
Th
is

 w
or

k 
w

as
 fu

nd
ed

 b
y 

th
e 

N
at

io
na

l S
ci

en
ce

 F
ou

nd
at

io
n

La
ct

at
e 

ra
ce

m
iz

at
io

n
, 

a 
st

or
y

of
 s

o 
m

u
ch

 m
or

e 
th

an
 j

u
st

 a
 n

ic
ke

l
M

at
th

ia
s 

Fe
lln

er
, 

B
en

oî
t 

D
es

gu
in

, 
Jo

el
 R

an
ki

n,
 R

ob
er

t 
H

au
si

ng
er

, 
Ji

an
 H

u
De

pa
rt
m

en
t o

f B
io

ch
em

ist
ry

 a
nd

 M
ol

ec
ul

ar
 B

io
lo

gy
, M

ic
hi

ga
n 

St
at

e 
Un

iv
er

sit
y, 

Ea
st

 L
an

sin
g, 

M
I 4

88
24

, U
SA

.

La
ct

at
e 

ra
ce

m
as

e 
La

rA
, 

th
e 

ni
nt

h 
di

sc
ov

er
ed

 n
ic

ke
l-

de
pe

nd
en

t 
en

zy
m

e,
 w

as
 s

ho
w

n 
to

 c
on

ta
in

 a
 n

ew
ly

 id
en

tif
ie

d 
vi

ta
m

in
 B

3 
de

ri
ve

d 
N

i c
of

ac
to

r 
(P

2T
M

N
-N

i =
 N

PN
 c

of
ac

to
r)

. 
Th

e 
co

fa
ct

or
 is

 b
ou

nd
 v

ia
 L

ys
18

4 
w

ith
 t

he
 N

i b
ei

ng
 c

oo
rd

in
at

ed
 b

y 
H

is
20

0.
Sy

nt
he

si
s 

of
 t

he
 c

of
ac

to
r 

in
vo

lv
es

 t
hr

ee
 p

ro
te

in
s 

La
rB

, 
La

rC
, 

an
d 

La
rE

:
C
of

ac
to

r 
bi

os
yn

th
es

is
 b

eg
in

s 
w

ith
 L

ar
B

, 
a 

ca
rb

ox
yl

as
e/

hy
dr

ol
as

e 
of

 N
aA

D
.

La
rE

, 
a 

ne
w

 m
em

be
r 

of
 t

he
 P

P-
lo

op
 A

TP
 P

yr
op

ho
sp

ha
ta

se
 f
am

ily
, 

th
en

 in
se

rt
s 

tw
o 

su
lfu

r 
at

om
s.

 S
tr

uc
tu

ra
l a

na
ly

si
s,

 
co

m
bi

ne
d 

w
ith

 s
tr

uc
tu

re
-g

ui
de

d 
m

ut
ag

en
es

is
 e

st
ab

lis
he

s 
La

rE
 a

s 
a 

pa
ra

di
gm

 f
or

 s
ul

fu
r 

tr
an

sf
er

 t
hr

ou
gh

 s
ac

ri
fic

in
g 

its
 

ca
ta

ly
tic

 c
ys

te
in

e 
re

si
du

e,
 o

nl
y 

th
e 

se
co

nd
 s

ac
ri
fic

ia
l s

ul
fu

r 
tr

an
sf

er
as

e 
to

 b
e 

de
sc

ri
be

d
1,

2 .
Fi

na
lly

, 
La

rC
 in

se
rt

s 
a 

ni
ck

el
 a

to
m

 t
o 

fo
rm

 a
 f
iv

e-
m

em
be

re
d 

ni
ck

el
la

cy
cl

e 
st

ru
ct

ur
e 

in
 w

hi
ch

 a
 s

ta
bl

e 
ni

ck
el

-c
ar

bo
n 

bo
nd

, 
as

 
w

el
l a

s 
a 

ni
ck

el
-s

ul
fu

r 
bo

nd
 is

 c
re

at
ed

 (
a 

m
et

al
la

cy
cl

e)
. 

La
rC

 is
 t

he
re

fo
re

 t
he

 f
ir
st

 c
yc

lo
m

et
al

la
se

 id
en

tif
ie

d 
in

 n
at

ur
e.

 
S
tr

uc
tu

re
-f

un
ct

io
n 

ch
ar

ac
te

ri
za

tio
n 

di
sc

ov
er

ed
 t

ha
t 

La
rC

 r
eq

ui
re

s 
cy

tid
in

e 
tr

ip
ho

sp
ha

te
 (

C
TP

) 
hy

dr
ol

ys
is

3 .
La

rA
 t

he
n 

ut
ili

ze
s 

th
e 

co
fa

ct
or

 f
or

 la
ct

at
e 

ra
ce

m
iz

at
io

n.
 A

ga
in

 u
si

ng
 f
un

ct
io

na
l a

nd
 s

tr
uc

tu
ra

l m
et

ho
ds

 w
e 

pr
ov

id
ed

 
co

m
pe

lli
ng

 e
vi

de
nc

e,
 t

ha
t 

th
is

 is
 a

cc
om

pl
is

he
d 

vi
a 

a 
pr

ot
on

-c
ou

pl
ed

 h
yd

ri
de

 t
ra

ns
fe

r 
m

ec
ha

ni
sm

4 .
La

ct
at

e 
ra

ce
m

iz
at

io
n 

is
 in

vo
lv

ed
 in

 la
ct

at
e 

m
et

ab
ol

is
m

 a
nd

 c
el

l w
al

l a
ss

em
bl

y 
bu

t 
th

e 
co

fa
ct

or
 m

ay
 a

ls
o 

be
 u

se
d 

fo
r 

a 
w

id
e 

ra
ng

e 
of

 o
th

er
 y

et
 t

o 
be

 d
is

co
ve

re
d 

re
ac

tio
ns

.

1.
 F

el
ln

er
, 

M
.,/

D
es

gu
in

, 
B.

 e
t 

al
. 

(2
01

7)
 S

tr
uc

tu
ra

l i
ns

ig
ht

s 
in

to
 t

he
 c

at
al

yt
ic

 m
ec

ha
ni

sm
 o

f 
a 

sa
cr

ifi
ci

al
 s

ul
fu

r 
in

se
rt

as
e 

of
th

e 
N

-t
yp

e 
AT

P 
py

ro
ph

os
ph

at
as

e 
fa

m
ily

, 
La

rE
, 

Pr
oc

 N
at

l A
ca

d 
S
ci

 U
 S

 A
 1

14
, 

90
74

-9
07

9.
2.

 F
el

ln
er

, 
M

. 
et

 a
l. 

(2
01

8)
 A

na
ly

si
s 

of
 t

he
 A

ct
iv

e
S
ite

 C
ys

te
in

e 
Re

si
du

e 
of

 t
he

 S
ac

ri
fic

ia
l S

ul
fu

r 
In

se
rt

as
e 

La
rE

 f
ro

m
 L

ac
to

ba
ci

llu
s 

pl
an

ta
ru

m
, 

B
io

ch
em

is
tr

y,
 in

 p
re

ss
3.

 D
es

gu
in

, 
B.

,/
Fe

lln
er

, 
M

. 
et

 a
l. 

(2
01

8)
 B

io
sy

nt
he

si
s 

of
 t

he
 n

ic
ke

l-
pi

nc
er

 n
uc

le
ot

id
e 

co
fa

ct
or

 o
f 
la

ct
at

e 
ra

ce
m

as
e 

re
qu

ir
es

 a
 C

TP
-d

ep
en

de
nt

 c
yc

lo
m

et
al

la
se

, 
J 

B
io

l C
he

m
., 

29
3,

 1
23

03
-1

23
17

.
4.

 R
an

ki
n,

J.
 A

. 
et

 a
l. 

(2
01

8)
 L

ac
ta

te
 R

ac
em

as
e 

N
ic

ke
l-

Pi
nc

er
 C

of
ac

to
r 

O
pe

ra
te

s 
by

 a
 P

ro
to

n-
C
ou

pl
ed

 H
yd

ri
de

 T
ra

ns
fe

r 
M

ec
ha

ni
sm

, 
B
io

ch
em

is
tr

y 
57

, 
32

44
-3

25
1.

La
rA

 O
p

er
at

es
 b

y 
a 

P
ro

to
n

-C
o

u
p

le
d

 
H

yd
ri

d
e 

Tr
an

sf
er

 (
P

C
H

T)
M

ec
h

an
is

m
4

Fu
nc

tio
na

l s
tu

di
es

 e
st

ab
lis

he
d 

a 
PC

H
T

m
ec

ha
ni

sm
  
in

st
ea

d 
of

 
a 

pr
ot

on
-c

ou
pl

ed
 e

le
ct

ro
n 

tr
an

sf
er

 (
PC

ET
):

- 
Th

e 
in

te
rm

ed
ia

te
 p

yr
uv

at
e 

w
as

 d
et

ec
te

d
- 

N
o 

N
i E

PR
 s

ig
na

l w
as

 d
et

ec
te

d 
(P

C
H

T 
pr

op
os

es
 in

ac
tiv

e 
  
 

N
i2+

 in
st

ea
d 

of
 P

C
ET

 in
vo

lv
es

 E
PR

 a
ct

iv
e 

N
i3+

)
-A

 n
or

m
al

 s
ub

st
ra

te
 S

ub
st

ra
te

 K
in

et
ic

 I
so

to
pe

 E
ff
ec

t 
of

 k
H

/
kD

 o
f 
3.

1 
is

 c
on

si
st

en
t 

w
ith

 d
ir
ec

t 
cl

ea
va

ge
 o

f 
th

e 
C–

H
 b

on
d 

(P
C
H

T)
 in

st
ea

d 
of

 C
-C

 b
on

d 
cl

ea
va

ge
 in

 (
PC

ET
).

- 
A
 s

tr
uc

tu
re

 o
f 

La
rA

 in
 

co
m

pl
ex

 w
ith

 t
he

 
in

hi
bi

to
r 

su
lfi

de
 w

as
 

so
lv

ed
 (

PD
B
 6

C
1W

),
 

sh
ow

in
g 

ri
ng

 C
4 

m
od

ifi
ca

tio
n 

as
 

pr
op

os
ed

 in
 P

C
H

T 
is

 
po

ss
ib

le
.

A
) 

La
rA

 a
ct

iv
e 

si
te

 a
lig

nm
en

ts
B
) 

S
ul

fid
e 

bo
un

d
C
) 

S
ul

fa
te

 b
ou

nd
D

) 
S
ul

fid
e 

in
te

rm
ed

ia
te

 P
2

TM
N

-N
i c

of
ac

to
r 

in
 L

ar
A

D
-L

ac
ta

te
Py

ru
va

te
L-

La
ct

at
e

C
4

La
rE

 a
 s

ac
ri

fi
ci

al
 s

u
lf

u
r 

tr
an

sf
er

as
e1

,2

La
rE

 f
or

m
s 

a 
he

xa
m

er
 (

6 
m

on
o
m

e
rs

).
 I

t 
b
in

d
s 

A
T
P
-M

g
 t

o
 

a
ct

iv
a
te

 i
ts

 s
u
b
st

ra
te

 P
2
C
M

N
 v

ia
 A

M
P
y
la

ti
o
n
 (

m
o
d
e
l 
b
a
se

d
 o

n
 

n
ic

o
ti
n
a
m

id
e
 m

o
n
o
n
u
cl

e
o
ti
d
 b

o
u
n
d
 s

tr
u
ct

u
re

 -
 P

D
B
 5

U
D

R
).

 T
h
e
 

a
ct

iv
a
te

d
 P

2
C
M

N
 i
s 

a
tt

a
ck

e
d
 b

y
 C

y
s1

7
6
 a

n
d
 t

h
e
 s

u
lf
u
r 

is
 

tr
a
n
sf

e
re

d
 f
ro

m
 t

h
e
 p

ro
te

in
 t

o
 t

h
e
 c

o
fa

ct
o
r.

T
h
is

 m
a
k
e
s 

L
a
rE

 a
 

sa
cr

if
ic

ia
l 
su

lf
u
r 

tr
a
n
sf

e
ra

se
 a

n
d
 t

w
o
 

L
a
rE

 h
a
v
e
 t

o
 b

e

sa
cr

if
ic

e
d
 t

o
 f
o
rm

 

P
2
T
M

N
. 

L
a
rE

 c
o
u
ld

 

p
o
ss

ib
ly

 b
e
 r

e
g
e
n
e
ra

te
d

v
ia

 a
 C

o
A
-p

e
rs

u
lf
id

e
.4

La
rC

 a
 C

TP
-d

ep
en

d
en

t 
cy

cl
om

et
al

la
se

3

L
a
rC

 c
o
n
ta

in
s 

a
 N

-t
e
rm

in
a
l 
C
1
 d

o
m

a
in

, 
re

sp
o
n
si

b
le

 f
o
r 

P
2
T
M

N
 a

n
d
 

N
i 
b
in

d
in

g
. 

T
h
e
 a

b
o
v
e
 s

tr
u
ct

u
re

 (
P
D

B
 6

B
W

Q
) 

sh
o
w

s 
th

e
 C

-

te
rm

in
a
l 
C
2
 d

o
m

a
in

 w
it
h
 a

 n
o
v
e
l 
C
T
P
 b

in
d
in

g
 p

o
ck

e
t.

T
h
e
 C

2
 d

o
m

a
in

 f
o
rm

s 
a
 h

e
x
a
m

e
r 

(6
 m

o
n
o
m

e
rs

) 
a
n
d
 e

a
ch

 C
2
 

m
o
n
o
m

e
r 

co
n
ta

in
s 

tw
o
 d

o
m

a
in

s 
D

1
 a

n
d
 D

2
. 

C
T
P
 i
s 

b
o
u
n
d
 b

y
 t

h
e
 

D
1
 a

n
d
 D

2
 d

o
m

a
in

s 
o
f 
tw

o
 s

e
p
a
ra

te
 m

o
n
o
m

e
rs

.

N
o
 s

tr
u
ct

u
re

 o
f 
C
1
 i
s 

a
v
a
il
a
b
le

, 
th

e
re

fo
re

 t
h
e
 m

e
ch

a
n
is

m
 o

f 
L
a
rC

 

to
 c

re
a
te

 t
h
e
 c

o
fa

ct
o
r 

m
e
ta

l 
cy

cl
e
 (

N
i-

S
 a

n
d
 N

i-
C
 b

o
n
d
s)

 u
si

n
g
 t

h
e
 

C
2
 b

o
u
n
d
 C

T
P
 r

e
m

a
in

s 
u
n
cl

e
a
r.

Fu
tu

re
 d

ir
ec

ti
on

s,
 b

ey
on

d
 la

ct
at

e 
ra

ce
m

as
e

1
0
%

 b
a
ct

e
ri
a
 h

a
v
e
 L

a
rA

, 
m

a
n
y
 m

ig
h
t 

h
a
v
e
 d

if
fe

re
n
t 

su
b
st

ra
te

A
d
d
it
io

n
a
l 
1
5
%

 h
a
v
e
 o

n
ly

 L
a
rB

C
E
 a

n
d
 n

o
 L

a
rA

->
 u

n
d
is

co
v
e
re

d
 p

ro
te

in
 u

se
s 

co
fa

ct
o
r 

fo
r 

u
n
k
n
o
w

n
 a

ct
iv

iy

L
a
ct

a
te

 a
n
d
 o

th
e
r 

ra
ce

m
a
se

 r
e
a
ct

io
n
 u

ti
li
za

ti
o
n
 f
o
r 

in
d
u
st

ry

R
o
le

 o
f 
th

e
se

 p
ro

te
in

s 
in

 p
a
th

o
g
e
n
ic

 b
a
ct

e
ri
a
 -

 d
ru

g
 t

a
rg

e
ts


