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Abstract—The bacterial enzyme lipopolysaccharyl a-galactosyltransferase C (EC 2.4.1.x, LgtC) is involved in the synthesis of

lipooligosaccharides displayed on the cell surfaces of Neisseria meningitidis. LgtC catalyzes the transfer of a galactosyl residue from

UDP-Gal to the terminal galactose residue of glycoconjugates with an overall retention of stereochemistry at the anomeric center.

Several hypothetical catalytic mechanisms of the LgtC enzyme were examined herein using DFT quantum chemical methods up to

the B3LYP/6-311++G**//B3LYP/6-31G* level. The computational model used to follow the reaction is based on the crystallo-

graphic structure of LgtC in complex with both the nucleotide–galactose donor and the oligosaccharide-acceptor analogues. The 136

atoms included in this model represent fragments of residues critical for the substrate binding and catalysis. From our calculations,

the preferred pathway is predicted to be a one step mechanism with the nucleophilic attack of the acceptor oxygen onto the anomeric

carbon and the proton transfer to a phosphate oxygen occurring simultaneously. This mechanism has an ANDNAHDH character,

with the unique transition state structure in which the attacking galactose group is more closely bound to the anomeric carbon than

to the UDP leaving group and where the hydrogen bond between the nucleophile and the leaving group oxygens facilitates the

attack of the acceptor O40 from the same side of the transferred galactose.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Glycosyltransferases are enzymes that transfer a glyco-

syl residue from an activated donor to an acceptor. In

the past few years, several three-dimensional structures

of glycosyltransferases have been reported in the litera-
ture.1–15 The catalytic reaction catalyzed by a glycosyl-

transferase can proceed with either inversion or

retention of configuration at the anomeric carbon of the

donor. In the case of inverting glycosyltransferases, the

available structural information16;17 and theoretical cal-

culations18;19 support a single nucleophilic displacement

of the nucleotide by one of the hydroxyl groups of the

acceptor. On the other hand, the commonly assumed
double-displacement mechanism of retaining glyco-

syltransferases remains unsupported by all available
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X-ray structures of retaining glycosyltransferases.

Theoretical investigations20 of various possible reaction

pathways describing a double-displacement mechanism

indicate that the energetically most favorable pathway

requires the presence of only one catalytic acid in the

active site with the UDP functioning as a general base in
the second step of the reaction (Scheme 1).

Lipopolysaccharyl a-galactosyltransferase C (EC

2.4.1.x, LgtC) from Neisseria meningitidis is the enzyme

catalyzing the transfer of a galactosyl residue from uri-

dine diphosphogalactose (UDP-Gal) to a galactose of

the terminal lactose moiety on the bacterial lipopoly-

saccharide and is therefore a potential target for a

treatment of infections caused by this microorganism.8;21

This catalytic reaction yields an elongated oligosaccha-

ride product with net retention of the anomeric config-

uration relative to the donor, which is characteristic of

retaining glycosyltransferases. The overall catalytic

reaction is illustrated in Scheme 2. On the basis of

sequence similarities, LgtC belongs to family 8 of
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Scheme 1. Schematic representation of the (a) first step and (b) second

step of the proposed mechanism20 for retaining glycosyltransferases via

a double-displacement mechanism.
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glycosyltransferases22 and the crystal structure of the

complex of LgtC with manganese and UDP 2-deoxy-2-

fluorogalactose (a donor substrate analogue) in the
presence and absence of the acceptor sugar analogue 40-

deoxylactose were recently solved8 at 2�A. Experiments

have shown21 that LgtC follows an ordered bi–bi kinetic

mechanism in which UDP-Gal binds first, followed by

the acceptor lactose. The enzyme catalyzing the reaction

of UDP-Gal with lactose to give UDP and a trisaccha-

ride occurs with apparent second-order rate constants8;21

ranging from 14 to 34 s�1, which correspond to energy
barriers of about 12–14 kcal/mol. It was found21 that the

enzyme does not bind very tightly to the acceptor

(Km ¼ 60mM), while the donor UDP-Gal does bind very

strongly (Km ¼ 18 lM). After the reaction, the trisac-

charide leaves first the reaction site followed then by

UDP. The difficult identification of a catalytic base in

the active site of LgtC as well as the absence of any

convincing evidence for the existence of a covalent
intermediate has led to the suggestion that this enzyme

might rather proceed through a single front-side dis-

placement reaction, also known as an SNi mechanism
O

OUDP

OH

HO
OH

CH2OH
OH

O

HO OH

CH2OH

O
O

HO OH

CH2OH

O
R

Scheme 2. Schematic representation of the galactosyl transfer from UDP-G

retaining LgtC.
and previously invoked for glycogen phosphorylases.23

The lack of experimental evidences however does not
permit yet to clearly conclude on the actual type of

mechanism involved.

We report here a theoretical study of the mechanism

of the bacterial LgtC. Several hypothetical reactions

were examined for this enzyme using nonempirical

quantum chemical methods. Studies using similar tech-

niques have already been published on the mechanism of

inverting N -acetylglucosaminyltransferases18;19 and on
the double-displacement mechanism of retaining glyco-

syltransferases.20 Understanding the reaction mecha-

nism of LgtC and the determination of the transition

state structure is a prerequisite for the design of a potent

and specific inhibitor for this enzyme, which could in

turn act as new antibiotics.
2. Model and computational procedures

The starting point for the reaction site model was the

crystallographic structure8 of LgtC in complex with

manganese, UDP 2-deoxy-2-fluoro-galactose and 40-de-

oxylactose, which was resolved at 2�A (code number

1GA8 in Protein Data Bank, PDB). Both substrate

analogues were transformed into the native substrates,
UDP-galactose and lactose, respectively. Our structural

model of the reaction site included all relevant parts of

the donor and acceptor substrates, the metal cofactor,

and key amino acids involved either in the enzymatic

reaction or in the binding of the substrates with the

geometrical features observed in the crystal structure. A

schematic representation of the reaction site model is

shown in Scheme 3. The model contained 136 atoms
consisting of the complete sugar-donor molecule, UDP-

Gal; a galactose derivative representing the oligosac-

charide acceptor; the divalent metal cofactor Mn2þ

modeled by Mg2þ, which has the same preferred coor-

dinate number as manganese and both metals behave

similarly.24 Divalent magnesium is fully coordinated by

aspartate D103, aspartate D105, and histidine H244, as

found in the X-ray structure; a portion of glutamine
Q189 presumed to be the catalytic base in one of

assumed mechanisms; and the essential fragment of

aspartate D8 interacting with the uridine part of the
O
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Scheme 3. Schematic representation of the structural model used to investigate the reaction catalyzed by LgtC.
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donor. With this reaction-site model we have explored

computationally different reaction hypotheses for the

galactosyl transfer catalyzed by LgtC. Calculations were

carried out using the Jaguar program.25 Optimization of

the geometry was performed using the B3LYP density
functional method26 with the 6-31G* basis set (1259

basis functions). Geometries of all stationary points on

the PES were then fully optimized with no constraints

on the reaction coordinates. The exceptions were coor-

dinates defining the location of a-carbons of the enzyme

amino acids that were constraint to their crystallo-

graphic positions. The structure of the transition state

was calculated using the three nearest points to the
particular barrier on the PES using the QST-guided

search of the Jaguar software.25 Finally, single point

energy calculations were performed on selected geome-

tries determined at the B3LYP/6-31G* level using the

B3LYP/6-31++G** and B3LYP/6-311++G** basis sets

(1803/2101 basic functions), respectively.
3. Results and discussion

The catalytic mechanism of retaining glycosyltransfe-

rases via a double-displacement mechanism27 proceeds
in two steps and requires the presence of two catalytic

residues in the vicinity of the reaction site. The first step

is the formation of a covalent glycosyl–enzyme complex

(CEG) between the enzyme catalytic base and the sugar

of the donor with inverted configuration at the anomeric

carbon atom of the donor. The catalytic acid is also

involved in this step to facilitate the departure of the

leaving group UDP by protonating the glycosidic oxy-
gen. In the second step of this mechanism, the catalytic

acid becomes a proton acceptor of the acceptor hydro-
xyl group, which is performing the second inverting

nucleophilic attack at the anomeric carbon resulting

in a product with retaining configuration. To date, all

experimental structures of glycosyltransferases, except

LgtC, showed the presence of only one catalytic acid in
the active site. Theoretical investigations, in agreement

with these structural data, indicate that the most

favorable model of the mechanism requires the presence

of only one catalytic acid involved in the formation of

the CEG in the active site and UDP functioning as a

general base in the second step of the reaction (Scheme

1). In the X-ray structure of the LgtC complexes, how-

ever, only Gln189 is within a suitable distance to act as
the catalytic acid. Several electronegative groups in the

vicinity of the UDP-Gal were considered as possible

catalytic nucleophiles8;21 but the analysis of the results

was inconclusive and the catalytic mechanism of LgtC

therefore remains a puzzle. To shed some light on this

specific case of the catalytic mechanism of retaining

glycosyltransferases, we have examined various reaction

hypothesis of the galactosyl transfer catalyzed by LgtC
and results will be discussed consecutively.

3.1. Reaction pathways calculations

As in our previous studies,18–20 we have calculated

potential energy surfaces for the enzyme mechanism as a

function of distances, which we considered could well

describe the particular reaction. Two distances were
used as reaction coordinates (Scheme 3): the rC1–O40

distance between the anomeric carbon and the oxygen

O-40 of the acceptor hydroxyl group and the rC1–OGln

distance between the anomeric carbon and the oxygen

O-Gln of the Gln189 amino acid. These geometrical

variables reflect the nucleophilic attack of a potential
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Figure 1. PES calculated at the B3LYP/6-31G* level as a function of

the rC1–O40 and rC1–OGln distances.
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nucleophile on the anomeric carbon and permit the

description of the bond-breaking and bond-forming

processes of the galactose transfer reaction. The B3LYP/

6-31G* potential energy surface obtained from the cal-

culations with the rC1–O40 and rC1–OGln distances as reac-

tion coordinates is shown in Figure 1. The calculation of
the surface represented by a contour map required 195

restricted optimizations. Each calculated point on the

PES corresponds to the optimized structure and the

arrangement of the model for the given pair of values of

rC1–O40 and rC1–OGln distances, respectively. During the

optimization, all geometrical parameters were optimized

with the exception of those defining the location of the

a-carbon of the enzyme amino acids. As a result, each
point on the PES is represented by fixed values of the

reaction coordinates, and all points have all their geo-

metrical variables relaxed to their most stable values.

The location of the local minima and transition barriers

on the PES is only approximate, and for that reason a

further optimization of stationary points with no con-

straints on the rC1–O40 and rC1–OGln distances is required.

However, to avoid any confusion, we will use through-
out the paper the same acronyms for these points.

The PES shows high energy region in the left-bottom

corner, which represents unstable pentacoordinated
anomeric carbon. There seems to be a pathway from

reactants to products, which would proceed via two
steps. The first step, describes the reaction coordinate

parallel to the vertical axis that characterizes the

nucleophilic attack of the Gln189 oxygen on the ano-

meric C-1 of UDP-Gal and should represent the for-

mation of the covalent galactosyl–Gln189(LgtC)

intermediate (covalent enzyme–glycosyl intermediate;

CEG). This pathway from the top-right corner to the

bottom-right corner of the PES can be regarded as the
first step of the double-displacement reaction mecha-

nism. In accordance with this mechanism, the second

step involves the breakdown of CEG and the formation

of the a-(1fi 4) linkage between the acceptor and

galactose. The pathway corresponding to this step

would follow the diagonal from the bottom-right corner

to products at the top-left corner of the PES. To shed

more light on the mechanism we have performed more
detailed calculations of the stationary points along the

reaction pathway. It turned out that the local minimum

at the bottom-right corner of the PES (CEG) does not

correspond to the real minimum. A refinement of the

local minimum without constraints on the rC1–O40 and

rC1–OGln coordinates led to the covalent galactosyl–LgtC

intermediate structure with a relative energy about

33 kcal/mol higher compared to the reactants and has an
estimated barrier of about 55 kcal/mol. However, the

analysis of the geometrical parameters revealed that the

C-1–O-40 distance was quite considerably elongated

during the optimization going from the X-ray structure

based value2 of 3.2 to 5.2�A in CEG. The location of the

CEG is outside of borders of the PES presented in

Figure 1. The C-1–OGln bond in CEG has the value of

1.47. Moreover, the increase of the C-1–O-40 distance in
CEG is achieved by the rotation of the acceptor residue

from its crystallographic orientation, which seems to be

a very important structural feature for the outcome of

the catalytic reaction. In the crystal structure, this highly

ordered orientation of the galactosyl residue in the

active site is stabilized by the hydrogen bonds between

O-3, O-4, and O-6 and side chains of the enzyme.8 In-

deed, any attempt to follow the nucleophilic attack of
O-40, as a function of the rC1–O40 , from the orientation in

CEG led to a product either with an open galactose ring

or with a b-glycosidic linkage. Therefore we did not

attempt to determine the transition state structure for

this kind of mechanism. These results suggest that

Gln189 does not play the role of an enzymatic nucleo-

phile what implies that this reaction model of the dou-

ble-displacement reaction mechanism is very unlikely to
occur. This might also explain why all attempts to trap

the covalent galactosyl–LgtC intermediate were unsuc-

cessful.21

There is a direct pathway (RfiTSfiP) that proceeds

in one step. Such a pathway is described by the reaction

coordinate plotted along the horizontal axis of the



Table 1. Comparison of the ab initio relative energies (kcal/mol) calculated by various methods for the stationary point of the one step mechanism

Geometry//energy 6-31G*//6-31G* 6-31++G**//6-31G* 6-311++G**//6-31G*

R 0.00a 0.00b 0.00c

TS 51.77 32.25 31.34

P 5.71 )11.81 )11.00
aE¼)3,060,335.39kcalmol.
bE¼)3,060,535.16 kcalmol.
cE¼)3,061,191.05 kcalmol.

Table 2. The B3LYP/6-31G* calculated selected geometric parameters

of the stationary points of the one step mechanism

Parameter R TS P

Bond

lengths

C1–O1 1.457 2.662 4.286

C1–O40 3.500 2.341 1.415

C1–O5 1.400 1.283 1.420

C1–H1 1.090 1.078 1.088

H40–O40 0.982 1.088 4.981

H40–O1 2.332 1.342 0.985

O1–O40 4.009 2.410 4.003

Bond

angles

O5–C1–O1 10.5 82.8 77.8

O5–C1–H1 105.7 113.2 102.4

O5–C1–O40 143.3 103.8 112.9

Torsion

angles

O5–C1–O1–P )177.6 )165.7 165.7

O5–C1–O40–C40 )39.8 35.0 59.1

C5–O5–C1–O1 62.1 52.1 17.2

C5–O5–C1–O40 )156.1 105.7 77.9

C5–O5–C1–C2 )58.1 )22.2 )45.0
C5–O5–C1–H1 177.2 )164.2 )178.5
C5–O5–C6–O6 )61.4 )65.1 )64.2
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contour map and it involves the nucleophilic attack of

the acceptor hydroxyl O-40 onto the anomeric carbon of

UDP-Gal. Analysis of the minimum structure revealed

that during the nucleophilic attack of the acceptor
oxygen O-40 on C-1, the C-1–O-1 bond between the

galactose and UDP is broken and the H-40 proton is

transferred from the attacking acceptor hydroxyl onto

the leaving UDP oxygen O-1. The local minimum at the

top-left corner therefore represents the reaction product

with the galactose residue transferred from UDP-Gal to

O-40 of the acceptor and linked with the a-(1fi 4)

linkage. A concerted proton transfer from the attacking
hydroxyl group to a phosphate oxygen was also

observed in the second step of a double-displacement

mechanism of retaining glycosyltransferases examined

in our previous paper.20 The concerted pathway is pre-

dicted to be the most favorable with an estimated barrier

of about 50 kcal/mol at the B3LYP/6-31G* level.

To further characterize the galactose transfer via the

concerted mechanism, we have located the reactants (R),
transition state (TS), and products (P) along this reac-

tion pathway using the B3LYP/6-31G* method. The

optimized structures of these stationary points were used

to calculate their energy using the B3LYP/6-31++G**

and B3LYP/6-311++G** basis sets. The relative ener-

gies values are listed in Table 1. It can be seen that

enlargement of the basis set has a significant effect on

the magnitude of the relative energy of the stationary
points. The calculated energy barrier decreases from

about 52 kcal/mol at the B3LYP/6-31G* level to 32 kcal/

mol at the B3LYP/6-31++G** level, and at our best

theory B3LYP/6-311++G** to 31 kcal/mol. The effect of

basis set on the relative energy of TS is quite large

compared to previously observed changes.18–20 We

assume that interactions in TS, a proper evaluation of

which requires inclusion of diffuse functions, are
responsible for this effect. The relative energy of the

products is also influenced by the basis set. While at the

B3LYP/6-31G* level the catalytic reaction is predicted

to be endothermic, at larger basis set the reaction is

exothermic. Amongst the three stationary points

observed along the evaluated pathway, the transition

state represents the structure with the most separated

charges. This character should be reflected in the most
pronounced stabilization by surrounding environment

effects. To estimate this effect we have treated the elec-
trostatic environment as a dielectric continuum using

the procedure implemented in Jaguar,25 Calculations

were carried out for two different environment repre-

sented by cyclohexane (e ¼ 2) and water (e ¼ 78) using
the 6-31G** basis set, which has been applied success-

fully for the prediction of pKa values of a large set of

different molecules.25 Treated this way, the reaction

barrier was decreased by 7 and 21 kcal/mol, respectively.

After the correction for the electrostatic environment

effects, the reaction barrier could be estimated around

10–24 kcal/mol. This should be compared to the exper-

imental value of the catalysis of galactose transfer by the
bacterial LgtC, which has been kinetically estimated8;21

to be between of 12 and 14 kcal/mol. However, it is clear

that these values are very approximate and to estimate

effects of both the protein and solvent more realistically

would require inclusion of the whole enzyme and sur-

rounding water in the calculations.

3.2. Transition state analysis

The selected structural information calculated for the

different stationary points, reactants (R), transitions

state (TS), and products (P) detected in Figure 1 at the

B3LYP/6-31G* level is given in Table 2. The structure of



Figure 2. Geometrical representation of the transition state, TS, ob-

served on the PES of Figure 1 and calculated at the B3LYP/6-31G*

level.
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TS is shown in Figure 2. The transition state structure is

characterized by C-1–O-1 and C-1–O-40 distances of

about 2.66 and 2.34�A, which indicate a loose transition

state, but with a significant bond order to both the
nucleophile and the leaving group. It can be seen that

both the nucleophilic attack by the acceptor oxygen O-40

and the leaving group departure occur on the same face

of the transferred galactose. The nucleophile proton is

sandwiched between the oxygens from the phosphate

and the nucleophile, which assists the formation of the

transition state. The H-40 proton is located at the O-40–

H-40 and O-1–H-40 distances of about 1.09 and 1.38�A,
respectively. The distance between the O-40 and O-1

oxygens in TS is about 2.4�A. This resembles the short

distances found for low barrier hydrogen bonds, which

have an energy of 15–20 kcal/mol and have been pos-

tulated to be important in enzyme catalysis.28 To verify

the assistance from the O-1� � �H� � �O-40 hydrogen bond

in a stabilization of TS, we have estimated its energy

contribution to the overall energy of TS. For this pur-
pose we have rotated H-40 to a position without any

contact with O-1 and the geometry of the O-40–H-40

bond was changed to that of a regular O–H bond. The

relative energy of such modified TS calculated at the

B3LYP/6-31G* level increased to 70.3 kcal/mol, which

gave a roughly estimate of 18.5 kcal/mol for the stabil-

ization of TS by this hydrogen bond. The role of this

hydrogen bond might be twofold. First, the hydrogen
bond energy between the acceptor oxygen O-40 and the

leaving group oxygen O-1 can provide the energy needed

to offset the repulsion interactions between the electro-

negative atoms in TS; second, it facilitates the proton

transfer from the attacking to the leaving group. In TS,

the ring conformation of the transferred galactose is a

distorted 4E envelope and can be characterized29;30 by

the following linear combination of ideal canonical
conformations: �0:5731C4 þ 0:2621;4Bþ 0:1020S2. The
anomeric proton is slightly shifted from an ideal orien-

tation in the plane defined by O-5, C-1, and C-2 atoms,
as found in the previously determined transition state

structures,18–20 to a quasi-equatorial orientation. This

may be attributed to steric constraints of the binding

site, particularly the position of both the nucleophile

and the leaving groups on the same side.

In addition to the transition state structure, it is

interesting to look at how the geometry of the system

changes along the reaction pathway. Analysis of the
geometrical changes clearly showed that principal

movements in the galactose transfer occur around the

anomeric carbon atom. The mechanism with the similar

motion has been recently described for the N-ribo-

yltransferases31 and retaining glycosidases.32 In general,

the geometry of the remaining atoms changes modestly.

The geometry of UDP and the chelation of magnesium

remain the same throughout the pathway with the
exception of the conformation of the pyrophosphate

group changing as the C-1–O-1 distance elongates and

the acceptor proton is transferred. Values given in Table

2 show the formation of the C-1–O-40 bond, going from

as far apart as 3.5�A in R to 2.341�A in TS and 1.415�A in

the products P. Simultaneously, the elongation of the

C-1–O-1 bond occurs going from 1.457�A in R to 2.662�A
in TS, and finally to 4.286�A in P. Along the reaction
pathway a conformational rearrangement of the galac-

topyranose ring occurs and variations in the distance

C-1–O-5 and torsion angle C-5–O-5–C-1–C-2 reflect

changes in the ring structure. The ring geometry in R is

characterized by a C-1–O-5 bond and a C-5–O-5–C-1–

C-2 angle of 1.400�A and )58.1�, respectively. The C-1–

O-5 bond in TS is shortened to 1.283�A, and the C-5–

O-5–C-1–C-2 angle changes to )22.2�, what is consistent
with the charge delocalization occurring in the six-atom

ring during the formation of the oxocarbenium ion. The

orientation of the primary hydroxyl group characterized

by a C-5–C-6 torsion angle remains in the gg position

along the RfiTSfiP pathway. It is noteworthy to

comment on the role of Gln189 during the reaction.

From our calculations, it appears that Gln189 is in-

volved in the hydrogen bonding with the donor and the
acceptor galactose in TS via the donor ring oxygen O-5

and the primary hydroxyl group oxygen O-60 of the

acceptor with the NGln–O-5 and NGln–O-60 distances of

about 3�A. This implies that Gln189 participates in the

stabilization of the TS. The hydrogen bonding to the

O-5 is not observed in the ground state what might

explain why the Q189A LgtC mutant has similar Km

value for UDP-Gal although considerably higher for
lactose.8;21 The above analysis clearly shows that the

geometry of the lowest energy (most probable) transi-

tion state estimated by the B3LYP/6-31G* method is

unique and is far from the transition state structures

determined for inverting or retaining glycosyltransfe-

rases studied so far.18–20
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3.3. The catalytic mechanism of LgtC inferred from

molecular modeling

The B3LYP/6-31G* calculations predict that preferred

reaction pathway is a one step mechanism in which the

O-40 nucleophile from the acceptor attacks the anomeric

carbon of the galactopyranose residue of the donor

UDP-Gal from a side of the leaving group with the
simultaneous proton transfer to a phosphate oxygen.

The calculated energy barrier is in reasonable agreement

with that observed experimentally. This mechanism is

illustrated in Scheme 4 and can be classified, in the

IUPAC definition,32;33 as being of an ANDNAHDH type

mechanism because the transition state has a structure

in which the forming bond is shorter (�2.3�A) compared

to the distance between the leaving group and galacto-
pyranose (�2.7�A) and the hydroxyl proton is partially

bound to the leaving group. The recently proposed

mechanism that LgtC proceeds via a front side ANDN-

like (SNi) attack
8 is similar to the predicted mechanism.

This mechanism differs from the other mechanisms

proposed for glycosyltransferases in that it does not

require the presence of any catalytic amino acid in

the active site. From our results, it is apparent that the
active site constraints imposed by the enzyme on the

substrates change the conformation of the donor UDP-

Gal to the one that is suitable for the nucleophilic attack

from the leaving group side. The ANDNAHDH transition

state is stabilized by the enzyme and by the internal low

barrier hydrogen bond that precedes the proton trans-

fer. The calculated transition state structure also

emphasizes that the acceptor contributes substantially to
the nature of the transition state, and the development

of stable analogues of the transition state as potent

inhibitors of glycosyltransferases should therefore take

these characteristics into account.

In conclusion, we have presented here a theoretical

study of the reaction mechanism of the bacterial glyco-
syltransferase LgtC, which catalyzes the transfer of a

galactose residue from UDP-Gal to lactose. The results

provide a valuable insight on the catalytic action of

this retaining glycosyltransferase. They have clearly

excluded the possibility of a double-displacement mech-

anism for this enzyme. The preferred pathway is pre-

dicted to proceed by an ANDNAHDH type of mechanism

occurring in a single step. The determined structure of
the transition state is unique and provides valuable

information for designing stable analogues of TS as

potent inhibitors of the bacterial LgtC.
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