to show that each is
specific for the proposed substrate. To demonstrate that Alg2
and Algl1 are capable of distinguishing the correct substrate
a0 40 %0 8 70 80 from preceding intermediates in the pathway, different
Time (minutes) combinations of Algl front. cereisiae expression, TRX-
FIGURE 10: Analysis of expression and activity of TRX-Algll Alg2, and TRX-Algll were incubated with the Algl
mutants. (A) Western blot analysis of equivalent amounts of cell- substrate, GICNAgPP-Dol. In the absence of Algl, there
membrane fraction from the overexpression of all TRX-Algll \yas no evidence of elongation of GIcNABP-Dol, dem-

mutants to show relative expression levels, witfihio (Invitrogen) ; ; _ _
detection of the TRX domain. (B) Fluorescence-based HPLC tracesonsnatIng that neither TRX-Alg2 nor TRX-Algl1 accepts

show the results of incubating MgBIcNAc,-PP-Dol with equiva- this intermediate (Figure 11A). In the ab_sence of TRX-Alg2,
lent amounts (5L aliquots) of the TRX-Alg1ll mutants E405A  ManGIcNAG-PP-Dol accumulates, showing that TRX-Alg11
(top), E413A (middle), or the double mutant, E405A/E413A also does not accept the trisaccharide intermediate (Figure
(bottom), prepared as described in the Experimental Procedures (MlllB). The complete elongation to Mag@icNAc,-PP-Dol in

Man; N, GlcNAc; 2AB, 2-aminobenzamide). the presence of Algl, TRX-Alg2, and TRX-Algl11 confirmed
pentasaccharide is the substrate of Alg11. The fact that thethat all components were active and that these three enzymes
TRX-Alg2 membrane fraction does not elongate the pen- are sufficient to carry out all five mannosylation steps of
tasaccharide product further provides evidence that precludeghe dolichol pathway that occur on the cytosolic face of the
the possibility of nativeE. coli enzymes completing the ER membrane (Figure 11C).

heptasaccharide biosynthesis.

Mannosyltransferase Acities of TRX-Algll Mutants. DISCUSSION
Further evidence that the observed activity was specific to  The results presented in this paper demonstrate the dual
TRX-Alg11 was sought through the use of point mutations function of Alg2 and Alg11, which complement the recent
of the conserved Glu residues in the signature sequence, agvidence for the dual function of Alg9 and, thus, complete
was done for TRX-Alg2. The relative expression/isolation the identification of the entire ensemble of glycosyltrans-
levels of the three mutants were evaluated by Western blotferases that comprise the dolichol pathway. These findings
analysis (Figure 10A). The levels of all mutants were lower explain the absence of candidates for these steps generated
than wild-type TRX-Algl1; however, the results of the through genetic screens and bioinformatic approaches.
mutations range from product formation comparable to that Similar examples of this paradox, in which too few candidate
of the wild-type sequence to no detection of product glycosyltransferases are available to account for all of the
formation and, thus, can be compared independently of thesteps in a biosynthetic pathway, have recently been found
wild-type activity. Mutation of the first Glu residue (TRX- in Streptomyces cyanogerasd inCampylobacter jejuni45,
Alg11 E405A) caused nearly complete abrogation of product 46). In S. cyanogenydandomycin A biosynthesis involves
formation, with only trace amounts observed by HPLC (top the assembly of a hexasaccharide moiety by two monofunc-
of Figure 10B). These trace products were subjected 18- tional and two bifunctional glycosyltransferase)( The
mannosidase cleavage to identify them as the expected hexaPgl pathway of N-linked protein glycosylation . jejuni
and heptasaccharide products, MaltNAc,-PP-Dol and has many similarities to the dolichol pathway, including the
MansGIcNAc,-PP-Dol, respectively (Figure S7 in the Sup- assembly of a polyisoprenoid pyrophosphate-linked oligosac-
porting Information). In contrast, the degree of product charide as the donor for transfer to proted)( Within the
formation achieved by the TRX-Algll E413A mutant was Pgl pathway, theal,4-N-acetylgalactosaminyltransferase,
indistinguishable from that of the wild-type enzyme under PglH, acts iteratively to transfer three GalNAc residues to

E413A

Fluorescence
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hexasaccharide intermediate suggests that the second step
is also impaired.

Despite the low-sequence homology, there is a great deal
of structural homology among glycosyltransferases for which
structures have been determin@®)( There are two major
folds, known as GT-A and GT-B, among several glycosyl-
transferase familiesg). The GT-B fold is characterized by

e two dissimilar subdomains separated by a hinge region, one
B of which is responsible for binding the nucleotide sugar,
while the other binds the acceptdd]. Structures have been
solved by X-ray analysis for three of the glycosyltransferases
7 that include the previously mentioned conserved signature
sequence, including MurG, GtfB, amttGT (57—59). All
of these structures reveal a GT-B fold and involvement of
C the conserved residues in binding of the nucleotide-sugar
donor. MurG, like enzymes in the dolichol pathway, is
membrane-associated, and the glycosyl acceptor is activated
* by a long-chain pyrophosphate-linked polyisoprene. In Alg2
and Alg11, the conserved signature sequence lies within the

2 30 70 = 50 70 soluble cytosolic region. Threa_ding analysis with sequences

Time (minutes) of glycosyltransferases for which structures have not been

Ficure 11: Specificity of TRX-Alg2 and TRX-Alg11. Fluorescence- ~ SOlved reveal that most fall within either the GT-A or GT-B
based HPLC traces of hydrolyzed and 2-AB-labeled reaction fold family. Selected sequences from the Pfam family, to
mixtures following GIcNAg-PP-Dol elongation with different  which Alg2 and Alg11 belong, were analyzed by threading
permutations of Algl (0.13g, purified), TRX-Alg2 (200ug of  analysis and were predicted to adopt the GT-B f@)(

total protein, membrane fraction), and TRX-Alg11 (&0 of total o
protein, membrane fraction). (A) TRX-Alg2- TRX-Alg11. (B) For all of these reasons, it is suspected that Alg2 and Alg11

Algl + TRX-Algll (C) Algl + TRX-Alg2 + TRX-Algll. (¥ may also adopt the GT-B fold, Separating the two substrate
Uncharacterized impurity has the retention time of peracetylated binding sites by a flexible loop.
GIcNAC,-2AB (gray circles, Man; black squares, GICNAC; structures  aq jncreasing numbers of glycosyltransferase structures
represent hydrolyzed and 2-aminobenzamide-labeled products). ) . . - :
are available, there is mounting evidence that the nucleotide-
sugar donor utilizing glycosyltransferases have a flexible loop
above the donor-binding site that closes upon donor binding,
creating the binding site of the acceptér). Plasticity of
the active site and the flexibility between acceptor- and
donor-binding sites may help to explain how enzymes with
the same overall structure are used for the formation of more
than one type of glycosidic linkage and for the transfer of
more than one monosaccharide. It has been shown that
constraining glycosyl acceptors into a variety of conforma-
tions can have a significant impact on the kinetic parameters
of the glycosyltransferases that recognize thég).(Much
more work is needed to begin to understand how Alg2 can
carry out anal,3-mannosylation when the trisaccharide
intermediate is bound, while binding of the tetrasaccharide
induces am1,6-mannosylation, thus changing the linkage
specificity by changing the substrate.

z!. the E405A mutant, and the observed accumulation of the
v

Fluorescence

the growing oligosaccharide chaig). In these two
examples, as in the case of Algll, the enzymes are
transferring the same sugar to form the same glycosidic
linkage.

Other examples of bifunctional glycosyltransferases in-
clude the chondroitin synthases, which display b6ih3-
N-acetylgalactosamine transferase gig4-glucuronic acid
transferase activitiegl8—52), and hyaluronan synthasgX
53), havingp1,3N-acetylglucosamine transferase gtig4-
glucuronic acid transferase activities. The enzyme FT85 from
Dictyosteliumdisplays boths1,3-galactosytransferase and
al,2-fucosyltransferase activitieb4), and the E. coli
enzyme, KfiC, polymerizes a repeat structure of a bacterial
capsular polysaccharide by alternatimgj,4 andg1,4 addi-
tions of N-acetylglucosamine and glucuronic acid, respec-
tively (55). A common feature of all of these bifunctional
glycosyltransferases is the apparent presence of two separatg oNCLUSIONS
glycosyltransferase domains that isolate the two distinct
activities. This characteristic may be necessary because of |n vitro biochemical studies presented herein provide
the fact that, unlike Alg2 and Alg11, two different types of evidence for the dual function of both Alg2 and Alg11, thus
glycosyl donors must be recognized. These bifunctional laying the groundwork for future studies of the coordinated
enzymes are also significantly larger than Alg2 and Algll. actions of these enzymes. Glycosyltransferases are notori-

The results of the Alg2 mutants presented here suggestously unstable and are often membrane-associated. Thus, the
that only one active site is used for both transformations, challenges in studying the dolichol pathway from a bio-
because the first Glu residue of the f&Xmotif seems to be  chemical standpoint have also hindered progress toward
important for theal,6-mannosylation and the second Glu obtaining a complete mechanistic picture of glycosyltrans-
residue affects (at least) thel,3-mannosylation. Similarly,  ferases. The work described here demonstrates the utility of
in the case of Algl1, mutation of the first Glu residue appears an alternative method for isolating the activity of single
to affect both of theal,2-mannosylations for which it is  dolichol pathway enzymes while maintaining a nativelike
responsible. Total product formation is markedly lower with  membrane environment. Future work will be necessary to
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gain kinetic information about these enzymes to understand
how two mannosyltransferase steps can occur, particularly
with two different linkage specificities, as well as the role
of the conserved glutamate residues. Finally, just as the
chemoenzymatic preparation of the core trisaccharide has
been accomplishe®), it is now possible to prepare both
the core pentasaccharide and the full heptasaccharide product ™
of the cytosolic transferases using a chemoenzymatic ap-
proach. 16.
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