
 

 

.
.
I

.
c

v
.
I
I
.
I

I
I
I

I
I

.
.

.
O

I
I

O
_

.
.
o

.
.

.
I

.
I

\
.

0
.

I
I

I
.

.
.
0

0
I
.

I
.

I
.
"
‘
I

I
I
I

0
’
I
I
I
0
I
I
I
I
I

.
0
0
.
.

I
.
0
0
.
}
‘
I
I
I
3
.

.
.

.
I

I
I
I

I
I
I
.
.
.

.
.
I
O

.
I

I
.

‘
.
.
.
I
I
I
I
.
I
I
.
I
.
I
I
0
V
‘
.
I

.
I
I
O

.
I
I
.

O
I
.

I
I
I

I
n
.
.
.
0
0
I

V
I
I
I
-
.
1
!

o
.

.
.
.
I
I
I
I
H
I
.

1
.
1
.
4
)
.

I
h
o
c
c
n
fl
t
d
:

.
.
.

.
.
I
I
I
I
L
I
I

W
.
.
.
.
-
.

.
.
I
t
.
0

.
.
.
.
.
.
f
r

1
.
.
.
.
.
.

.
.

.
3
.
.
.
1
!
.
.
I

.
.
.
)
“
.
$
3
1
0
.

0
1
.
0
.
.
.
.
.
.
.
H
.
.
.
. I
.
.
H
I
u
t
h
l
h
I
.

.
.

.
.
.

I
.

.
y

.
.
,

I
0
0
.

.
.
I
I
I

.
.

I
n

I
.

I

I
I
I
!
.
I
I
.
H
Q
I
I
C
O
Q

I
V
I
I
I
W
I
I
I
I
I
R
I

I
I
I
)
!

.
-

.I
I.

..
I

.
I
.
.

I
I
I

I
0

n
.
.
(

4
I

.
.

'
I
0

I

   
   

   
   

             
      

      

   
 

    
   

 
     

   
 

           

I
.

’
0

.

I
g
fi
I
.

0
0

.
'
0
‘
-

I
.

r
.
.
!
.
I
.
0
I
_
.
.
.
:
.
I

.
.
.
.
-
.

I
I
.

I
I
I
I
!

.
O
.
.
.
I
I
I
I
.
A
‘
I
D
I

I
I
.
I
I
.
H
I
.
.
I
I
.
.
I
.
.

I
I
I
I
I
I

.
I
I
I
I
I
I
I
I
I
‘
G
.
U
l
t
i
I
l
i

I
3
3
3

I
I

.
.

4
.
.

.
\
.

U
I
I
I
I
I
I
I
I
V
.
.
.
I
‘
|
.
!

I
I
.

I
.

(
I
;

0
.
.
.
.
F
I
J
I
-
l

I
u
H
I
I

:

  
  

    
  

   

7
‘

.

I
I
I

.
I
I

I
‘
I
I
.
0
.
I
I

I
I

I

 

.
.
I
“
I
¢
.
.
.
.
.
.
.
I
.
.

I
I

.
.
.
.
.
.

.

.
9
‘
.

I
.
I

.
.

v
.
4
.
.
I
l
I
‘
A
I
:

”
I
I
-
”
I
n
I
.

.
.
.
I
u
I
I
I

   

I
L
I
I
I
I
.
§
.
0
I

I
I
0

I
I
I

.
I

I
;

I

I
I
‘
.
I
I
I
I
I
,
‘
I
"
I
(
V

I
I
.

I
I
I
.
.
?
.
.M
-
u
‘
C
I
"
.

{
I
I
I

.
.
.
\
.
.
I
I
¥
.
I
I
!
I
I
.
I
V
O
I
I
I
I
Q
I
.
.
I
1
.
.
.
.
.
I
I
I
.
.
.
.
.
.
.
I
I
.
.

.
.
o
l
l
.
.
I
O
I
I
I
.
.

I
I
I
I
‘
I
I
I
H
I
I
!
I

I
I

I
v
.
.
.

I
I
I

.
(
I
.

.
.

I
.

1
‘

.
1
.
.
.
I
(
I
I
.
.
1
:
l
(
.
I
1
3
1
‘

.
.
v
‘
.
’
\
0

u
O
I
O
V

I
V
I
O
I
I
O

I
‘
.
.
I
I
.
¢
I

I
‘
D
—
.
O
I
I
Q
I
.
O

.
I

I
.

I
I
.

I

I
O

\
I

3,

I

'

I

 

.
.

.
.

I

\
I

.
.
.
I
'
I
.

D
I
V
’
I
I

I
I
I
-
.
.
.

I
I
I

.
I
I
.

.
I
\
'
.
.

I
I
I

I
I
I
“

.
I
o
‘
l
I
I
I
I
I
I
I
I
I
I
I

.
.
.
.
.
E
I
‘
I
I
.
\
I
‘
.

  
  
  
 

 

 
 
 
 
 
 
 
 

1:I33"I‘I.

 

I 0
1
4
.
.

.
.
I
I
V
O
I

I
I
I
.

I
I
I
I
I
I
-
I
)
?

I
I
.

I
I
I
.
)
.
I
.
I
I
I
’
I
.

I

,
.
I

n
o
.
0

\
Q
I
I
I
I
I

I
.

   
L
u
f
f
.

.
.
.
I
I
I

.
I
I
,

0
.

G
I
N
-
I
.
I
'
o
0
v
.

.
.
.
.
.
.
I

.
.
I
I
I

.
I

I

{
I
T
-
{
I
I

I
I
I

 

   
 

‘2.

I
.

I

.
.
I
.
I
.
.
I
I
o
-
I
.
.
I
I
0
Q

I
I
I
.
I
I
0
I
I
I
I
.

.
.
.
I

'
:

I
E
I
I
I
.
I
.
.

I
I
.

 

I
o

,
I
A
I

v
0
.
3
:
r
I
I
O
I
»
1
o
z
;

u
I
I
O
I
t
‘
I
I
I
"

I
t

.
.
s
l

’
2
'
.
.
.

I
I
.

.
I

I
I
J
I
I
G
I
I
I
K
I
I

r
.

I
I
I
.
\
I
I
.
.
9
.
‘
.
I

I
.
I
I

I
.
0
.
?

\
I
0
.
I
I
I
.
.
.
“

.
.
0
'
t
f
‘
t
a
“

.
I

I
I

I
.
.
.
I
I
I
!

1
0
‘
”
I
fi
M
O
I
I
H
I
I
I
I
I
‘
I
t
o
‘
l
u

I
I
:

I
I
I
.
"
-
I
.
*

I
I
I
I
I
Z
I
I
I
I

I
3

.
I
'
I
“

0
'
1
0

I
I
I
I
.
“

I
I
I
.

.
.
u
I
I
I
I
I
v
'
.

I
(
A
.

I
.
I
I
»
”
.
.
I
I
I

I
.

.
I
.

I
I
I

I
‘

z
!

I

 

 

‘
.

I
I
.
.
.
I
I
I
I
o
fi
o
o

'
I
I
I
.

.
.
.

1
“
I
I

:
I
I

I
.

I
.

.
I
.

I
I

,
9
:

.
_

‘
.
I
0
I
I
I
I
C
I
I
‘
"
.

I
I
I
:

I
I

.
I

I
A

.
0

I
.
I
I
I
'
H
I
I
I
K

I
I
H
I
I
I

o
I

I
I
I

.
I
.

I
.

.
I
I
.

I
.

.
.

I
I
I
.
.
.
0
"
I
I
.

.
0

I
'
-

I
.

‘
I

.
n

.

.

   
(
I

a
I
I
I
O
”
:
I
.
I
\
I
a
.
.
.

0
.
.
.
.
.
S
fl
l
fl
i
u

 

I
I
:

I
I
I
.
-

.
.

{
I
I
I
-
I

.
.
I
.I
I
.

”
I
I
I
-
I
I
I

I
t
.
.
.

I
I

.
.

.
.
.
.
.
.
.
.
.

I
I

.
4

I
I

I
I

.
.
0

.
I

J
.
I

.
.
.
.
:
A
.
.
.
!
. 6
3
.
7
.
.

 

I
:
‘
I
'

3
.
9
.
.
H
.
1
9
4
.L
u
v
.
.
.

  

 

v
I
I
I
I
I
I
‘
I
I

I
I
I
I
I
.
.
I
I
I
A

.
I
t
”
.
.
.
.
I
O
.

0
'

I
I
I
.
.
..
.
.
.
I
c
-
H
.
.
I
I
.
u
I
I
.
I

.
I

.
O
I
.

I
.

I
I

0

,
I

I
I
I
-
(
0

0
‘

.
I
O
.
‘

 
 

 

 
 

I
d
o
i
I
f
.
’

.
I
I
I
h
‘
I
I
h
L
I
I

0
‘
. I
.
.
.
'
“
.
’
I

.
J
I
.
I

(
I
:

I
I
I
I
.

.
I
I
<
4
1
.
.
.

6
‘
.
.
.
0
.
7
0
”
.

4
7
.
1
9
:
!
»

.
.

I
.

.
Y
I
.
‘
:
.
I
I
_
.
‘
3
I
‘
v
.

I
:
l
‘
.
.
.
‘
.

.
.
.
.
.
.
I
X

.
u

I
I
.
.
.
.
I
I
‘
.
.
.
(
:
I
I
I

d
o
.
I
.
I
.

.
-

I
I
I
H
I
I
I
I
N
I

.
v

.
I

I
.

.
.

..
.
.
.
I
I
I

I
.

.
I

.
I
I

.
.

I

.
-
.
.
.
.
I
I
.
.
.
.
.
I
.
«
.
.
.
:

L
.
,
.
.
.
1
.

.
.
.
.

..
.

f
.

.
.
.
.
.
.
.

I
.
.
.

.
.
.

c
1

.
.

..
.
.
.
I
s
z
h

.
.

..
..
..
..

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
r
o
.
.
.
.
.
.
.

i
f
.
.
.

I
I
I
I
.
.
.

.
.
.
.
L
V
I
I
‘
C
.
I
.
.
I

I
I
I
I

.
0

I
n

L
.

I
.
.

.
A

F
.

_
I
.

.
.

.

7
I
I
I
4
I
.
.
.
I
?
!

.
(
I
.
1
"

I
C
.
I
€
.
I
!
I
I
I
I
I
7
I
I
I
1
\

.
,

.
0

.
.
I
I
Q
.
I
.
.
.
I
I
'
0
?
£
0
I
V
=
I
I
A
I
.
I
fi
t
.
.
.

I
.
.
.
V
.
I
.
I
l
u
'

0
a

1
5

.
I
O
.

.
I
.
.
I
?
‘
.
I
J
I
I

1
9
'
4
“
.

.
.

”
I
0

.
.
.

I
:

.
V

I
2
-
.
f
o
I
n

I
t
.
.
.

a
fi
f
n
o
I
I
I
I
I

0
.
6

I
.

0
0
.
.
.
?

I
Q
I
I
0
.
‘
.
I
.
I
‘

I
t
.

1
.
0
.
.
.
.
J
I
.
I
.
I
I

.
I
.
.
I
.
.
I
.
.
I
I
I

I
.

I
.

(
2
.
3
.

.
.
.

I

 

 

  

I
V
.

.
3
.

I
0
0

1
:
1
4
0
.
.
.

I
I

K
I
.

I
I

I
I
I
I
C
I
I
O
.

\
H
.
3
(
‘
l
.
t

1
.
4
0
.
.
.
.

.
.
I
I
f
i
o
I
I
n
‘
i
n
I
I
I
I
I
I

I

I
I

.
.

   

'
O
.
I

..
I
.

I
I
.
.
.

.
I
.
I
I
I
.
I
.
.
.
.
.
.
.
.

I
I
I
I
I
.
I
I
I
:
a
:

.
I
“
.
'
I
.
“
,
I

I
I
.

I

I
:
0
.

V
I
I
”
1
“
.

.
.
.
I

.
i
I
J
I
C
I
I
I
.
.
.

‘
I
.
I
.
I
I
'
.
I
I
(
.

I
.
0
.
.
3
:

.
I
I
I
I
O
I
.
q
.

.
.
.
I
I
I
I
’
O
I
.

I
I
‘

O
I

I

..
.

.
l

.
.
.
:
I
I
I
.
.
.
:
.
I

.
I
.
.
.
I
.
:
.
.
I
I
.
.
0
I
.

.
.
3
?

0
1
:
1
3
.
2
;

:
0
.
6
.
}
I
.
.
.
I
I
I
I
Q
Q
.
L
I
W
I
I
L
P
I
I
I
I

.
I
I
.
.
-

I

I
I
I

1
.
3
1
.
1
9
2
0
.
.
.

.
.
I
I
I
.
I
.
.
.
I
I
I
I
I
I
I
I

3
r
.
.
o
.
.
‘
I
I
I

V
.

     
     

  

 

 

.
A

A
l
l

..
..
.0
.

I
I
.
.
.
.
.
I
.
.
.
.
.
.
L
I
I
I
I
I
.
I
.
.
.
»

I

I
v

.

.
I
.
“

-
J
H
I
H
I
I
I
I
.
J
1
0
.
"
.
0
.
W
A
R
-
“
1
.
7

 

J
I
.
'
I
I
I
O
.

I
t
.
“

I
.
I
I
Q
I
I
’

I
I
I
.
.
.

.

 
 

I
.
.
.

.
I
I
I
I
I
I
O
I
O
I
.
I
I

.
2
7
0
I
.
I
O
.
I
:
“
.
I
0
.
0
.
I
I
P
.

I

7
'
4
.

«
.
.
.
.
0
.

.
u
.
I
 

     
 

I

.
.
I
o
z
u
I
.
Y
I
I
I
I
I

.
.

    
      

   
.
I
.
.
t

.
2

.
.

I
I
I
2
:
.
6
.

.
.
I
.

-
I
'
r
o
.
:
;

l
-

I
!

0

.
0
H
:

I
I
.
.

 
 

I
0
.
.
.
I
‘
M
.
0
v

.
fi
n
i
z
fi
r
.

.
.
.

.
1
.
.
.
.

.
.
q
.
.
.

0
I
.
.
.

.
-

I
.

I
I
.
0
!

I
I

1
n
d

.
I
I
I
0

.
“

I
.
.
.
3
.
0
0
.
.
“
w
r
:

“
M
I
M
I
"
!

I
J
I
'
I
E
}
;

.
I
E
H
I
H
.
1
.
.
.
L
a

I
0
.
”
I
I
I
I
J
N
I
.
Y
I

0
.
.
.
I

.
I
.

I
.
.
.
I
.

.
.
I
C
O

 

15’

p
2
.

I
I
I
.
.
.

3
0
.
.
.
.

O"

I
.
.
.
.
.
0

.
.
I
I
.
I
I
:

I
I
I
.

I
I
I

I
.
0
.
I
I
0
.
I

.
.
.
I
I
I

.
I
‘
.

.
.
3
:
«
(
I
a

v
.
.
.
.

.

.
I
.
.
.
.
.
I
S
I
O
'
I
J

.
I
.

   

.
I
I
I
.
I
.

I
I
.

.
,

0
a
.

.
.
I
I
I
’
I
A
.

I
I
w
I

.

'
I
,
‘

.
I
I
I
O
I

I
I
I

.
I

.

 
 
 

as
t
~o

’9

l

I

I

I

I

I

I

I

3

U

l

I

I
.
“

I
I

I
I
.

.
.

.
4
.
'
.
.
I
I

t
.
.
I

.
I
I

.
I
O
I
.

I
.

I
.

I
.
I
0

.
0
0

I
.

“
I

I
\
.
0
>
.
.

 

'I- "III;

‘ I

...

V

2

0-
a

:l
’

:

z"

‘3

"(Inn

I

‘i

I

I

.-

.‘CI

  

.
.

.
4

.

.
.

_
.

.
.

.
.
.
.
O
V
I
'
H
I
.
1
.
I
.

I
.
0
I
,

I
.
I
I
I

I
I
.
.
‘

.
r

.

'H.’-"'I”"‘

' b
V

I
I
I
.

.
I

I
.
I
!

L
‘
O
I
L
.
.
.
-

.
.
.
0
n
Q
.
I
I
.
I
.

.
I

x
I

.
1
.
.
.
»
\
!

I
I
.
.
.
Q
.
(
I
1
0

.
I
.

I03II III-III.

1
I

s'

I
I

I
I
)
?

.
I
r
.

I
I
1
“
0
.
0
-
.
q
u
4
2
.

.
.
.
I
.

‘
I
I

.
o

.
o

I
.

’9

I

I

    

- .,.m.......M......
..
..
.

.
.

.
.
.

.
.
.
?

.
.
.
0
0
.
.
.
‘
I
.
.
I
n

III-no

. ..

3

'1

O

6

.

C

I

.

0

O

I

II‘Q n w

       

I
O
O
I
I
I
I
I
.
.
.
.
I
I
.
I
.
I
"

.
.

I
(
L
i
.
.
.

.
.
I
.
.
J
‘
.
.
I
I
I
I
Q
I

u
p
.
.
.

I
.

..
.

O
.
I
.
.
.

I
!

I
.
’
l
l
—

.
.

E
.

’
0

I
I
I
.
.
.
?
J
.
I
I
.
I
.

.
.
4

.
I
I
.

.
I

I
.

_
1
0
.
.

9
L
I
I
I
‘
0
A
I
U
.

I
.

I
.

.
I

0
.
3
.
”
!

I
I

I
.
-
I
”
!

.
A
I
‘
J
I

.
0
.
.
.
.
.
I
I
.

2
0
.
1
.

.
.
I
.
’

‘
1
3
.
.

c
I

.

     

               
          

1"13'

   

 

 

‘IV‘ ‘-

I
O
I

.
.
.

.
.

I
I

0
.
0
%
.
!
0
7
¢

I

v
t
o
2
7
;
:

.
-
.
.
o

.

       

 

.
0
0
.
.
.
.
l
.
.
l
-
.

a
.

..
.

I
I
.
.
.
.
.
I
;
0
.
I
I
I
!5
1
‘
0
“
,I
L

I
.
.
.

.
I
‘
I
I
I

I
II
“
:

.
0
I
I

I
I
 

 

 

.
.

.
1
.
0
9
.
4
.
0
.
.
.
”
-

.
.
.
-
.
.
.
.
.
I
.
.
II
I
.
I
I
.
.
I
.
3
I
.
V
I
.
(

 
 

 

     

 

.
.

.
.
I
I

I
I

.
.
I
“
¢
u
r
.
l
’
0
r
-
¥
I
L
\
I
'
.
I
I

              

v
I

.
.
.

..
.
O
I
!
I
.
4
.
I
.
0
I
.

$
3
1
.
2
1
!
.

.

..
..
a
n
u
s
.
.
.

..
..

..
.
1
9
.
.
.
.
a
n
y
.
.
.

.
I

.
0
4
.

.

.
I
I

5
7
‘
.
c
h
i
"

.
I
I
'
I
O
I

.
I
0

.
.
.
!

I
.

.
.

1
.
0
"
0
‘
.

.
.
.
.

.
I

.
.
d
.

.
I
‘
0
-

‘
.
.
.
.
.
.
a
c
i

“
0
“
,
.
I
I
I
I
I

I
.

           

I
I

.

.
I
I
I
J
H
I
O
I
I
V

.
D
I
I

.
.
1
d

0
.
.

.

I
.

I
.

.
I

.
.
.
.
.
.

I
I

3
'
.

.
I
I

.
I
i
“
.

0
.

I
I
I
-
.
f
l

I
.

.
.

I
.
.
I

.
H
u
m
a
n
”
.
I
.

V
I
B
J
I
I
N
H
I
.
I
P
I
h
I
J
u
I
I
r
m
I
c
t
I
fi
?

I
I
.
.
1

I
M
I
.
.
.
I
.
I
I
S
I
M
O
H
J
I
H
Q
I
J
I
E

.
.
.
I
I

.
I
I
.
I
t
"
.
Q
I
.
.
I
w
n
”
I
.
0
(
a
.
.
I
I
L
I

.
V

A
.

..
i
m
l
u
r
l
-
”
C
H
I
0
.
.
I
I
J
m
m

I
I
V
.
.
‘
.
.
I
.
.
.

t
0
0
3
0
.
.
.

I
0
.
.
.
.
.
.
.
.
I
I

.
i
.
.
j
¢
w
,
1
0
¢
f
t
h
n
v
a
c
b
n
n
w
.
fi
.
w
.
o
n
~
.
.

3
0
9
.
9
.
.
.

.
.
1
0
.
;
«
(
:
2
1

.
I

0
.
.

.
6
2
0
3
3

.

I
I
I
-
I
I
.
.
.
.
I
I
'
I
I
I
I

I
1
0
.
0
.
.

I
.

     
     

     
     

     
  

    
    

    
 

..
.

.
.
.
.

I
I
.
.
.

.
.

.
.

.
0
0
.
.
-
5
4
0

I
I
I
I
.

‘
4
0
.
.
.
I
I

.
.

.
.
.
I
‘
s
’
?
.
8
0

.
.
.

0

1
.
.

.
.
3
5
0
.

I
f
:
’

.
.
I

I
I
:

v
I

I
I
I

.
I
.
.
:
.
I
!
.
'
r
‘
r
:
t
c
w
’
.
.
:

I
0
0
3
I
I
A
.
.
~
I
.
.
0
.
.
.
I
I
‘
I
I
I
I
1
.
‘

.
.0

.

C
I
‘

'
0

.
.
I
I
D
.
I
.
I
.
I
.
I
.
I

.
I
I
‘
.

.
0
I
I
.
I
O
.

.

.
.
I
.
.
.
I
.
I

I
i
a
h
‘
Q
I
I
I
L
-
I
I
I
.

t
I
L
I
I
W
I
I
J
I
!

.
”
.
1
.
.
.

I
.
.

I
I

I
.
.
.
I
I

I
I

.
I

a
I
I

.
I
I

0
.
0

I
.
I

.
I
.

0
.
.
I

I
\
.

0
.
0
!
.
,

.
.
.
I
‘
l
.
“
0
”
o
.

0
.

.
I
I
I
-
.
0
0

..
.
‘
7
‘
.
.
.
.

I
.
.
.
-
I

.
.
.
.
.
.
”
.
3
0
.
.
.
.

.
I

3
.
0
.
.
.
.
I
v
I
I
I
I

‘
3
1
.
.

I
.
.
.
3
I
.
.
I
.
.

.
.
I
I
I
.
.
.

I
I
2
.
.
.
’

A
I

.
.
.
.

I
.

I
I

I
I
.
0
.
1
1
.
a
.

.
.
I

.
.
I
I
I
I
.
.
:
\
I
M

O
A
I
.
I
n

I
I

“
.
.
Q
I
o
‘
I
.

I
I
I
I
.
I
I
I
I
I
.
‘
J
r

.
0
I

I
l

I
0

I
0
I

0
‘
.
‘
I

I
.

.
.
I
fi
‘
.
.
.
.
L
u
g
-
0
0
"
,
.
-

I
I
I
’
T
I
I

0
.

I
,

’
0
.
.
.

.
I
C
.
\
.
0

.
I
t
.
1
:

I
.
I
c
o
o

a
‘
3
.
.
.
.
5
3
I
I
I
I
0
I
’
I
.

0
.
L
r

I
I
I
:
I
I
I

I
I
I
I
I
.
‘

I
.
.
.

I
.
.
I
I
.
.
.
1
I
J
0
~
I
I
5
0
5
3
.
.
.
.

t
.
.
.
.
1
3
.
!
-

3
5
.
.
.

I
I
I

I
I
I
I
I
'
I
I
;

 
    

.
.
I
.
.

I
I
I
»

I
I
I
I
.
0
.
.
I
I
I

I
I
.
.
.
.
.
.
‘
t
i
I
I
I
I
I
.
I
S
I
I
I
I

v
I

.
I

.
.
.
!

I
I
I
.
.
.
I
M
”
.
0
.

9
5
:
0
.
“

:
0
9
“
.
.
.
.
3
9
.
.
.

I
I
I
I
I
A
I
f
I
I
Z
I
I
I
I
I

I
3
.
.
.

“
I
f
.
I

‘
0
.
.
.
.
I
I
I

.
I
T
Q
I
I
I
I
.

.
I
.
.

I
I
I

I
I

.
3

I
I
.
.
.
I
t
!
.
.
.
-
0
.
i
.

.
.
.
.
.
.
0
I
I
.
.
.
.
.
I
I

I
.
.
1
6
3
3
‘

I
.
I

.

I
I
I
-
l
a
I
Z
’
I
.
.
I
I
I

I
.

.
I
I
I

.
.
.
I
o
v

Y
:

.
.
.
I

’
0
0
.

I
C
.

0
.
.
.
:

0
1
0
.

I
.
.
’
.
'
.
I
o
r

I
.
.
.
.
.
I

I
‘
0
‘

.
.

I
I
I
-
K

I
I
I

I
I
.
.
.

:
1
.

I
I
I

I
I

.
.
.

9
.
!

_

.
.
I
é
l

I
I
.
.
I
I
'
.
.
.
I
r
.
Q
V
J
V
I
I

.
.
.
”
.

I
.
.
.

I
,

.

    
    

J
?

0
0
-
0

.
.

.

I
;

.
J
!

.
.

.
.
-

I
.
I

I
.
.
.

.
.

.
I
.
I

I
I

I
.

.

I
.

I
.
0
.
I
.
I
.
I
I

.
4

.
..

I
I

I
.I

.
I
I
I
.
I
.

o
.
I

I
H
‘

.
I

,
.

.
.

.
I

.
.
.
.
-
V

.
I
I

I
I
o
.

I
I
I
.
I
.
.
.

I
I
I

0
.
.
I
.
I
.
.
I
I

.
.

I
.

I
I
I
.
.
.

.
I
I
I
I

.
.
.

8
‘
0
1
.

I
A
.

.
.
.

I
I
,

I
.
.
.

.
O
I
.
I
I
?
!
.
.
.
.
I
I
Q

.
I
.
.
.
I
J
I
0
.
5
;
.
I
I

I
.
.
I
:
I
:
I
!
.
I
I
I
.
I
I
I
I
.
.
.
I
I
I
.
.
I
r
-
I
.
I
I
I

.
4
.
.
I
.
.
I
a

2
!
.
I
.

.
.
.
-
I
I

.
1

.
I
I
I
I
I

.
I
.
I
I

:
4
2
.
.
.
I
I
I
-
I
I

.
.
.
.
I
I
:

9
.
3
.
5
.
9
.
!

I
.
.
I
I
.
2
.
1
3
.
!

I
.
.
.

I
.

.
.
.
.
I
I
I
I

.
C

I
I
I
-
I
Q
V
I
H
I
H
I
I

6
.
.
-
.
.
l
i
.

I
I
I

.
I
.

.
1
5
.
.
.
I
I
.
.

I
.
I
I
I
.

I
I
I
-
$
0
.
.

I
:

I
5
.
.
.
.
.

.
.
.
‘
9
9
,
.
.
.

I
4
1
.
0
0
0
-
.
0
I
0
.
I
0
s
0

'
I
I
I
.
I
I

.
0
.
.
.
.
I
.
.
I
I
.
<
I

I
f
;

I
“

.
.
I
I
’

I
I
.

I
I
I
.
.
.

.
4

.
I

I
.
0
1
.
0
.
0
.
.
.

.
0

I
I
.
.
.
I
I
I
.
.
.

.
I
I
.
‘

I
I
I
.
.
.

7
fl

7
.

3
.

I
.
-
-
I
‘
d
.
.
I
.
l
.
I
.
I
¢
.
.

I
.
2
1
0
.
.
.
?

.
.
2

I

.
3
5
2
3

I
.

.
0
0
0
.

I
I
I
I
.
.
.

.
I
I
.
-

.
:
I
I
I
I
I
I
I
I

 
 
 

w.
..
é
.

-
.
.
.

.
-
.
.
.
.
.
i
i
s

.
.
.
.

 

.
.
.
u
I
.

.
.

-
l
t
v
’
.

.
I
I
I
:

.
.
.
.
.

.
.
I
Q
I
I
.
J
I
O
I
z

I
“

I
I
I
.

.
.
.
-
I
L
L
.
I

I
.
.
1

.
.
I
I
I
I
I
I
.
.
.
I

.
.
.
I
I
I
I
I
I
I
I
I
I

—
.
I

0
.

I
O
.

I
I
I
I

I
I

.
I
I
I
0
0
“

I
I
.

I
I
I
.
.
.
I
O
V
I
I

.
I
I

3
.
0

.
.
-
I

I
6

.
.
.
.
.
.
‘
O

I
I
I
I
I
I
I
I
I
I
I
N
v
I
I
I

I
I
.
.
.

.
.
.
I
.

I
I
.
.
I
.
I
I
I
I
I
.
.
I
1
.
I
I

I
I
I
C
I

0
3
’
I
0
3
0
.
0
I
.
.
A
.
I
O
.
.
I
I
.
0

.
.
.

I
.

I

l

‘
3
‘
.

I
I
I
I

I
.
.
.

.
.
J
“
.
T
Q
I
I
I
O
I
I
I
I
I
I
Y
I
.
I
I
I
Q
I
.
.
I
‘
I
I
I
.
.
.
.
.
I
.

.
I
I
.

.
.
J
‘
S
X
I
I

t
o
.

.
I
.
.

I
.
1
1
5
P
7
1
!

1
.
.
.
.
.
.

.
.
I
I
I

I
.
.
.
.
5
.
I
I
.
I
.
I
9

I
.

I
.

.
a

I
.
.
.

I
.
.
I
I
c
I
I
I
I
I

0
.
.

l
.
.
-
I
I
.
I
.
.
I
I
I

I
I
.
.
.
I
I
I
’
I
.
.
.
9

‘
fi
‘
I
'
I
I
I
I
I
.
.
.

I
I
.
1
0
0

o
I

.
I

.
0
“
.

.
n
u
fi
r
.
n
.
.
.
?
.
.
u
a

..
.

".
..

-.
..

M
E
.
.
.
H
a
n
a
n
.
.
.
J
a
u
a
h
l
.
g
a
.
.
.
.
a
.

.
.
.
:
.
.
.



This is to certify that the

dissertation entitled

MATRIX-ASSISTED LASER DESORPTION/IONIZATION

MASS SPECTROMETRY:

FUNDAMENTAL STUDIES AND ITS APPLICATION

IN THE ANALYSIS OF PHOSPHOPROTEINS

presented by

Pao-Chi Liao

has been accepted towards fulfillment

of the requirements for

Ph . D . degree in Chemistrx
  

 

 

j/a/x$44....
Major professor

 

MSU is an Affirmatiw Action/Equal Opportunity Institution 042771



 

LIBRARY ‘
Michigan State

University
   

PLACE IN RETURN BOX to remove this checkout from your record.
TO AVOID FINES return on or before date due.

MAY BE RECALLED with earlier due date if requested.

 

DATE DUE DATE DUE DATE DUE

 

 

 

 

 

 

 

 

 

      
6/01 c:/ClRC/DateDue.p65—p. 15



MATRIX-ASSISTED LASER DESORPTION/IONIZATION

MASS SPECTROMETRY:

FUNDAMENTAL STUDIES AND

ITS APPLICATION IN THE ANALYSIS OF PHOSPHOPROTEINS

By

Pao—Chi Liao

A DISSERTATION

Submitted to

Michigan State University

in partial fulfillment of the requirements

for the degree of

DOCTOR OF PHILOSOPHY

Department. of Chemistry

1995



ABSTRACT

MATRIX-ASSISTED LASER DESORPTION/IONIZATION

MASS SPECTROMETRY:

FUNDAMENTAL STUDIES AND .

ITS APPLICATION IN THE ANALYSIS OF PHOSPHOPROTEINS

By

Pao—Chi Liao

Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) is a

new technique which allows for the analyses of large molecules with the molecular masses

up to a few hundred thousand Daltons. While the fundamental aspects of MALDI are still

under investigation, it has proven to be a powerful analytical method. This dissertation

describes some fundamental studies of MALDI as well as its applications.

The relative signal intensities of [M+H]+ vs. [M+Na]+ ions of some small peptides

are found to be highly matrix-dependent in MALDI experiments. Presumably, this

observation results from the competition of two different ionization mechanisms. Possible

mechanisms for the formations of [M+H]"' and [M+Na]+ ions are proposed and discussed.

The study suggests that proton transfer from a matrix molecule to an analyte plays an

important role in the ionization step. The transferring proton may be derived from

photoionized or electronically-excited matrix molecules. In contrast, some data are most

consistent with a gas phase mechanism for [M+Na]+ ions.



Most MALDI spectra reported in the literature represent the summation or average

of 20-200 mass spectral transients. It is found that the mass spectral transients of MALDI-

time-of-flight (TOF)-MS rapidly change with time, and an evaluation of the component

spectra may yield different conclusions than evaluation of a single summed spectrum. This

tool of time-dependent MALDI is used to investigate details of the power-resolution

relationship. The study shows that, by changing how MALDI spectra are constructed,

"low power resolution" can be realized in "high power" MALDI experiment. .

An approach is developed to locate phosphorylation sites in a phosphoprotein using

mass mapping by combining MALDI-TOF-MS with specific enzymatic degradation. To

perform mass-mapping, the primary structure of the protein must be known. The mass

accuracy requirement of this method is evaluated.

A baculovirus/insect cell expression system, which is used to produce large

amounts of the phosphoproteins amenable for phosphorylation site studies, is also

described.
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Chapter 1 - Introduction

I. Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry

During the past two decades, a number of new desorption/ionization (D/I)

techniques have been developed to analyze large, nonvolatile, and thermally labile chemical

compounds. Among these techniques, elecu'ospray ionization (E81) and matrix-assisted

laser desorption/ionization (MALDI) show the greatest promise for the mass spectrometric

analysis of biopolymers in the mass range between a few thousand and a few hundred

thousand Daltons [1].

The first attempts to generate ions of organic molecules by direct laser

desorption/ionization (LDI) date back to the early 19705 [2,3]. However, the size of

molecules that can be desorbed and ionized was limited to ~ 1,000 Daltons for bi0polymers

and up to 9,000 Daltons for synthetic polymers. When the size of the molecules increases,

more energy is required to be deposited into the sample to desorb them. However, such a

high energy flux leads to pyrolytic or photochemical decomposrtions of analytes. The main

breakthrough toward higher masses came in 1987 when Hillenkamp and Karas

successfully experimented with the use of a matrix, nicotinic acid (3-pyridine carboxylic

acid) [4,5]. In their initial experiments, the sample molecules were mixed in solution with

a large molar excess of UV-absorbing nicotinic acid matrix and the mixture was deposited

and air dried on a metal substrate. The deposit was then desorbed/ionized by a pulsed,

frequency-quadrupled 266-nm NszAG laser. The ejected ions were analyzed by a

time-of-flight (TOF) mass spectrometer. They showed that the ions generated from



proteins with molecular mass range 10,000-67,000 Daltons could be formed and detected

from picomolar amounts of analyte.

After the pioneering discovery by Hillenkamp and Karas, a number of research

groups joined this research area. Among them, R. Beavis and B. Chait made important

contributions by the introduction of new matrices [6,7] and expanding the range of usable

laser wavelengths [8]. They discovered two new matrices, sinapinic acid and

a-cyano-4-hydroxycinnamic acid, which can be coupled to the use of 337-nm radiation

from a relatively inexpensive nitrogen laser. Today, the most commonly used matrices for

analyses of peptides and proteins are sinapinic acid, a-cyano—4-hydroxycinnamic acid, and

2,5-dihydroxybenzoic acid [9]. Although peptides and proteins are the main

biocompounds investigated by MALDI so far, the technique also can be applied to

oligonucleotides [10-14], oligosaccharides [15-17], glycoconjugates [18,19] and synthetic '

polymers [20-22].

Figure 1.1 shows a schematic drawing of the VT2000 (Vestec Corp., Houston,

TX) linear MALDI-TOP mass spectrometer that has been used to perform many of the

experiments described in this dissertation. Due to the pulsed nature of the laser ionization

source, TOF appears to be the best choice of mass analyzer for MALDI. The unique,

theoretically unlimited, mass range of TOF gives the capacity to analyze large ions with

masses higher than 10,000 Daltons. This parallels one of the main benefits of MALDI, the

capacity to generate ions from large biomolecules. Although recent advances in

Fourier-transform mass spectrometry (FT-MS) have shown great potential in analyzing

high-mass ions (i.e., >10,000 Daltons), its practical use is still currently under rapid

development [23-25]. Another advantage of the TOP mass analyzer is its capacity to

generate the entire spectrum for every single laser shot without losing information, in

contrast to scanning mass analyzers. The initial kinetic energy spread of ions generated by

MALDI is found to be large [26], so either a linear TOF with a high accelerating voltage
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(~30 kV) or a reflectron with an ion mirror (or both) is used to improve mass resolution.

The VT2000 is a linear MALDI-TOP mass spectrometer equipped with a 30-kV source

(Figure 1.1).

Sample preparation is a critical step in a successful MALDI experiment. However,

the simple and fast sample preparation procedure described below appears to work well.

Matrix compounds are dissolved in water, water/ethanol, or water/acetonitrile mixtures,

depending on their solubility, at a concentration of 5 to 10 g/L (about 40 mM) to give the

matrix solution. Suitable amounts of 1-10 uM solutions of analyte are mixed with 1-10 uL

of matrix solution to yield a final analyte concentration of about 1 pmol/ILL in the mixture

(0.1% trifluoroacetic acid is added sometimes to dissolve protein samples). An aliquot of

~1 pl. of the mixture is applied to a flat inert metal (e.g., stainless steel or silver) probe and

dried at room temperature. Thus the typical absolute sample amount used for analysis is in

the range of 1 pmol of analyte and 40 nmol of matrix [1,27]. The sample is introduced into

the vacuum chamber by a probe and a vacuum lock in the VT2000 (Figure 1.1). Several

sophisticated sample introduction systems have been devised and used by commercial

instruments. For example, a sample introduction system which accommodates 100

samples on a single sample holder is currently used in our lab in a Voyager Elite

MALDI-TOF mass spectrometer (PerSeptive Biosystems, Vestec BioSpectrometry

Products, Cambridge, MA) and allows a much higher sample throughput.

In Figure 1.1, the sample is irradiated by a pulsed laser which is directed and

focused by a prism and optical lens. The irradiance is controlled by an attenuator and is

increased gradually until the MALDI threshold is reached. The irradiance of the laser has

proven to be one of the most critical parameters in the MALDI experiment. There is a

threshold irradiance, typically ~1 MW/cmz, necessary to produce ions from a sample.

Below this threshold, ion production falls off to the fifth power of laser irradiance [26].

Laser irradiances higher than the threshold dramatically decrease the mass resolution in the



spectra obtained. The size of the laser spot and the angle of incidence of the laser beam on

the sample surface seem to not be very critical. Laser spot sizes of 10-300 um diameters

and 300-750 angles of incidence are typical. For focusing of the laser beam, a single quartz

lens of long focal length (10-30 cm) may be used [1].

P. Demirev and his coworkers reported the desorption/ionization of proteins from

different matrices by using an excimer-pumped dye laser generating ultra-short (560 fs full

width at half maximum, FWHM) pulses in the ultraviolet (UV, 248 nm) and visible

(496 nm) Spectral ranges [28]. The existence of a threshold energy density for the MALDI

of insulin by ultra-short pulses has been established. These data are compared to the data

obtained by employing a nitrogen laser (337 nm, 3 ns FWHM). The threshold energies

from the two laser systems employed are of the same order of magnitude and do not

depend on the laser pulse length (the energy deposition time); Thus P. Demirev et al. have

concluded that the amount of laser energy deposited into the sample, rather than the laser

power, is the important parameter in the MALDI process. The VT2000 employs a nitrogen

laser generating 3-ns pulse of radiation at 337 nm (Figure 1.1).

In Figure 1.1, the ions generated from MALDI are accelerated by a two-stage

30-kV electric field toward a flight tube (field-free region). Because all ions have the same

kinetic energy gained from the accelerating electric field (assuming that initial kinetic energy

is zero), their velocities vary inversely with their masses, with lighter ions traveling faster

than heavier ones. Ions with different masses have different flight times, t, which are

related to the masses, m, by the following equation:

 

t = (time in ion source) + (time in flight tube) = Z—d—IE- + L m

zeV 22eV

where V = accelerating voltage, V/d = electric field in ion source, 2 = the number of

charges, e = 1.609 x 10‘19 C, and L = the length of the flight tube. In practice, the mass

of an ion species is not calculated by the above equation. Instead, it is achieved by



calibration. The square root of W2 is proportional to the flight time for a given mass

spectrometer with fixed values of d, V, and L. That is,

m

.—¢xt,

42

m

or, — =c1xt

z

The flight time, t, is the duration between when the ions were generated and when they

reach the detector. However, the actual starting'time is difficult to measure, so a reference

point in time is registered by a photodiode which receives a split laser beam (Figure 1.1).

The time relative to this reference point, t', and the actual flight time, t, differ by a constant

m 0

,i— =c1xt +c2

Z

At least two known points of(\[E , t'), usually obtained by the use of standard samples,

2

value, c2. Therefore,

are necessary to calculate the values of c1 and oz.

The most common type of detector is composed of a conversion electrode and an

electron multiplier. The former generates electrons from impinging ions. The latter

multiplies the number of electrons to generate a larger electrical current. This configuration

of detector is also used by the VT2000, where the conversion electrode is a microchannel

plate and the electron multiplier is a focused-mesh electron multiplier (Figure 1.1). The

main problem in ion detection is that the high-mass ions generated by MALDI move too

slowly to generate secondary electrons efficiently at the conversion electrode. The yield of

secondary electrons from the conversion electrode is a function of the momentum of the

ions detected [1,29]. A high acceleration voltage in the ion source or post-acceleration

before the detector may be used to increase the momentum of ions and thus increase the



detection efficiency. Post-acceleration is often'used in reflectron-TOF instruments, with

typical accelerating voltages of 3~5 kV [30,31].

MALDI spectra obtained by a linear TOF mass spectrometer are dominated by

peaks representing the intact protonated molecules. Peaks corresponding to fragmentation

of these large ions due to cleavage of covalent bonds in the protein backbone are rarely

observed in the spectra. Fragment ions due to the loss of small neutral molecules (such as

1120, NH3 and HCOOH) from protonated peptides and proteins are usually of low

abundance. The lack of fragmentation and the dominant singly-charged protonated

molecule peaks in MALDI spectra make this technique ideal for mixture analysis

[27,31,32]. Later studies using a reflecuon TOF mass spectrometer reveal that MALDI

ions do undergo postsource fragmentations [33,34], but they are not separated from the

protonated molecules by a linear TOF mass spectrometer. Peaks representing protonated

molecules are accompanied by satellite peaks at higher masses, which can be attributed to

addition of matrix molecules or, more often, parts of the matrix molecules. For example,

signals are observed for [M+207]+ for sinapinic acid (MW = 224) and [M+136]+ for

2,5-dihydroxybenzoic acid (MW = 153) [27]. The accessible mass range for MALDI has

been extended to ~300,000 Daltons [35,36]. In the high-mass range, the satellite peaks

due to adduct ions between analyte and matrix cannot be well resolved from the

quasimolecular ion peak. This will degrade the mass determination accuracy to some

extent. Considerable improvements have been achieved by the discovery of new matrices

which yield fewer adduct ions.

MALDI is a very sensitive technique. Typically no more than 1 pmol of analyte is

necessary to give a satisfactory MALDI spectrum [37]. If the analyte concentration is too

high, a decrease in signal quality is often observed. R. Beavis and B. Chait found that, by

using the Sinapinic acid as matrix, even a large excess of inorganic salts, denaturation

agents (like urea and guanidinium hydrochloride, up to 2M in the protein solution),



commonly used buffering agents (citrate, glycine, N-[2—hydroxyethyl]piperazine-N'.-[2-

ethanesulfonic acid] (HEPES), tris[hydroxymethyl]-aminomethane (TRIS), ammonium

bicarbonate and ammonium acetate up to 200 mM) do not interfere with the formation of

protein ions [8,27,32]. Thus elaborate sample purification is not necessary.

II. The Focus and Organization of the Dissertation

The introduction of MALDI has opened a new field for the application of mass

spectrometry to the problems of biological interests. MALDI offers certain advantages,

such as high mass range, high sensitivity, tolerance to impurities and mixture analysis

capability, some of which were not even possible to achieve before the discovery of

MALDI. MALDI has become a very useful technique, however, its ionization mechanism

is not fully understood and is still a matter of considerable debate and research.

My dissertation research focused on MALDI-TOF-MS. The research interest has

been twofold: fundamental studies and applications. I have done some work and tried to

understand the chemistry which leads to the ionization process, described in Chapters 2 and

3. I have also discovered that dissecting MALDI mass spectra reveals some interesting

information. The relationship between laser power and resolution has been investigated

using the tool of dissecting MALDI mass spectra, which is described in Chapter 4. The

ultimate goal of these studies is to improve the technique by defining and understanding its

chemistry.

Although intense research activities are still ongoing to study the fundamental

aspects of MALDI, it has offered many research opportunities - application of this new

technique to problems that previously were not possible to solve by mass spectrometry.

l have developed a method to locate phosphorylation sites in a phosphoprotein using

mass-mapping through combining specific enzymatic degradation with MALDI-MS, which

is described in Chapter 5. Through an arrangement made by Professor Douglas A. Gage,



Professor John L. Wang in the Biochemistry Department became interested in the method

that I have developed. Professor Wang wanted to apply my method to study a

phosphoprotein which he had been working on, but he needed a graduate student to

prepare phosphoprotein samples using molecular biology methods. I was interested in the

proposed project and also was encouraged by Professor John Allison. So I went to

Professor Wang's lab and used a baculovirus/insect cell system to successfully express the

target protein. This experience was very valuable to me. It enabled me to communicate

effectively with biochemists and broadened my research interests into the life sciences.

Although the project has not been completed, this stimulating adventure is discussed in

Chapter 6.

Since a part of the dissertation research has been published, the publication reprints

are included. The information already contained in the reprints will not be restated in the

chapters. The reprints will be mentioned in the proper chapters and will appear as

Appendices.



Chapter 2 - Ionization Mechanisms in Matrix-Assisted Laser

Desorption/Ionization Mass Spectrometry

Several possible ionization mechanisms for the MALDI process, including those

proposed in the literature, have been postulated and evaluated. The work has been

submitted and accepted for the publication. The preprint is included as Appendix I. The

relative signal intensities of [M+H]+ vs. [M+Na]+ ions of some small peptides are found

to be highly matrix-dependent in matrix-assisted laser desorption/ionization (MALDI)

experiments when sinapinic acid, 0t-cyano-4—hydroxycinnamic acid and

2,5-dihydroxybenzoic acid are used as matrices. Presumably, this observation results from

the competition of two different mechanisms for the ionization steps. Both the formations

of protonated and sodiated molecules were discussed in Appendix I. The results suggest

that proton transfer from a matrix molecule to an analyte plays an important role in the

ionization step. The transferring proton may be derived from photoionized or

electronically-excited matrix molecules. In contrast, some data are most consistent with a

gas phase mechanism for [M+Na]+ ions.

I have also discovered enhanced detection of peptides in MALDI-MS through the

use of charge-localized derivatives. Triphenylphosphonium derivative is one of them.

Some peptides do not yield signals in MALDI experiments, but their triphenylphosphonium

derivatives do. This finding was initially submitted as a part of the publication in

Appendix I. The reviewers suggested that it should be published separately. A preprint of

the resulting publication is included as Appendix II.

10
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In addition to its potential use as an analytical method, the precharged

triphenylphosphonium derivatives may be used as a probe to study independently the

factors contributing to the desorption process and those contributing to the ionization

process. In Chapter 3, a survey of new MALDI matrices is described, aiming to

understand how and why some compounds function as successful matrices. While trying

to deduce some rules accounting for desorption and/or ionization processes, I realized a

fundamental difficulty in my general approach: both desorption and ionization must occur

to observe signals in MALDI. The precharged triphenylphosphonium derivatives, on the

contrary, only require desorption. A compound that is not a working MALDI matrix for a

peptide may work for its triphenylphosphonium derivatives because only desorption is

required. Such compounds may allow us to deduce some rules accounting for the

desorption process alone.



Chapter 3 - A Survey for New MALDI Matrices

I. Introduction

The search for new MALDI matrices has been an important research topic since the

discovery of the technique. Only a few compounds are useful as matrices for protein and-

peptide analyses. R. C. Beavis pointed this out in a review article in 1992: "Out of more

than 300 materials tested (to my knowledge), only seven matrices that are practically useful

have been found." Up to date, there have not been many‘matrices reported in the literature.

The most commonly used three matrices are sinapinic acid, 2,5-dihydroxybenzoic acid and

a-cyano-4-hydroxycinnamic acid, which were discovered in 1989 [6], 1991‘ [9] and

1992 [7], respectively. Adding new chemical compounds to the list of successful MALDI

matrices may not only improve the practical aspects of the technique, but form a basis to

give researchers hints on how and why these compounds function as successful matrices.

The search for new MALDI matrices taken here was mainly motivated by the latter issue.

In consideration of this, the scope of chemical compounds being tested is relatively broad

and extensive. The procedures for testing the physical properties of matrix compounds,

representative mass spectral data by using successful MALDI matrices, and their

implication are reported here.

H. Experimental

Insulin was used as an analyte to test whether a compound is a successful MALDI

matrix. It was dissolved in water/acetonitrile (2: 1) to give a concentration of 100 pmol/11L.

The test for successful matrices was herein limited to peptides. Compounds to be tested as

matrices were dissolved in water/acetonitrile (2:1 or 1:1) or acetone. About 30 [lg of matrix

12
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in 1-ttL volume (roughly 100 nmol, depending on the molecular weight, and if the

solubility is too small to completely dissolve the matrix using any of three solvent systems,

then saturated solutions of highest concentration using one of three solvent systems was

used) was mixed with an equal volume containing 100 pmol of insulin, applied to a

stainless probe, dried and analyzed by MALDI-TOF-MS. Analyte and matrix must

co-dissolve in the solvent system. The instrument and experimental conditions were the

same as described in Appendix I except that the laser power may be much higher when it is

necessary to meet the threshold condition for certain matrices. The threshold laser power

will be abbreviated as Pt (m, A) for later discussions, where Pt is the threshold power at

which the analyte, A, generates observable signals (S/N > 5) while power increases using

the matrix, m. Therefore, 10 times of Pt (m, A) will be abbreviated as 10 Pt (m, A). The

appearance of signal representing "insulin ions", was used to indicate a successful MALDI

matrix. The generic term, "insulin ions", is used because the MALDI-TOF—MS used for

these experiments does not provide enough mass resolution and mass accuracy to

differentiate between protonated insulin molecules, insulin radical cations, and sodiated

insulin molecules.

Molar absorptivities at 337 nm were measured for the tested compounds in dilute

methanol solution using a Hitachi UV spectrophotometer (model U-2000). The

concentrations of solutions varied from 0.02 to 2 mM.

111. Results and Discussion

A. Chemical compounds which have been tested

The chemical compounds tested were selected according to the criteria described

below from the shelves in the laboratory rather than purchased orsynthesized. They have

to be solid, or at least with low vapor pressure, to sustain in vacuum and codissolve with

insulin in a solvent system to validate the test. Most of the compounds selected for testing
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were organic compounds and UV chromophores. The chemical compounds which have

been tested are tabulated in Table 3.1 with their physical properties, such as molecular

weight, melting point and molar absorptivity, as well as the results of the test. If a

compound is reported to sublime or decompose at its melting point under atmospheric

pressure or in vacuum, it is specified. Accurate UV absorption coefficients for solids are

difficult to measure. The molar absorptivities of compounds were measured in dilute

methanol solution at 337 nm. For those compounds which function as successful MALDI

matrices, the mass spectral peaks representing insulin ions were reported in terms of peak

intensity and peak resolution. The peak intensities were classified as strong, medium,

weak and very weak. The resolution was defined by m/Am (FWHM).

It is generally believed that successful MALDI matrices are strong absorbers for the

laser radiation used in the MALDI experiment [1,27,38]. The wavelength of the nitrogen

laser used in this experiment was 337 nm. In Table 3.1, a comparison between the molar

absorptivities of successful MALDI matrices and those of non-successful matrices roughly

agrees with this trend, and most successful MALDI matrices show high molar

absorptivities at 337 nm. However, in some cases, the successful MALDI matrices have

low molar absorptivities. For examples, ninhydrin and salicylic acid have low molar

absorptivities of 38 and 50 L-cm'lmole'l, respectively, but both matrices gave very strong

peaks representing insulin ions, indicating that they are successful MALDI matrices. When

ninhydrin was used as matrix, very intense laser power, about 10 x P; (sinapinic acid,

insulin), was necessary to generate insulin ions. On the other hand, a strong absorbance

alone cannot make a successful MALDI mauix. For example, the molar absorptivity of

1,4-diphenyl-1,3-butadiene was measured to be’as high as 27000 L-cm’lmole'l, but it is

not a successful MALDI matrix. It was also found that most of the successful MALDI

matrices sublime or decompose at their melting points, which may indicate they possess the

characteristics that facilitate the physical desorption process.
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B. Examples of new successful MALDI matrices

Several compounds have been newly discovered to be successful MALDI matrices

which were not reported in the literature.

1. 2,4-Dihydroxybenzophlenone

Figure 3.1 shows the MALDI spectrum resulting from the mixture of insulin and

2,4-dihydroxybenzophenone. The peak representing the insulin ion is very intense but has

a very poor resolution (~ 80) using this high laser power. When the laser power was

lowered, the resolution was improved (~ 280) with a less intense peak. No significant

matrix adduct ions were observed. A matrix adduct ion is formed by the addition of matrix

molecules or parts of the matrix molecules to an insulin ion.

2. 5-Methylsalicylic acid, ninhydrin, p-nitrophenol, and salicylic acid

These four compounds were successful MALDI matrices and produced intense

peaks representing insulin ions, but also generated multiple strong matrix adduct peaks at

the higher mass end of the spectrum. These adduct ions may be due to the photochemical

reactions of insulin and matrix molecules. The mass differences between insulin ions and

adduct ions may not necessarily match multiples of the mass of the matrix molecules,

indicating the reactions may be more than simple additions of matrix molecules to insulin

ions. Figure 3.2(a) shows the MALDI spectrum resulting from the mixture of insulin and

5-methylsalicylic acid. The laser power used to obtain Figure 3.2(a) was relatively low,

comparable to the Pt (sinapinic acid, insulin), to yield better resolution with a less intense

peak. When higher laser power was used to obtain Figure 3.2(b), the peaks representing

insulin ions became more intense with lower resolution.

Among these four successful MALDI matrices, ninhydrin was a special case

because a "preheat process" by laser radiation was necessary prior to the MALDI process
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Figure 3.1 The MALDI spectrum resulting from the standard mixture of

insulin and 2,4—dihydroxyben20phenone matrix (molar ratio ~ 1: 1000).
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Figure 3.2 The MALDI spectra resulting from the standard mixture of

insulin and 5-methylsalicylic acid matrix (molar ratio ~ 1: 1000) using a

laser power (a) comparable to, and (b) higher than the Pt (sinapinic acid,

insulin).
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for the generation of insulin ions. It took at least 300 laser shots using relatively high

power, 10 x Pt (sinapinic acid, insulin), to preheat the sample before the insulin ions could

be observed. When a pure insulin sample without matrix was irradiated by the same laser

using this high power, no insulin ions were observed. The "preheat process" may generate

reaction products which are the functioning MALDI matrix instead of intact ninhydrin

molecules. Figure 3.3 shows the MALDI spectrum resulting from a mixture of insulin and

ninhydrin (molar ratio ~ 1: 1000) after 300 "preheat" laser shots were applied.

3. 9-Anthracenecarboxylic acid, N—phenylmaleimide, 2—naphthol, and

4-hydroxybenzaldehyde

These compounds also were found to be successful MALDI matrices, yet the

intensities of observed peaks for insulin ions were smaller. Figure 3.4 shows the MALDI

spectrum resulting from a mixture of insulin and N-phenylmaleimide.

IV. Conclusions

Several chemical compounds were found to be successful MALDI matrices which

have not been reported in the literature. However, the resulting quality of MALDI spectra

was not good enough to give the newly discovered matrices advantages over commonly

used matrices, such as sinapinic acid and a-cyano-4—hydroxycinnamic acid. These new

matrices tend to generate analyte peaks of poor resolution or with strong matrix adducts,

whiCh may prevent practical use of the technique. However, the pursuit of understanding

of how matrix molecules play a role in the MALDI process never ends. When more

successful MALDI matrices are discovered, we will have a better chance to unveil the

operating principles behind them.

The data presented here are preliminary. The experiments were done before we

could appreciate what variables were most important and necessary to be documented. For

example, the exact laser powers used to work on the successful MALDI matrices were not
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Figure 3.3 The MALDI Spectrum resulting from the standard mixture

of insulin and ninhydrin matrix (molar ratio ~ 1: 1000), after 300

"preheat" laser shots were applied.
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recorded. If this study were undertaken today, the "results" would be in quite a different

form. Nevertheless, it is important to document these preliminary observations to assist

those who are willing to pursue this topic in the future.



Chapter 4

Is There a Relationship Between Laser Power and Resolution?

I. Introduction

When MALDI-MS is applied to solve analytical problems, mass spectral resolution

is a very important performance characteristic because it not only sets the limitation of

accessible mass accuracy but also determines the ability to separate ions of similar mass in

the spectrum. To date, time-of-flight (TOF)-MS is most commonly used for m/z analysis

with MALDI. Several publications have discussed factors affecting signal resolution, and

how to improve resolution in MALDI-TOF-MS [39-45]. A dominant factor that influences

the mass specu'al resolution in a MALDI-TOP experiment is the laser irradiance [46]. Laser

irradiance must be above a threshold value for the MALDI process to occur. Laser

irradiances much higher than the threshold value dramatically decrease the resolution in the

spectra obtained. The peak widths of signals generated from a peptide, for example, are a

function of the applied laser irradiances [44].

For simplicity, we will discuss "power" instead of "irradiance" in this report.

Irradiance (power per unit area) is proportional to power if the beam profile remains the

same. Most of the commercial MALDI insn'uments employ a ninogen laser and a beam

attenuator to vary laser power, however, the beam profile is not measured or controlled. A

study using ultra-short laser pulses has shown that the amount of energy deposited into the

sample, rather than laser power or irradiance, is the important parameter in the MALDI

process (as long as the irradiation time is short) [28].

25
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There is an unfortunate dilemma in MALDI-TOF-MS; both high intensity

(high power) and high resolution (low power) cannot be achieved under the same

conditions. There is also a power dependence to the MALDI process as a function of MW.

The higher MW analytes require higher powers than do low MW analytes, for

desorption/ionization mm to occur (see Appendix I). When MALDI is used to investigate

a mixture with a large MW range, it is necessary to use high laser power just to generate a

signal at the high m/z values - at the expense of resolution throughout the spectrum.

Most MALDI spectra reported in the literature represent the summation or average

of 20—200 mass spectral transients, which may be obtained from multiple locations on the

MALDI target or obtained with a variety of power settings. Conclusions such as the high

power-low resolution relationship seem to evolve from the analysis of such summed

spectra, or from the spectrum resulting from a single laser shot. We recently showed that

the mass spectral transients of MALDI-TOF-MS rapidly change with time, and an

evaluation of the component spectra may yield different conclusions than evaluation of a

single summed spectrum (The preprint of this publication is attached as Appendix III in this

thesis). We use this. tool of time-dependent MALDI to investigate details of the

power-resolution relationship here. We will show here that, by changing how MALDI

spectra are constructed, "low power resolution" can be realized in "high power" MALDI

experiments.

II. Experimental

All MALDI results were obtained on a ResearchTec TOF mass spectrometer (Vestec

Corp, Houston, TX), used in linear mode, equipped with a nitrogen laser (model VSL-

337ND, Laser Science, Newton, MA, 337 nm, 3-ns pulse, 250 III/pulse). Laser light is

attenuated using a variable attenuator (model 935-5-OPT, Newport, Fountain Valley, CA)

with a computer-condoned stepper motor. That is, the laser power is software controlled
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by setting the stepper motor position, corresponding to an on-screen number ranging from

0 to 2,400. A larger number results in a higher laser power. Laser powers are not

expressed on an absolute scale, but relative to the value at the D/I threshold. The threshold

laser power will be designated here as Pt (m, A), where Pt is the threshold power at which

the analyte, A, generates observable signals (S/N > 5), using the matrix, m. To measure

the laser power threshold, multiple samples were prepared using the procedure described

below. Each fresh sample was irradiated consecutively, with laser power varied in

increments of 100 units, until the analyte signal was observed. The threshold laser power

Pt (aCN, I), where OLCN represents a-cyano-4-hydroxycinnamic acid and I represents

insulin, corresponds in our instrument to a stepper motor position of 1200. When the

stepper motor position is set at 1800, the corresponding laser power is expressed in the text

as 1.50 Pt. A laser spot size of ~ 0.8 mm2 was used to irradiate sample on a 3.5 mm2

target ("Big Spot MALDI") (see Appendix III). The nitrogen laser was prewarmed and

then maintained fuing for 15 minutes before any data were obtained; this has been found to

decrease shot-to-shot variations. The accelerating voltage in the ion source was 26 kV.

Data were acquired with a transient recorder with 2-ns resolution. All spectra shown

represent unprocessed data. When resolution was measured, a Savitsky-Golay method

was used to smooth raw data (second degree polynomial, 30 point smooth). The mass

spectral resolution is defined by m/Am (FWHM).

The matrix used was a-cyano-4-hydroxycinnamic acid. A water (with 0.1%

trifluoroacetic acid)-acetonitrile (1:1, v/v) mixture was used as the solvent system to

prepare a saturated matrix solution (~ 70 mM) and a stock solution containing both

bradykinin and bovine insulin (10 pmol/llL for each analyte). A sample solution was

prepared by diluting the peptide stock solution with the matrix solution to give a final

concentration of 2 pmol/uL for each analyte. To prepare samples for MALDI analysis,

2 [IL of the sample solution were applied to a flat stainless steel probe tip. The sample

mixture was then allowed to air dry, leaving 110 nmol of matrix, 4 pmol bradykinin, and
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4 pmol insulin on the target, before introduction into the ion source. Time-to-mass

conversion was achieved by either external or internal calibration using peaks for Na+ and

K4”, most abundant matrix peaks, and peaks from bradykinin and insulin.

Bradykinin and bovine insulin were purchased from Sigma Chemical Co.

(St. Louis, MO). a-Cyano-4-hydroxycinnamic acid was purchased from Aldrich Chemical

Co. (Milwaukee, WI). Acetonitrile and trifluoroacetic acid were purchased from EM

Science (Gibbstown, NJ). The compounds were used as purchased without further

ptnification.

III. Results and Discussion

If we use the typical approach of evaluating summed data, results shown in Figure

4.1 are obtained. Figure 4. la and 4.1b show the mass spectral peaks representing insulin

ions (presumably, protonated insulin molecules) obtained at two different laser powers;

both represent the sum of 300 transients. The peak obtained using higher laser power

exhibits lower resolution. From such spectra obtained at a variety of laser powers,

resolution can be calculated. The results are summarized in Figure 4.1c. The resolution

decreases considerably with increasing laser power for both bradykinin and insulin signals.

This observation parallels that reported by Ingendoh et al. [44].

Figure 4.2 shows the MALDI-TOP mass spectrum obtained at a laser power of

1.33 Pt (OtCN, I) by averaging 500 transients. Figure 4.3 shows a series of component

spectra obtained by dissecting the spectrum shown in Figure 4.2. To generate these

spectra, the experiment was configured so the laser fires 10 times in 2.5 seconds. The

laser then stops while‘the transient recorder downloads the file representing the average of

these ten (a "component specu'um"), and a new file representing the next 10 mass spectral

transients is generated (see Appendix III). Each single component spectrum in Figure 4.3

is the sum of 10 sequential mass spectral n'ansients. Figure 4.3 contains 50 component
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Figure 4.1 The mass spectral peaks representing insulin ions (presumably, protonated
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used to prepare each MALDI‘sample.



 

2
0
0
0
0
—

1
5
0
0
0
-
1

' B
H
+

1
0
0
0
0
—

  

mm Kremqm ‘Ktisuamr

5
0
0
0
2

1
H
+

f
i
l
l

-
_
M
L

[
1
+
1
2
:
fl
2
+

L

l
l

l
I

0
1
0
0
0
0

2
0
0
0
0

3
0
0
0
0

4
0
0
0
0

T
i
m
e
o
f
F
l
i
g
h
t
,
n
s

   
 

 
 
   

 
 

I

5
0
0
0
0

F
i
g
u
r
e
4
.
2
T
h
e
M
A
L
D
I
-
T
O
F
m
a
s
s
s
p
e
c
t
r
u
m
o
b
t
a
i
n
e
d
a
t
a
l
a
s
e
r
p
o
w
e
r
o
f

1
.
3
3
P
t
(
a
C
N
,

l
)
b
y
a
v
e
r
a
g
i
n
g
5
0
0

t
r
a
n
s
i
e
n
t
s
.

4
p
m
o
l

o
f

b
r
a
d
y
k
i
n
i
n
,
4

p
m
o
l

o
f

i
n
s
u
l
i
n
,
a
n
d

1
1
0

n
m
o
l

o
f

m
a
t
r
i
x

w
e
r
e

u
s
e
d

t
o

p
r
e
p
a
r
e

t
h
e
M
A
L
D
I

s
a
m
p
l
e
.

A
b
b
r
e
v
i
a
t
i
o
n
s
u
s
e
d
:

B
,
b
r
a
d
y
k
i
n
i
n
;

I
,
i
n
s
u
l
i
n
.

30



itun Arernqre ‘Artsuarul

4
0
0
0
0

l

3
0
0
0
0
—

2
0
0
0
0
9

1
0
0
0
0
-

 

         

 
 

   
 

    
 

 
 
 

 
 

B
H
-
i
-

[
I
+
2
H
]
2
+

1
1
1
+

/
(

~
a
.
»
r
-
o
~
*
v
-
’
c
.
.
.
-
.
a
n

_
-

A

 
 

-
.

.
.
.
I
.

r
-
.
-
.
.
.
4
.
o
.
.
-
.
-
~
-
-
-
a
-
.
l

m
n
,
a
_
-

.
.
.
"
.
.
.
‘
h

<
0

1
;
~
.
~
.
.
.
-
.
-
-
v

.
-
.
.
.
.

.
.

t
"

"
"
'

.
"
I
'
.
.

a
.
.

.
.
.
.

III I:l
l
“
H
i
-

I,
Ill

-"I
I

L
l

l'
'I
'I
'm
'
l
!

.
.
.

.
_

.
.
.
:
‘
u
u
-
q

-
.

-

l
.
-

.
.

.
J
"
.
.
.

.
.

.
.

L
'

.
.

.
.

.
.

,
,

.
.

.
.
.

.
.

.
.

.
.
.

O
o
n
-

.
L
n
.
¢
W
u
§
-
~
v
—
o
n
—
~
I
l

I
—
o
.
.
.
-

-
n

u
.

4
0

®

I
"

i
t

.
.
.
-
I
.

i
.
:
W

'
—
H
m
-

b
-
-
-
v
-
-
-
t
.
.
.
.
:
—
.
e
.
:
.

i
i

”
1
.
x
.
W
“
:
'
u
.
‘
:
'
~
"
0
\
:
-
¢
d
h
~
m
c
n
m
m
.
.
.
“

.
.

.
s
w
a
y
-
Q
‘
-
'
“
V
W
-
u
.

v
‘

~
.
'
-
I
F
-

.
U
m

.
”
fl
”

‘
1
:
.
H
"
.
}
L
l
l
-

‘
*
l

.
I,

.
.

t
.

,
1

'
:

.
o

.
.
.
.
.
.
.
.

a
.

-
”
‘
n
v

-
.
I
-
b
v

.
.
.
.
-
.

.
,

I
6
‘

h
i
]

I
‘

.
.

.
.

.
_

~
,
.
.
.
.
.
_
1

.
.

'
.
.
.
4
—
n
v

c
i
t
—
‘
fi
:
c
u
t
4
‘

i
I
“

t.

"
.
l

‘
|
.
"
.
.

I
I

I
I

1
0
0
0
0

2
0
0
0
0

3
0
0
0
0

4
0
0
0
0

T
i
m
e
o
f
F
l
i
g
h
t
,
n
s

1
,

V
.
.
.

-

ll
‘

‘
[‘
t

I
.

I
'
d

>
.
‘
l
n
.
c
~
:
v
-
“
m
m
-

.

\
‘
0
4
-
.
.
.
u
n
I
v
a
“
.
.
.

.
.

.

l
_
_

5
0
0
0
0

0
0
9
9

l
_
'
,
.
l
'

'
_|

.'
‘
9

l
n
}
.

‘
u
"
.

.‘
.

1
.
.
.

l
'

‘
I
“
:

.

‘
I.

I
’

'

 

F
i
g
u
r
e

4
.
3
A

s
e
r
i
e
s
o
f
c
o
m
p
o
n
e
n
t

s
p
e
c
t
r
a
o
b
t
a
i
n
e
d
b
y

d
i
s
s
e
c
t
i
n
g

t
h
e
s
p
e
c
u
u
m
s
h
o
w
n

i
n
F
i
g
u
r
e

4
.
2
.

E
a
c
h

s
i
n
g
l
e

c
o
m
p
o
n
e
n
t
s
p
e
c
t
r
u
m

i
s
t
h
e
s
u
m
o
f
1
0
s
e
q
u
e
n
t
i
a
l
m
a
s
s

s
p
e
c
t
r
a
l
t
r
a
n
s
i
e
n
t
s
.

A
b
b
r
e
v
i
a
t
i
o
n
s
u
s
e
d
:

B
,
b
r
a
d
y
k
i
n
i
n
;

I
,
i
n
s
u
l
i
n
.

31



32

spectra. A few component spectra are shown in Figure 4.4. Consider Figure 4.4a and

4.4b, which show. component spectra #2 and #12. In the earliest specn'um, #2, peaks

representing alkali ions are prominent; these quickly disappear by the twelfth component

spectrum. While many peaks are saturated in component spectrum #2, they are all

"on scale" by spectrum #12. Also note, dramatic changes in relative intensities of the

analyte peaks occur. In spectrum #2, the insulin peak is only slightly smaller than that for

bradykinin, with the ratio of intensities for IH+: BH+ equal to 0.7. By spectrum #12, this

value drops to 0.2; the insulin peak decreases much more quickly than does that for

bradykinin in the data set. As the data show, many peaks at low m/z values are initially

saturated. The signal intensities decrease with increasing component spectrum number,

however, they may then increase at some later time and decrease again. The changing peak

height vs. component spectrum number is quantitatively documented in Figure 4.5a for the

insulin peak.

Peak heights were measured and are used here to represent ion abundances. If peak

areas are used, which are proportional to peak heights divided by resolution, then Figure

4.5a will look somewhat different. Data from experiments using three different laser

powers are shown to demonstrate the relationship of laser power and signal intensity. As

shown, the intensity of the insulin signal decreases with component spectrum number

(increasing number of laser shots), regardless of which laser power is used. The initial

(first component spectrum) intensity of the insulin signal is higher when higher laser power

is used. The initial peak height of the insulin signal obtained at 1.83 Pt (OtCN, I) is smaller

that what is obtained at 1.50 P; (aCN, I). This is because the initial resolution obtained at

1.83 Pt (OtCN, I) is much poorer that what is obtained at 1.50 Pt (OLCN, I). Figure 4.5a

shows that, when a laser power of 1.33 Pt (aCN, I) is used, about 20 useful spectra with

reasonable intensities (for the insulin peak) are generated. When a laser power of

1.80 Pt (OtCN, I) is used, more than 60 useful spectra with reasonable analyte peak

intensities are generated. So the signal lasts longer when higher laser powers are used.
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The total ion current (TIC), which is proportional to the summation of insulin peak

intensities over all the component spectra (area under the curves in Figure 4.5a), is also ,

larger when higher laser power is used. The data in Figure 4.5a correlate with experience -

signals "last longer" and are more intense at higher powers.

The resolution in each component speCU'um can also be measured. It is found that

the resolution in all of the component spectra is not constant. In Figure 4.5b, insulin signal

resolution is plotted against component specu'um number. When the laser power is

1.33 Pt (aCN, I), the data show the highest resolution. The resolution begins at

approximately 200 and increases with component spectrum number to 300 ~ 400, but

considerable scatter of measured resolution appears when the component spectrum number

is larger than 20. This kind of scatter of measured resolution is often observed when the

peak intensities are small. The initial resolution of the insulin signal is lower when higher

laser power is used. When the laser power is 1.50 or 1.83 Pt (OLCN, I), the data show that

the resolution increases with component spectrum number. When the laser power is

1.80 Pt (OtCN, I), the measured resolution starts at ~ 100 and increases to ~ 300, while the

intensity falls with increasing component spectrum number. That is, the "low power

resolution" (300 ~ 400) can be realized when "high power" is used.

Experimental Implications

When the data of MALDI-TOF—MS are evaluated in the form presented here, one

may envisage some variations in how the experiment is done, and possibly different

approaches for obtaining the most useful data from an experiment. For example, when we

used a smaller, focused laser spot (as our commercial instrument was supplied), we would

frequently move the spot around so that most of the transients would contain strong

signals. We now see that we are collecting transients with the lowest resolution in this

way, and there are advantages to using a larger fixed spot, and accumulating more
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transients. However, if it is not resolution but signal intensity that is most important, then

moving the laser while summing is a good approach.

With a set of spectra representing the experiment, one can evaluate spectra and

decide which may be summed to yield a single spectrum, of higher quality, representing the

MALDI analysis of a compound or mixture. For example, Figure 4.6 shows the peak

shapes and corresponding resolution ofinsulin signals, from summing different ranges of

component spectra which are obtained at 1.50 P: (OICN, I). Since the early laser shots

yield poor resolution, one can take advantage of this information to improve the resolution

in the final spectrum. By rejecting the specual transients from early laser shots, one can

easily improve resolution when only the best transients are summed. Using Figure 4.5b,

one can select an appropriate range of component spectra for summation to yield resolution

improvement. In Figure 4.5, the data obtained at 1.50 Pt (aCN, I) suggest that summation

of component spectra 31-40 may produce a quality spectrum of good resolution and

reasonable signal intensity. As shown in Figure 4.6, the resolution of the insulin signal is

improved from (b) 220 to (c) 370.

A third implication of the data may be related to mixture analysis, and this is an

approach that we will be evaluating in subsequent publications. Suppose a mixture such as

an enzymatic digest was being analyzed by MALDI. We need to know how many peptide

fragments were formed, and the best possible mass assignment for each. One approach is

to obtain a series of spectra at very high laser powers. High power would optimize our

chances to detect those components with the smallest desorption/ionization efficiencies, and

could be least hindered by the power/molecular weight dependence. In subsequent spectra,

as the intensity of each peak decreases, the user can decide when (i.e., in which component

spectrum) the mass of the analyte will be determined. All peaks need not be analyzed in a

single spectrum - we can select which spectrum is appropriate for each, when the resolution

is sufficiently high that the best result for that instrument can be realized. This would be
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very different from the typical approach that we believe most labs use, which involves

analysis of data contained in a single mass spectrum from the MALDI-MS analysis.

Changing Resolution at a Single Power

While we feel that it is important to document the fact that a variety of resolutions

can be realized, even at high power, it is not the purpose of this work to provide an

explanation. Definitive experiments remain. A key problem at this point is in the

description of the observation. We can state that, because of the way the data were

collected/presented, Figure 4.5b shows that resolution increases as the component

spectrum number, i.e., number of laser shots, increases. This is not to suggest that there is

a cause-and-effect relationship between these two quantities. By considering the data

presented in Figures 4.4a and 4.4b, another possible description of the observation is that

resolution increases as peak intensity decreases. Either could be the actual situation. If the

total amount of material ablated per laser shot is largest in the first shot of the experiment,

and resolution depends on various thermal and collisional aspects of the desorption plume,

then one might well expect resolution to depend on the how many laser shots had been

fired at a given "spot". Alternatively, we know that we can be generating a high ion

density in this experiment, and ion-ion repulsions because of ion densities exceeding the

space charge limit would certainly affect the spatial aspects of isomass ion packets as they

traverse the instrument, resulting in broader peaks for high ion abundances (intense peaks).

As Figure 4.5a suggests, there is a definite relationship between intensity and accumulated

irradiation time, which makes it difficult to make a statement precisely describing the

variable that best correlates with resolution. However, it is useful to make a single plot

collecting the results of many experiments involving different powers, into a single

intensity vs. resoluu'on plot, which is shown in Figure 4.7 for insulin ions. This reinforces

the observation that the complete range of resolution can be realized by working at high

power - the resolution in early spectra is low, but constantly improves as irradiation
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continues. While there is obviously scatter in the data, there is a general trend in the data as

plotted in Figure 4.7, where larger peaks yield the lowest resolution.

We cannot, here, reach a conclusion on which variable of the experiment is

determining the resolution. While a resolution/intensity correlation is attractive for the

reasons mentioned above, details of the data presented may not support this selection. The

data in Figure 4.3 show that the insulin peak is initially large, drops off, but grows again in

component spectrum # 36. This feature is indicated as point A in Figure 4.5a. If there is a

resolutionfrntensity relationship that is operational, this increase in insulin ion intensity in

4a should be accompanied by a dip in the resolution data at that point in 4b. This is not

observed. Thus, a precise description of the observation, correctly indicating that

reSolution is a function of some experimental variable, remains in this preliminary report,

elusive.

Can the sample be characterized as having a distribution ofthresholds?

While the data in Figure 4.5 is a quantitative representation of an aspect of MALDI

for which practitioners are aware, is it expected? Consider the data for the lowest power,

1.33 Pt, in Figure 4.5a. The intensity starts at 24,000 and approaches zero by the 20th

component spectrum. If this were GC/MS , for example, the peak would be gone when

the sample concentration is zero. That is, after 200 laser pulses the sample (insulin) seems

to be depicted. This is obviously not correct. As data for other power settings in

Figure 4.5ashow, one can get many more insulin ions from the same location at higher

power. The initial intensities are higher at higher power, and the signal lasts longer. We

also know that, if we let the signal go to zero and then raise the power, additional analyte

ions can be formed. We understand that, when power is increased, the effective size of the

laser spot can increase - if the power is not constant across the laser spot. However, we do

not believe that the observations can be explained based on such changes alone. We
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believe that the data suggest that some threshold distribution exist, or is formed, within the

sample target.

Again, the challenge here is how to describe this observation. We will propose

that, in addition to the specific selections of the matrix and analyte, the MALDI threshold

also depends on a variable, x, which describes the threshold distribution. That is,

P; = f(m, A, x). This has been described in other ways in the many facets of the technique

that have been discussed and considered to date.

One possible physical aspect of the MALDI matrix that could be responsible for the

threshold distribution is the range of sizes of the crystals formed on the surface - that is,

x = s, as shown in Figure 4.8a. The size of :the crystals prepared in our experiment is

certainly not homogeneous. If one considers models for the desorption process in MALDI,

the first step is deposition of energy due to matrix absorption. The temperature in some

portion of the matrix crystal rapidly increases, although energy rapidly flows away from

that portion of the crystal as well. If the crystal is sufficiently small, and heat dissipation

i mechanisms are limited, high temperatures and prompt ablation is realized. For large

crystals, only a portion of the crystal may be ablated per shot, or higher powers may be

required, since heat can be conducted throughout the crystal, away from the point of

excitation. Thus, smaller crystals may have lower MALDI thresholds than larger crystals.

As the power is increased, the range of crystal sizes over which irradiation leads to signals

increases.

The successive ablation of material with every laser shot in MALDI has also been

discussed in terms of depth profiling, leading to a second possibility where x = d, the

distance below the surface, into the crystalline target, as suggested in Figure 4.8b. Since

many thousands of crystals can be formed on the small MALDI target, a variety of

mechanisms may exist which would lead to a depth-dependent threshold. This may be

related to "crystal packing" aspects of the target, or due to target heterogeneity, since one
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Figure 4.8 Physical aspects of the MALDI matrix that could be responsible

for the threshold distribution. In addition to the specific selections of the

matrix and analyte, the MALDI threshold also depends on a variable, x,

which describes the threshold distribution. That is, Pt = f(m, A, x).

(a) x = s, the size of the crystals, (b) x = d, the distance below the surface,

into the crystalline target, and (c) x = [m'], concentration of a photoreaction

product of the matrix, m, where m' is not a "good" matrix. In (a), (b), and

(c), when a fixed laser power is used, only the samples which fulfill the

condition (a) s < L (limit) (b) d < L (c) [m'] < L can be desorbed.
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may expect some sort of "layering" within the crystals. The compounds present do have

very different solubilities. It is not hard to see that, as the laser continues to fire, material is

removed in each laser shot. When some initial power is chosen, we may eventually

achieve a depth, d = L (limit), at which the threshold becomes higher than the power

selected, and no additional signal is generated unless the power is increased.

A third possibility may be that x is not a dimension but a time-related variable, equal

to the total. irradiation time (t = npulses x 3 nS/pulse). It has been suggested that a variety

of photochemical processes can occur in the MALDI target. Suppose that some fraction of

the matrix is converted into a new compound with each laser pulse, and the compound has

a lower molar absorptivity and higher heat of sublimation. It does not vaporize as readily

as does the original matrix molecules, and tends to accumulate as t increases. This

photoproduct accumulation causes the threshold to be detectably higher, after it shots

(Figure 4.8c).

A final possibility could, of course, be a combination of mechanisms such as those

described here. The point to realize here is that the experiment behaves as though some

threshold distribution exists, as suggested by Figure 4.9 and one can always get more

signal by going to some higher power, at least throughout the range of powers accessible in

this experiment. It should be made clear that, in this discussion, we are evaluating

Pt(m, A, x) - the threshold distribution for generation of ions from a specific analyte. We

are not suggesting that, when the insulin peak approaches zero, all of the other peaks

disappear as well. For example, at a power of 1.33 Pt, the insulin peak has effectively

gone to zero by component spectrum # 45. This Spectrum is shown in Figure 4.5c. As the

figure shows, while the insulin peak is very small, the bradykinin and many matrix peaks

are still present. They have different Pt values and Pt distributions; this aspect must be

considered as well when attempting to describe features of the experiment that lead to the

threshold distribution.
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Figure 4.9 The conceptual threshold distribution function, Pt (m, A, x), on

a P—x plane, where P is applied laser power and x is a variable which

describes the threshold distribution. When a laser power equivalent to Pt

(m, A, x = x1) is used, only a portion of the sample which meet the

requirement, Pt (m, A, x) < P = Pt (m, A, x = x1), the dotted area in Figure

8a, can be desorbed/ionized.
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IV. Conclusions

We find the parallels between the development of MALDI and that of GC/MS

interesting to compare. In many laboratories, gas chromatographic sample introduction

capabilities were available on mass spectrometers before data systems, that could collect

large numbers of Spectra, were available. One would frequently have to be content with a

single specu'um per mixture component, obtained by manually triggering the scan of the

magnet and, Simultaneously, an oscillographic recorder, as a component eluted into the ion

source. Conclusions were drawn from this single spectrum. Eventually, with data

systems that could record spectra as fast as the mass spectrometer could generate them, we

found real advantages in characterizing the time-dependence of mass Spectral peaks

(through the use of "mass chromatograms"). A similar evolution can be seen in MALDI.

We began by reporting Single spectra, frequently the sum of many transients, as THE

MALDI spectrum - on which analytical results, and characteristics of the technique, were

realized. We now see that MALDI Spectra change with time, and the time-dependent

spectra can provide more information than a single spectrum representing the experiment.

We Show here that the relationship between MALDI resolution and laser power is more

complex than previously realized, due to the time dependence of the resolution. High

powers can be used and, while the resolution may be low in spectra obtained early in an

analysis, later spectra exhibit higher resolution. To fully realize this, and be able to benefit

from the effect, larger laser Spots should be used. This leads to a larger number of spectra

from a "single spot", without having to move the laser to different locations on the target.

We continue to find that the ability to "dissect MALDI spectra", to collect and evaluate

component spectra as well as construct their summed result, is a useful tool in the

continuing effort to define and develop MALDI-TOF—MS.



Chapter 5 - An Approach to Locate Phosphorylation Sites in a

Phosphoprotein: Mass-Mapping by Combining Specific

Enzymatic Degradation with Matrix-Assisted Laser

Desorption/Ionization Mass Spectrometry

This work has been published and the reprint is attached as Appendix IV. The

phosphorylation sites of the protein Op18, in transformed lymphocytes, have been

investigated by this method and the reprint of the resulting publication is included as

Appendix V. The details of the computer program written to perform mass mapping were

not covered by these publications and are discussed in this chapter. A further refinement of

the experimental procedures for the enzymatic dephosphorylation reaction, a critical step in

the location of phosphorylation Sites using MALDI, is also discussed.

1. Mass mapping program

A computer program, named as MSU MassMap, was written using Microsoft‘.E

Visual Basic“ version 3.0 for WindowsTM (Microsoft Corporation, Redmond, WA) to

calculate the masses of possible peptide fi'agments and phosphopeptide fragments from the

specific enzymatic or chemical degradation of a protein, and the m/z value of the mass

Spectral peak for the corresponding [M+H]"’ ion. Because of its limited resolution,

MALDI-TOP mass spectrometry provides only the average masses of ions rather than their

monoisotopic masses when the isotOpic peaks are not resolvable in the high mass range. In

the program, the average masses were used instead of monoisotopic masses which are

typically used by programs designed for MS analysis (e.g., MacProMass software, by

Terry Lee and Sunil Vemuri, Beckman Research Institute of the City of Hope, Duarte,

46
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CA). Because partial digestion is not an uncommon situation even when long incubation

times are used, the program computes masses for peptides from not only complete, but also

partial digestion.

The source code of this program is appended to this thesis as Appendix VI. An

instruction protocol for the use of MSU MassMap is included in Appendix VII. The

inputs, operations, and outputs of this program are summarized below. Figure 5.1 shows

a diagram of the algorithm using peptide, KRPSQRHGSKY, as an example. All the

descriptions below use this diagram. The inputs require the following:

(1)

(2)

(3),

(4)

(5)

Protein sequence: A text file is built to contain the name of the protein and its amino

acid sequence. The file format is defined in Appendix VII. In the example of

Figure 5.1, the peptide has the sequence, KRPSQRHGSKY.

N-terminal or C-terminal modification of this protein: The mass of the N-terminal

or C-terminal modification (or both) iS defined by user interfaces. An user interface

is an interactive device which allows users to exchange information with the

program during run time. In the example of Figure 5.1, there is no terminal

modification.

The rules of specific degradation: These are defined by user interfaces. In the

example of Figure 5.1, uypsin cleaves the amide bonds after (at C—terminal of)

arginine and lysine residues.

The residues which possibly undergo phosphorylation: These can be none or any

combination from serine, threonine, and tyrosine residues, which are defined by

user interfaces, too. In the example of Figure 5.1, they are serine, threonine, and

tyrosine.

Mass range: Only the peptide fragments with masses within this range will be

considered for calculations. This is defined by user interfaces.



 

 

amino acid sequence

 
 

 

 

 

 

KRPSQRHGSKY

+_____ N.-.or C-terminal

modification, I.e., none

rules of specific

<————— cleavage sites,

i.e., after K and R

find cleavage sites 
 

   
 

 

 
 

 

K/R/PSQR/HGSK/Y

the residues which

_____ are possibly

H— phosphorylated,

i.e., S, T, and Y

generate fragments, also

consider incomplete digestion

V

K

R

PSQR, PpSQR

HGSK,HGpSK

Y, pY

KR

KRPSQR, KRPpSQR

KRPSQRHGSK, KRPpSQRHGSK

 
 

 

 

peptide mass

fragrrrllents, "KM." +

K ------------ 147.2

R ------------ 175.2

Y ------------ 182.2

pY ----------- 262.2

KR ----------- 303.4

HGSK --------- 428.4

PSQR --------- 487.5

HGpSK -------- 508.4

PpSQR -------- 567.5

HGSKY -------- 591.6

RPSQR -------- 643.7

HGpSKpY ------ 751.6

KRPSQR ------- 771.9

KRPpSQR ------ 851.9

PSQRHGSK ----- 897.0

 
 

 

KRPSQRHGpSK .....................

............... KRPpSQRHGpSK KRPpSQRHGpSKpY .

.-.... --------- 1 584.5

""" (37 possible fragments)

+———--Cmass range, i.e., O-BOOCD

 

 
 

calculate mass for each peptide

fragment, sort the list by mass

Figure 5.1 The diagram shows the algorithm of the mass mapping

program using trypsin on the peptide, KRPSQRHGSKY, as an example.

A lower case p preceding the phosphorylated residue indicates that the

peptide is phosphorylated at that residue.
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The program then performs the following operations:

(1) Generate a list which contains all possible peptide fragments, by following the rules

of Specific degradation from complete and partial digestion.

(2) Attach the possible phosphorylation sites to the peptide fragments generated in the

above list. In the example of Figure 5.1, a peptide fragment, KRPSQRHGSK,

which contains two serine residues would propose two more possibilities:

mono- and di-phosphorylated peptides.

(3) Calculate the mass for each peptide fragment (includes phosphopeptide) in the list.

The mass of the [M-I-H]+ ion is calculated, as shown in Figure 5.1.

(4) Sort the peptide fragments in the list by their masses.

The output is a printout or a file which contains:

(1) All information from inputs.

(2) A list contains all possible peptide fragments, sorted by their mass, considering

complete/partial digestion and possible phosphorylations. In the example of

Figure 5.1, there are 37 possible fragments. Each peptide fragment in the list is

defined by its assigned Start/end amino acid residue numbers and number of

phosphorylations on it.

An example of program output is included in Appendix V11].

11. Enzymatic dephosphorylation reaction of immobilized phosphopeptides for direct

analysis by MALDI

Phosphopeptides are identified by -80 (or multiple of -80)-Daltons mass Shifts in

the mass spectra after dephosphorylation with alkaline phosphatase. To minimize sample

loss and facilitate easy, fast analysis of this method, especially when only picomolar

amount of samples are available, it is advantageous to reduce sample manipulations. A
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protocol has been designed to immobilize phosphopeptides on a supporting material. wash

sample when necessary, conduct enzymatic dephosphorylation, remove reaction buffers,

add matrix compounds, then analyze the final reaction products by MALDI in situ. The

material must meet both requirements for efficient separations and an effective interface to a

MALDI mass Spectrometer. Nylon-based membranes have been reported to exhibit these

properties [47]. The use of zetabind (0.45-ttm pore size, 50-um thickness, Cuno

Laboratory Products, purchased from Life Science Products Inc., Denver, CO), a'positive

charge-modified nylon membrane, is described here for a demonstration.

A diagram in Figure 5.2 shows an outline of the protocol. 10 pmol of

phosphopeptide, KRPpSQRHGSKY—amide, was immobilized on a piece of membrane

fixed on a stainless steel probe by air-drying the peptide solution. The sample probe was

washed with 0.5 mL 0.1% trifluoroacetic acid solution twice to remove any water-soluble

contamination. 2 1.11 of 50 mM l\11-I4HCO3 buffer solution (pH 8.0) containing about

3 units of calf intestine alkaline phosphatase (Boehringer Mannheim Biochemicals,

Indianapolis, IN) was applied to the sample probe. An aluminum block was made to hold

sample probes, and a glass chamber with air-tight cap was made to hold the aluminum

block, so the whole assembly can be incubated in a water bath at 37°C. Extra 50 mM

NH4HCO3 buffer solution was added to the chamber to establish the vapor pressure, so

the reaction buffer solution on the probe will not dry out. After 4 hours of reaction time,

the sample probe was washed with 0.5 mL 0.1% trifluoroacetic acid solution twice to

remove reaction buffers. Then, 1 ul of 20 mM a-cyano-4-hydroxycinnamic acid matrix

solution (in 0.1% trifluoroacetic acid solution: acetonitrile = 1:1) was added to the sample

probe. The sample probe was covered to allow slow drying to help the elution of peptides

from membrane surface to matrix solution. When the peptide/matrix mixture was dried and

cocrystallized on the membrane, the sample was subjected to analysis by MALDI.

Figure 5.3 shows the expected -80 Daltons mass shifts in the MALDI spectra due to the

loss of phosphate moieties after using this protocol.
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Figure 5.3 Enzymatic dephosphorylation reaction of immobilized

phosphopeptide, KRPpSQRHGSKY—amide, on zetabind membrane for

direct analysis by MALDI. The -80 Daltons shiftin the mass spectral

data is due to the loss of a phosphate moiety. 10 pmol of the peptide

were used to perform this experiment.
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This design is especially important when the peptide sample contains chemical

substances which interfere with the subsequent dephosphorylation reaction and only a

limited amount of sample is available. We have found that phosphopeptides purified from

metal ion affinity columns may contain iron impurities which interfere with the

dephosphorylation reaction. The problem was avoided by this sample immobilization and

washing protocol.



Chapter 6 - Expression of Mouse Galectin-3 Using

a BaculoviruS/Insect Cell System

I. Introduction

In many animal cells, there is a protein called Galectin-3 (G3), present at very low

levels. It is a lectin - a protein that interacts with carbohydrates. In some types of mice

cells, it exists in two forms - free and monophosphorylated. The free form seems to be at

elevated levels in cell nuclei when they begin to divide, so phosphorylation may be used to

regulate the distribution of G3 inside and outside of the cell's nucleus.

Cell biologists would like to know where G3 is phosphorylated, but insufficient

amounts can be isolated to make that determination. This is just one example of how small

modifications, "post-translational modifications", are used in biological systems to regulate

the activity of proteins/enzymes. Whether a protein is active or inactive may depend on

whether it is phosphorylated, acetylated, or whether it undergoes any other type of

derivatization. We became interested in questions involving phosphorylation of proteins,

and found that very few were commercially available with which to work, in the context of

MALDI-MS methods of analyses. Thus, we became involved in this topic, Galectin-3, to

learn how one might make larger quantities for subsequent analysis.

Methods exist for using cells, such as E. coli cells, to generate ("express") large

quantities of compounds such as G-3 for subsequent characterization. (Note, when this

occurs, the product is referred to as rG-3, r = recombinant) However, bacteria probably

would not phosphorylate the protein once it was made. So, we will use insect cells - since

they contain the machinery that could phosphorylate such proteins once formed. We are

54
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going to use a virus to convert an insect cell into a device that will generate G-3 and pG-3

(phosphorylated G-3) (Figure 6.1).

In the mouse cell. there is a portion of the DNA that is responsible for making G-3.

A promoter assists in generating a messenger RNA (mRNA) from this portion of the DNA,

and the mRNA is ultimately responsible for the generation of GB. In the mouse cell, very

little G3 is required, thus the promoter is a "weak" promoter (Figure 6.1). Thus, the

overall machinery is present for forming G-3, but only at low levels.

From the mRNA, we can create a piece of DNA that resembles that portion of the

gene responsible for making G-3. We call that piece cDNA. We can add this cDNA, with

a Strong promoter, to a virus. It then becomes a "recombinant virus". This is then sent

into an insect cell. The virus kills the cell, but we now have much of the cell machinery, a

segment of cDNA, a Strong promoter that will make copious amounts of the corresponding

mRNA, which will then generate large amounts of G-3 (Figure 6.1). In addition to now

having a machine that can generate G-3 at high levels, we also have machinery that can

phosphorylate as well. In addition to ultimately generating G-3, the virus also reproduces

itself, allowing for the "infection" of other cells. Thus, once the recombinant virus is

engineered, a large number of insect cells that generate G-3 and pG-3 can be maintained.

The nomenclature for this area of biochemistry is very specific and very different

from the nomenclature commonly used in chemistry. A description of the project, as it

Should be most appropriately and concisely described, follows.

Galectin-3 (Mr ~28,000) is a galactose-specific lectin found in the nucleus and

cytoplasm of many animal cells [48]. Recent evidence indicates that it is a factor in the

nuclear processing of pre-mRNA [49]. In mouse 3T3 fibroblast cells, Galectin-3 exists in

two isoelectric forms: a pI (isoelecuic point) 8.7 unmodified polypeptide and a pI 8.2
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Figure 6.1 Schematic diagram for the rationale and approach of producing

large amounts of the phosphorylated form of Galectin-3 for the determination

of the site of phosphorylation. Galectin-3 is produced at low levels in mouse cells.

The cloned cDNA of mouse Galectin-3 is engineered into the DNA of baculovirus;

the recombinant baculovirus is used to infect its normal host (Sf21 insect cell). The

virus takes over the protein synthesis and modification machinery of the host cell and

produces viral proteins at high level, including phosphorylated mouse Galectin-3.
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polypeptide modified by the addition of a Single phosphate [50]. ThepI 8.7 Species is

found exclusively in the nucleus and is the form that becomes highly elevated when cells

are mitogenically Stimulated into the proliferative state. Thus, it appears that

phosphorylation of Galectin-3 may regulate its nuclear versus cytoplasmic distribution.

Because the level of Galectin-3 is very low in 3T3 cells (less than 0.01% of total

cellular protein) [51], it would seem impractical to isolate a sufficient amount of the

phosphorylated species to carry out chemical analysis for the identification of the Site of

phosphorylation. However, the cDNA for Galectin-3 has been cloned [52] and therefore,

expression systems can be engineered to produce large amounts of the protein amenable for

chemical studies [53]. Indeed, recombinant Galectin-3 has been produced in an E. coli

expression system; the recombinant protein will be hereafter designated as

rGalectin—3 (E. coli). However, bacteria generally do not phosphorylate proteins and thus

rGalectin-3 (E. coli) has been shown to be homogeneously in the unphosphorylated

(pI 8.7) form [50].

In the present Study, we describe an alternative expression system that produces

rGalectin-3 in animal cells. This system takes advantage of the fact that the cDNA of

Galectin-3 can be engineered into an insect cell virus, baculovirus [54]. The recombinant

virus is used to infect insect cells (Figure 6.1); the protein production and modification

(including phosphorylation) machinery of the host cell is then used to produce viral

proteins, including Galectin-3 of the recombinant virus.

II. Experimental

ansgugg’gn Qf Bagulovigrs Expgessign Vector

Galectin-3 cDNA has been inserted into a plasmid; the product is pWJ31 [55].

Galectin-3 cDNA was isolated from pWJ31 by EcoRI digestion. The digest was

electrophoresed on a 1.2 % agarose-TAE (40 mM Tris-acetate, 1 mM EDTA) gel and the
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880 base pairs (bp) fragment was extracted using the Qiaex gel extraction kit (Qiagen Inc.,

Chatsworth, CA). The cDNA was subcloned into the baculovirus transfer vector

pSynXIV VI+ X3/2 (kindly provided by Dr. L. K. Miller, University of Georgia) using

the EcoRI restriction site in the polylinker region. The ligated vector construct was

transformed into XL-l competent cells and selected on LB agar plates containing ampicillin

(100 ttg/mL). Individual colonies were picked, grown overnight in LB-ampicillin

(100 tig/mL) and mini-prep DNA was isolated [56]. Positive clones were identified by

EcoRI digestion of the DNA and subsequent agarose gel electrophoresis, yielding a 880 bp

insert. The orientation of the insert relative to the ATG start codon in the transfer vector

was determined by EcoRV digestion. EcoRV cleaves the cDNA insert 59 bp from the

5' end, and is also a Single restriction site in the transfer vector. DNA preparations using

QIAprep-Spin plasmid kit (Qiagen Inc.) were made from large cultures of the

transfer vector construct containing Galectin-3 in the correct orientation,

pSynXIV VI+ X3/2-Galectin-3, the transfer vector construct with Galectin-3 in the

opposite orientation (antisense), pSynXIV VT" X3/2-AS Galectin-3, and the transfer vector

alone, pSynXIV VI+ X3/2, as a control.

Seleeg'en ef Recombinant Vmi's

Spodopterafrugiperda (Sf21) insect cells were obtained from Dr. Suzanne Thiem

(Michigan State University) and were grown as monolayer cultures at 27'C in TC-lOO

medium supplemented with 10 % fetal bovine serum (FBS). Sf21 cells (2 x 106) were

seeded into three 60 mm dishes. After attachment (~ 1 hour), the culture medium was

removed and 750 uL of Grace Insect medium was added to each plate. The cells were

transfected using the calcium phosphate coprecipitation protocol [54]. The

‘ recombinant, vSynVI'gal, an Autographa california multiply embedded nuclear

polyhedrosis virus was obtained from Dr. L. K. Miller, University of Georgia. Plate A

received 1 ug of viral DNA (vSynVI'gal) and 2 ug of the transfer vector construct

pSynXIV VI+ X3/2-Galectin-3. Plate B received 1 11g of viral DNA (vSynVI‘gal) and
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2 pg of the transfer vector construct pSynXIV VI'i' X3/2-AS Galectin-3. Plate C received

1 Itg of viral DNA (vSynVI'gal) and 2 Itg of the transfer vector pSynXIV VI'i' X3/2. After

4 hours of incubation at 27° C, unadsorbed DNA was removed and 4 mL of culture

medium was added. After 5 days, the supernatant from each plate was harvested and

centrifuged 1000 x g for 5 minutes at 4°C to remove debris. Each supernatant was titered

by plaque assay.

Plaque assays were performed by adding 0.5 mL of serial 10-fold dilutions of the

supematants to a dish containing monolayers of Sf21 cells (2 x 106 cells/dish). After one

hour of incubation, unadsorbed virus was removed. An overlay of 4 mL of TC1.00 +

10 % FBS containing 0.5 % agarose (42°C) was slowly added to each plate. Plaques were

visible by 3 - 4 days of incubation at 27°C. Plaques expressing the recombinant phenotype

were picked, diluted in 1 mL of culture medium and isolated by three rounds of plaque

purification. A stock of each recombinant virus was grown by infecting three 100 mm

dishes seeded at a density of 5 x 106 cells/plate. The cells were infected at a multiplicity of

infection (MOI) of 0.1. After 1 hour of incubation, 10 mL of culture medium were added.

On day 5, the supematants were removed, pooled, and centrifuged at 1000 x g for 5 min at

4°C. A plaque assay was performed to determine the titers of the stocks. All the stocks

titered in the range of 107 plaque forming units (PFU)/mL. The stocks were designated

vSynVI‘gal'-Galectin-3, vSynVI'gal'-AS Galectin-3, and vSynVI'gal‘.

Expressien 9f Galeetin-Z

A 24 multi-well dish (2 cm2/well) was seeded with 2 x 105 cells/well. After

attachment, the culture medium was removed and 0.2 mL of diluted recombinant

virus stocks (MOI ~ 2) was added to each well. Well 1A received 0.2 mL

vSynVI‘gal'-AS Galectin-3, well 2A received 0.2 mL of vSynVI'gal’-Galectin-3, and well

3A received 0.2 mL vSynVI'gal'. Following 1 hour of incubation at 27°C, 0.8 mL of

culture medium was added. After 42 hours, the wells were washed twice with 1 mL of
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PBS (1 mM NazHPO4, 10.5 mM KHzPO4, 140 mM NaCl, 40 mM KCl; pH 6.2) and

25 itL of sodium dodecyl sulfate (SDS) sample buffer [57] was added to each well. The

well was incubated at 37°C for 3 minutes to solubilize the cells and then the solubilized

sample was carefully removed from the well. Each of the sample (10 11L) was subjected to

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) [57]

(12.5 % acrylamide) and Western blotting.

W

The proteins were transferred from SDS-PAGE gels onto Immobilon—P transfer

membranes (Millipore Corporation, Bedford, MA) at 400 mA for 2 hours. The membranes

were incubated at room temperature with blocking agent, 2 % gelatin in TBS (20 mM Tris,

0.5 M NaCl, 0.6 mM thimerosal; pH 7.5), for 1 hour and rinsed with T-TBS

(0.05 % Tween-20 in TBS). The blocked membranes were incubated at room temperature

with rabbit anti-Galectin-3 [53] diluted in 1% gelatin in TBS for two hours. After rinsing

with T-TBS for 15 minutes three times, the membranes were incubated with goat

anti-rabbit IgG-alkaline phosphatase (Boehringer Mannheim Biochemicals, Indianapolis,

IN) diluted in 1% gelatin in TBS (1:5000) for two hours. Following three 15 minute

washes with T-TBS, the membranes were developed with a substrate solution containing

15 mg p-NBT (p-nitro blue tetrazolium chloride) and 7.5 mg BCIP (5-bromo-4-chloro-3-

indolyl phosphate p-toluidine salt) in 50 mL alkaline phosphatase buffer (0.1 M Tris, 0.1

M NaCl, 2 mM MgC12; pH 9.5). The reaction was stopped by rinsing with water.

MW

Four large plates (100 mm) were seeded with 5 x 106 Sf21 cells. After attachment,

the medium (TC-100 + 10 % FBS) was removed and vSynVI'gal'-Galectin-3 was added at

a MOI = 10 and diluted to 1 mL/plate. Following 1 hour of incubation at 27°C, the

unadsorbed virus was removed and 10 mL of medium were added and incubated for

42 hours. The supernatant was removed and the cells were washed twice in cold PBS.

I

-‘-
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Cells were scraped into 2.5 mL of cold PBS and centrifuged for 5 minutes at 2000 rpm at

4°C. The supernatant was removed and the pelleted cells were resuspended in 2 mL of

cold lysis buffer (50 mM Tris pH 7.5, 2 mM EDTA, 10 mM B-mercaptoethanol, 1 U/mL

aprotinin, 1 ug/mL leupeptin, 1 mM phenylmethylsulfonyl fluoride (PMSF)) and incubated

on ice for 20 minutes. The lysate was homogenized and sonicated three times for

15 seconds to break open the nuclei. The lysate was centrifuged 15 minutes at 2000 rpm at

4°C to pellet debris. The lysate was then transferred to a new tube, and the NaCl

concentration was adjusted to 100 mM. The lysate was loaded onto a 0.5 mL column

(0.5 cm x 2.5 cm) of a—lactose agarose equilibrated in binding buffer (50 mM Tris pH

7.5, 100 mM NaCl, 1 mM EDTA, 10 mM B-mercaptoethanol, 1 U/mL aprotinin, 1 ug/mL

leupeptin, 1 mM PMSF) with a flow rate of 0.2 mL/minute. The flow through was

reloaded onto the column 2 more times. The column was then washed with 16 volumes of

binding buffer. The column was eluted with lactose elution buffer (50 mM Tris pH 7.5,

0.4 M lactose, 10 mM B—mercaptoethanol, 1 U/mL aprotinin, 1 ug/mL leupeptin, 1 mM

PMSF), collecting 0.5 mL per fraction. The column was extensively washed in Tris buffer

(50 mM Tris pH 7.5, 0.2 % sodium azide) and stopped. Samples from each fraction were

subjected to SDS-PAGE, silver Staining, and Western blotting.

Tw 'm n i nal elElectro horesi

The first dimension was established by isoelectric focusing (IEF) and the second

dimension by SDS-PAGE. These procedures have been reported by O'Farrell [58]. The

apparatus used was an InvestigatorTM 2-D Electmphoresis System (Millipore Corporation,

Bedford, MA) [59]. The IEF tube gels (1mm x 18 cm) were prepared using pH 3-10

ampholines, prefocused (1,500 Volt, 2.5 hours), and run for 18 hours using 18,000

Volt-hours (maximum voltage: 2000 V, maximum current: 110 mA). 750 ng of

rGalectin-3 (E. coli) and 750 ng rGalectin—3 (bv) were loaded onto two separate IEF gels.

The pH gradient was measured by cutting a duplicate (dummy) gel into 1 cm Slices and the
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pH in each Slice was measured after equilibrating with 0.7 mL water for an hour. The

second dimension SDS—PAGE contained 12.5 % acrylamide. A modified Morrissey

protocol [59,60] was used to silver Stain the two- dimensional gels.

Reverse Phese High Perfermance Liquid Chromatography (HPLC) Fractionation end

MALDI-TQF—MS analysis

HPLC, mass Spectrometry, and experimental conditions were the same as described

in Appendix IV, except that sinapinic acid was used as the matrix for MALDI.

III. Results and Discussion

Censmleg'gn ef Recgmm'nant Baculevirus

The construction of recombinant baculovirus is illustrated in Figure 6.2. A 880 bp

cDNA fragment containing the coding region of mouse Galectin-3 was isolated from

pWJ31 [55] by digestion with EcoRI. The transfer vector pSynXIV VI+ X3/2 was used,

because it contains the necessary initiating ATG codon followed by a unique EcoRI site

[54]. It also contains a polyhedrin gene which will be used for the selection of recombinant

virus. The recombinant transfer vector was constructed by inserting the Galectin-3 cDNA

fragment into the EcoRI Site of pSynXIV VI+ X3/2 in the correct orientation, so that the

transcription of Galectin-3 gene is under the control of a Strong hybrid promoter PsynXIV.

The recombinant transfer vector (pSynXIV VI+ X3/2-Galectin-3) was cotransfected into

Sf21 cells with the parent viral DNA (vSynVI'gal) using a calcium phosphate-mediated

transfection procedure [54]. Although it occurs with low frequency ( < 5%), homologous

recombination can take place, in which segments of the recombinant transfer vector

exchanges DNA with the parent viral DNA. In the present case, the segment of the

recombinant transfer vector bounded by the Galectin-3 and polyhedrin gene (containing

their respective promoters) replaces a LacZ gene in the parent viral DNA, resulting in a

recombinant virus (Figure 6.2).
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Figure 6.2 Schematic diagram of the construction of the recombinant baculovirus

vSynVI'gai'-Galectin-3. The cDNA for Galectin-3 was isolated from plasmid pWJ31

and subcloned into the EcoRI sites of the transfer vector pSynXIV VI+ X3/2

immediately downstream from the ATG initiating codon. After cotransfection of the

parent baculovirus DNA and the transfer vector construct DNA into the Sf21 cells, the

recombinant baculovirus was identified and selected by the recombinant phenotypes.
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The resulting recombinant viruses were selected on the basis of both the positive

occlusion phenotype and the absence of blue plaque phenotype. The former is a distinct

plaque morphology, which is formed by the existence of polyhedrin occlusion bodies in the

infected cells. The latter results in white plaques in the blue background in the presence of

a chromogenic indicator, due to the absence of LacZ gene in the recombinant virus. The

selected viruses were subjected to three rounds of plaque purification to produce a pure

stock of recombinant viruses (vSynVI'gal‘-Galectin-3).

WWMwW1 ° - -inf In 11

Sf21 cells were infected with recombinant viruses with a low MOI (~ 2) for

42 hours. The expression of Galectin-3 coded by the recombinant viruses, which is

hereafter designated as rGalectin-3 (bv), was examined by one-dimensional SDS-PAGE

and Western blotting analyses of extracts derived from these cells. As shown in Figure

6.3, rGalectin-3 (bv) was detected by immunoblotting with rabbit anti-Galectin-3 (lane 4).

There was a predominant band with an electrophoretic mobility identical to rGalectin-3

(E. coli) which was electrophoresed in parallel (Figure 6.3, lanes 1-3), both as a standard

for molecular weight and as a standard for quantification (see below). Three minor bands

irnmunoreactive with the antibody were also observed in lane 4 (Figure 6.3): (a) a ~ 14 kD

polypeptide, most probably representing a proteolysis fragment of rGalectin-3 (bv);

(b) a ~ 38 kD polypeptide, which is suspected to be the insect, homolog of Galectin-B,

endogenous to the Sf21 cells (see below); and (c) ~ 70 kD'polypeptide whose identity has

not been defined.

The first amino acid of the protein product is methionine, provided by the initiating

ATG codon on the transfer vector pSynXIV VI+ X3/2. Two extra amino acids are added

onto the amino terminus of the polypeptide coded by Galectin-3 cDNA, as a result of the

linker (EcoRI cleavage site) which is next to the ATG initiating codon, Thus, the amino-

terminal end of rGalectin—3 (bv) has the following sequence: Met-Glu-Phe-Arg-Asp-Ser-,
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Figure 6.3 Expression of Galectin-3 in recombinant virus-infected insect cells as

assayed by one-dimensional SDS-PAGE analysis. Sf21 cells were infected with

recombinant virus. After 42 hours of incubation, the cells were solubilizedIn sample

buffer, and subjected to SDS-PAGE. The proteins were revealed by immunoblotting

with rabbit anti-Galectin-B. Lane 1-3 contain, respectively, 3 ng, 15 ng, and 30 ng of

purified rGalectin-3 (E. coli), which serve as a reference. Lane 4: 10 ul of total

extracts of cells infected with recombinant viruses, vSynVI'gal‘-Galectin—3, containing

the cDNA of Galectin-3 in the correct orientation. Lane 5: 10 pl of total extracts of

cells infected with control recombinant viruses, vSynVI‘gal'-AS Galectin-3, containing

the cDNA of Galectin-3 in the antisense orientation. Lane 6: 10 ul of total extracts of

cells infected with control recombinant viruses, vSynVI‘gal', containing the

recombinant region of the transfer vector only. The numbers on the left indicate the

positions of migration of molecular weight standards.
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with the fourth residue (Arg) being the first amino acid from Galectin-3 cDNA. According

to the published sequence of the cDNA and the three additional amino acids added at the

amino terminus, the calculated molecular weight of rGalectin-3 (bv) is 27,814. On

SDS-PAGE, however, the mobility of rGalectin-3 (bv) corresponds to that of a polypeptide

of Mr ~ 35,000 (Figure 6.3, lane 4). This anomaly of electrophoretic mobility was also

observed with endogenous Galectin-3 of mouse 3T3 fibroblasts [51,52].

Since the cDNAs for the coding regions used in the expression of Galectin-3 in

E. coli and in baculovirus were essentially the same, the reactivity of the antibody with

rGalectin-3 (E. 0011) and rGalectin-3 (bv) was expected to be comparable. This formed the

basis for estimating the amount of rGalectin-3 (bv) expressed in the Sf21 cells. Different

amounts of purified rGalectin-3 (E. coli) were electrophoresed and immunoblotted

(Figure 6.3, lane 1-3). The intensities of the Galectin-3 band were found to be directly

proportional to the amount of rGalectin-3 (E. coli). Assuming that this proportionality

held, even at large amounts of protein electrophoresed, the amount of rGalectin-3 (bv) in

the lane 4 (Figure 6.3) was estimated to be ~ 100 mg. The amount of extract analyzed in

lane 4 represented 40 % of the total extract isolated from 2 x 105 infected Sf21 cells.

Therefore, 1.25 ug of rGalectin-3 (bv) are produced by 1 x 106 cells under these

conditions of infection (low MOI).

Sf21 cells were also infected with recombinant viruses containing the cDNA of

Galectin-3 in the antisense orientation and with5 viruses containing the transfer vector alone.

Extracts derived from these cells yielded no detectable mouse Galectin-3 (Figure 6.3,

lanes 5 and 6). In these analyses, however, a faint band was often observed at

M;- ~ 38,000 (see for example, Figure 6.3, lanes 4 and 5). This band was observed only in

Sf21 cell extracts, irrespective of whether the cells were infected with viruses. On the basis

of its carbohydrate-binding activity (P. G. Voss and P. C. Liao, unpublished observations)
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and irnmunoreactivity, this polypeptide is suspected to correspond to the insect homolog of

Galectin-3 endogenous to Sf21 cells.

h t - indin Activit f alectin—3 v

Extracts of St21 cells, infected with recombinant viruses with an MOI of 10 for

42 hours, were fractionated by affinity chromatography on a column of lactose-agarose

beads. Material bound to the column was subsequently eluted with lactose. When

subjected to SDS-PAGE and silver staining, this fraction yielded a Mr ~ 35,000

polypeptide as the predominant component (Figure 6.4a, lane 3). This polypeptide could

be immunoblotted with anti-Galectin-3 (Figure 6.4b, lane 3). It exhibited the same

electrophoretic mobility as purified rGalectin-3 (E. coli) (Figure 6.4a and 6.4b, lane 1). On

the basis of these observations, we conclude that rGalectin-3 (bv) is bound to the

carbohydrate, lactose. This binding allowed the purification of rGalectin-3 (bv) from the

myriad of polypeptides present in the unfractionated extract (Figure 6.4a, lane 2).

In addition to the predominant band at Mr ~ 35,000, two other bands were also

observed in the ~ 70 kD region of the silver-stained gel (Figure 6.4a, lane 3). These two

bands failed to react with anti-Galectin-3 (Figure 6.4b, lane 3). However, these two bands

were also observed in the purified rGalectin-3 (E. coli) sample (Figure 6.4a, lane 1).

Although the identities of these two bands remain to be established, we surmise that they

represent "finger proteins", keratin components of the skin on the finger which have

contaminated the SDS-PAGE buffers.

Using an approach similar to that previously described for antibody blotting, the

amount of rGalectin-3 (bv) purified from this system was estimated to be ~ 3.5 pg per

106 cells.



   

 

 

   

Figure 6.4 Determination of carbohydrate-binding activity of rGalectin-3 (bv)

by SDS-PAGE analysis of fractions before and after affinity chromatography.

Total extracts of Sf21 cells infected with recombinant virus, vSynVI‘gal'-Galectin-3,

were loaded onto a lactose-agarose column. Bound material was eluted with 0.4 M

lactose. Samples were analyzed by SDS-PAGE, which were either (a) silver stained,

or (b) immunoblotted with rabbit anti-Galectin-B. Lane 1: 50 ng of purified

rGalectin-3 (E. coll). Lane 2: 20 pl of lysate derived from recombinant virus-

infected cells prior to affinity column purification. Lane 3: 20 pl of lactose-eluted

fraction from the affinity column. The position of migration of polypeptide of Mr ~

35,000 and ~ 70,000, corresponding to the gel shown in Figure 6.3, are highlighted

on the left.
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Pho h 1 ion f a1 'n- bv in Insect ells

When extracts of mouse 3T3 cells were subjected to two-dimensional gel

electrophoresis and immunoblotting by anti-Galectin-3, two spots were observed,

corresponding to pI 8.7 and 8.2. The pI 8.2 species represents a posttranslational product,

by addition of a single phosphate group to an unmodified pI 8.7 polypeptide [50]. The

rGalectin-3 (bv) purified by the affinity chromatography (Figure 6.4, lane 3) and

rGalectin-3 (E. coli) [53] were analyzed by two-dimensional gel electrOphoresis: IEF

followed by SDS-PAGE and silver staining (Figure 6.5). In Figure 6.5a, rGalectin-3

(E. coli) yielded a single spot corresponding to a pI ~ 8.6. In contrast, two spots are

produced by rGalectin-3 (bv), corresponding to a pI ~ 7.9 and p1 ~ 8.6 (Figure 6.5b). The

pH range of this particular set of IEF gels did not extend beyond pH 8.7; therefore, the pI

values assigned for the observed spots in Figure 6.5 are only estimates. We believe that

the pI ~ 8.6 spot seen in both Figure 6.5 a and 6.5b corresponds to the unmodified

Galectin-3 polypeptide and that the pI ~ 7.9 spot observed in the rGalectin-3 (bv) sample

corresponds to the phosphorylated form of the polypeptide. This indicates that the

recombinant rGalectin-3 (bv) is partially phosphorylated in the host cells. The ratio of

non-phosphorylated to phosphorylated forms of rGalectin-3 (bv) in infected St21 cells was

estimated to be ~ 10: 1.

_MA_LQI-TQF-MS analysis ofmm11;!)

The rGalectin-3 (bv) purified from affinity chromatography (Figure 6.4, lane 3)

was desalted and fractionated by the reverse phase HPLC to obtain a pure rGalectin-3 (bv)

sample for MALDI analysis. Figure 6.6a shows the MALDI-TOF mass spectral data

obtained by using 1 pmol of rGalectin—3 (bv) (estimated by UV absorption at 214 nm) and

2 pmol of insulin as an internal calibrant. The average molecular mass of rGalectin-3 (bv)

is expected to be 27,814 and is measured as 27,806 Daltons using the centroid of the peak.

In Figure 6.6b, the mass spectral region near the peak corresponding to rGalectin-3 (bv)
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Figure 6.5 Isoelectric points of rGalectin-3 (E. coli) and rGalectin-3 (bv) as

determined by two-dimensional gel electrophoretic analysis. (a) 750 ng of

rGalectin-3 (E. coli); (b) 750 ng of rGalectin-3 (bv). The pH range of the

isoelectric focusing gel in the first dimension is shown on the horizontal axis. The

molecular weight range of the SDS-PAGE in the second dimension is shown in the

vertical axis.
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Figure 6.6 MALDI-TOF mass spectral analys's of rGalectin-3 (bv). (a)

The data were obtained by from 1 pmol of rGalectin—3 (bv) and 2 pmol of

insulin as an internal calibrant (b) The mass spectral region near the peak

corresponding to rGalectin-3 (bv) analyte is shown. Abbreviations: In,

insulin; G, rGalectin-3 (bv); (I), singly-charged; (ll), doubly-charged; 21n,

insulin dimer.
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analyte is shown. The satellite peak at the high mass end results from adduct formation

with a dehydrated sinapinic acid matrix molecule (MW of sinapinic acid: 224). The high

mass shoulder of the peak may indicate that the rGalectin-3 (bv) exhibits certain

heterogeneity which may be constituted by the phosphorylated form of rGalectin-3 (bv)

(expected mass shift due to the addition of a phosphate moiety: 80 Daltons). However,

this requires further investigation.

IV. Conclusions

Galectin-3 has been successfully produced using a baculovirus/insect cell

expression system. The mass of the mature protein, rGalectin-3 (bv), is confirmed by

MALDI-TOF—MS analysis. rGalectin-3 (bv) also exhibits carbohydrate-binding activity

and is shown to be phosphorylated in the insect cells as indicated by two-dimensional

electrophoresis analysis. The next step of this study is to locate the phosphorylation site(s)

of phosphorylated rGalectin-3 (bv).

In Chapter 5, the development of the method to locate phosphorylation sites in a

phosphoprotein using MALDI-TOF-MS has been described. The sample consumption of

this method is currently limited by enzymatic digestion and chromatographic separation of

the digestion mixture. It is estimated that about 3 pg, or 100 pmol, of phosphorylated

rGalectin-3 (bv) will be required to carry out a successful analysis. Since the method does

not require a sample of pure phosphorylated form, the rGalectin-3 (bv) purified by affinity

chromatography can be used and subjected to enzymatic digestion. In Figure 6.5b, it is

shown that ~ 10 % of the rGalectin-3 (bv) is phosphorylated in the insect cells. That is, at

least 30 ug of the purified rGalectin-3 (bv) are required, which can be easily produced from

a large stock of recombinant virus-infected insect cells.
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Ionization Processes in Matrix-assisted Laser

Desorption/Ionization Mass Spectrometry:

Matrix-dependent Formation of [M + H]+ vs

[M + Na]"’ Ions of Small Peptides and Some

Mechanistic Comments

 

Pao-Chi Liao and John Allison?

Department of Chemistry. Michigan State University. East Lansing. Michigan 48824. USA

 

The relative signal intensifies of [M 4» HI’ vs [M + Na] ’ ions of some small peptides were found to be highly

matrix-dependent in matrix-assisted laser desorption/ionization (MALDI) experiments when sinapinic acid. no

cyano-‘i-hydroxyeinnamie acid and LS-dihydroxyhenzoic acid were used as matrices. Presumably. this observation

results from the competition of two different mechanisms for the ionization steps. Possible mechanisms for the

formations of [M + H] ' and [M + Na] ’ ions are proposed and discussed in the pursuit of defining the ionization

step in MALDI. Several experiments were designed and performed for the further refinement of the mechanism.

The resulu suggat that proton transfer from a matrix molecule to an analyte plays an important role in the

ionization step. The transferring proton may be derived from photoionized or electronically excited matrix mol-

eculesln conuasgmmedata aremosteoaaistentwithagas-phase mechanism for [M + Na]+ ions.

 

INTRODUCTION

Matrixoassisted laser desorption/Ionization mass spec-

trometry (MALDI-MS). developed by Karas er al.} is a

sensitive technique for the analysis of a variety of large

biomolecules"’ and synthetic polymersw'“ with

molecular masses exceeding 10’. MALDI has one

feature that links it to other desorption/ionization tech-

niques such as fast atom bombardment (FAB) and sec-

ondary ion mass spectrometry (SIMS). namely that its

development and commercial availability preceded our

understanding of the chemical and physical processes

that are involved. To generate ions in MALDI. analytes

must be desorbed and, at some point, ionized. Models

to describe the desorption of large, intact molecules

from an energized matrix have been pursued,’2 and

appear to describe accurately the desorption step. The

chemical step. leading to ionization, is still a matter of

considerable debate and research. Our initial interest

was to attempt to understand why some matrices seem

to generate [M + H)" ions for peptide analytes, M,

while other matrices yield predominantly [M + Na]*

ions for the same analytes. In this context, possible

mechanisms of the ionization step in MALDI were

evaluated. We concentrate our efforts here on positive-

ion formation. using UV laser excitation.

' Paper prepared for publication in Organic Mass Spectrometry.

t Author to whom correspondence should be addressed.

CCC 1076-5174/95

© 1995 by John Wiley & Sons. Ltd.

 

EXPERIMENTAL

 

All MALDI results were obtained on a Vestec VT2000

linear time-of-flight (TOF) mass spectrometer (Vestec,

Houston, TX, USA) equipped with a Model VSL-

337ND nitrogen laser (Laser Science, Newton, MA,

USA) (337 nm, 3 ns pulse. 250 rd per pulse). Laser light

was attenuated using a Model 935-S-OPT computer-

controlled variable attenuator (NeWport, Fountain

Valley, CA, USA). The accelerating voltage in the ion

source was 30 kV. Data were acquired with a transient

recorder with 5 ns resolution. For the matrices sinapinic

acid and n-cyano-4—hydroxyeinnamic acid. water-

acetonitrile (2:1, v/v) was used as the solvent system to

prepare the matrix solution. When 2,5.dihydroxyben-

zoic acid was the matrix, water was used as the solvent.

Peptides and other organic analytes were dissolved

using an aqueous 0.1% trifluoroacetic acid-acetonitrile

(2: l or 1: 1, v/v) solvent. To prepare the sample, 1 pl of

the analyte solution was added to 1 pl of the matrix

solution and applied to a flat stainless-steel probe tip.

The mixture was then allowed to air dry before intro-

duction into the ion source. All spectra were obtained

under similar conditions in that the laser power used

was just above the threshold for ion formation. Each

spectrum shown represents the sum of data from 64

laser shots to improve the signal-to-noise ratio. Time-

to-mass conversion was achieved by either external or

internal calibration using peaks for Na’ and K‘, most

abundant matrix peaks and insulin peaks ([M + HJ"

and [M + ZHJ“).
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All peptides samples (hexaglycine. hexaalanine, pen-

taphenylalanine. hexatyrosine and H-VGVAPG-OH)

were purchased from the Sigma Chemical (St Louis,

MO. USA). All matrices (sinapinic acid. at-cyano—4-

hydroxycinnamic acid and 2.5-dihydroxybenzoic acid)

and organic analytes (4—cyanobenzaldehyde, thymidine.

phenazine, acridine, l,7-diaminoheptane and l.8-bis(di-

methylaminolnaphthalene) were purchased from

Aldrich Chemical (Milwaukee. WI. USA). The com-

pounds were used as purchased without further purifi-

cation unless specified. Cation-exchange resin (AG

50W-X8, mesh size 100-200) was purchased from

Bio-Rad Laboratories (Melville, NY, USA).

To desalt the analyte or matrix. solutions of hexa-

tyrosine and o-cyano—4—hydroxycinnamic acid were spe-

cifically desalted for some experiments, by exposing

them to hydrogen-bound cation-exchange resin for 24

h. The supernatant liquid was collected after centrifu-

gation to remove the resin. The concentration of «-

cyano-4—hydroxycinnamic acid purified in this way was

determined by UV Spectr0photometry at 326 nm, and

the concentration of desalted hexatyrosine was deter-

mined by reversed-phase HPLC using UV detection at

214 nm. The titration curve that is presented was con-

structed by plotting log {(peak intensity for

[M +Na]")/(peak intensity for [M + H]’)} vs. log

(number of picomoles of NaCl in sample on probe) to

study the formation of sodiated analytes. In this experi-

ment, the components on the probe were determined to

6000 pmol of a-cyano-4-hydroxycinnamic acid and 40

pmol of hexatyrosine.

The methyl ester of pentaphenylalanine was prepared

according to the method described by Knapp.’ A solu-

tion of 2 M methanolic HCl was prepared and then.

added to 1 nmol of dry pentaphenylalanine. The excess

reagent was removed by evaporation after a reaction

time of 100 min at room temperature.

 

RESULTS AND DISCUSSION

We were intrigued by the fact that MALDI-MS samples

using some matrices lead to the formation of alkali

metal ion adducts of peptides whereas other matrices

favor the formation of protonated molecules, and began

to pursue some experiments designed to provide

insights into these processes. Of course, one explanation

may be that some matrices contain NaCl whereas

others do not. The simplest experiment involved adding

NaCl to a variety of matrices. Even with excess NaCl in

the sample, some matrices yield protonated molecules

and others sodiated molecules. An example is shown in

the three MALDI mass spectra of hexatyrosine that are

shown in Fig. I. In Fig. 1(a). with sinapinic acid as the

matrix. the pseudomolecular ion is the [M + HT ion.

In Fig. l(b), with o‘cyano-4-hydroxycinnamic acid as

the matrix, both an [M «I-H]+ and an [M + Na]"

peak are present. In Fig. l(c). with 2.5dihydroxybenzoic

acid as the matrix, only an [M + Na] ” peak is present.

Excess sodium chloride had been added to each sample

to give a sodium chloride (added):matrix:analyte

molar ratio of 125:50: 1. Although this is an extreme

amount of NaCl to add, the three spectra are similar to
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Figure 1. Molecular ion region of three MALDI mass spectra. In

each case. the analyte is hexatyrosine. and excess NaCl has been

added to the mauix. Peaks observed represent the proronated mol-

eeule at m/z 998. the [M + Na]‘ species at m]: 1020 and

[M - H + 2Na)‘ at ml: 1042. In (b) and (c). the low-mass shoul-

tint on the m/z 1042 peak is due to (M + K] ’. ml: 1036.

those obtained using the three matrices as supplied

from the manufacturer (without adding NaCl). Thus. we

find it intriguing that, even with such a large amount of

NaCl present, sinapinic acid only yields protonated

analyte molecules.

Before designing experiments that might provrde

insights into the formation of [M + HT and

[M + Na]‘ ions in MALDI, possible mechanisms for

their formation were considered. and are presented here.

These are followed by some experimental observations.

and their implications concerning the chemical aspects

of the MALDI technique. We shall focus here on the

chemical aspects leading to positive-ion formation.

Possible mechanisms for the formation of [M + H] ‘

ions in MALDI

For this mechanistic discussion. we shall designate the

matrix molecules as mH (specifically indicating the pres-

ence of an H atom in the molecule) and the analyte

molecules as M. This designation leads to the simplest

description of variants of each that may be involved in

the chemistry of the MALDI experiment.
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Mechan'sm I: excited-state acid-base chemistry. In this

mechanism the electronically excited matrix molecule,

mH‘. formed in reaction (la). acts as an acid. trans-

ferring a proton to surrounding matrix and/or peptide

molecules. This could occur either prior to or following

desorption. but presumably such processes are most

likely immediately following excitation, when the

number of ml-I‘ present is highest. in the condensed

phase. In this mechanism, quantities which may influ-

ence analyte ionization may include the proton affinity

(PA) of the analyte and the heterolytic bond disso-

ciation energy. BD.E(m '—H ’) of the matrix.

mH+hv

mH‘+M -om' +[M+HT

mH'+mH«m' +[mH+HT

(18)

(lb)

(16)

me‘

Medunism 2: proton tramfer following matrix

photoionization Following matrix photoionization in

reaction (2a). the ionized matrix molecule protonates

the analyte (reaction (2b)) and/or another matrix mol-

ecule (reaction (2c)).

mH-l-nhv ~mH"+e’ (23)

mH"+M -+m'+[M+H]’ (2b)

mH" + mH -om' + [mH + HT (2c)

Apart from direct proton transfer following photoion-

ization, there is an alternative mechanism which resem-

bles chemical ionization (CI), mechanism 2'.

Mechaan 2': proton transfer sequence following matrix

photoionization. -

mI-I + nhv -o mH" + e' (23)

mH" + mH -o m' + [mH + HT (2’b)

[mH+H]’+M-»mH+[M+H]’ (2'c)

In the sequence of steps in reactions (2'b) and (2’c),

the ionized matrix molecule reacts with another matrix

molecule to form a protonated matrix molecule, which

is the species responsible for protonation of the analyte.

This mechanism is considered since the molar matrix-

to-analyte ratios in MALDI are large. as are reagent

gasto—analyte ratios in CI. It is also considered because

all of the ionic species involved in mechanism 2' are

detected.

In these mechanisms (2 and 2'), quantities which may

influence successful analyte ionization may include the

proton affinity of the analyte, the ionization energy (IE)

of the matrix and BD£(m—H).

Mechanism 3: H-atom transfer following analyte photoioniza-

tion. In this model. the energy deposited into surround-

ing excited matrix molecules is used to ionize a peptide

molecule, which subsequently extracts a hydrogen atom

from a matrix molecule.

mH + hv -o mH' (3a)

an‘+M-oan+M"+e’ (3b)

M"+mH-om'+[M+HT (3c)

Quantities which may influence successful analyte

ionization may include the ionization energy of the

analyte and the homolytic bond strength of the matrix.

BDEfm—H). and the hydrogen atom affinity of the

radical cation of the analyte. HAM")

Possible mechanisms for the formation of [M + Na] ’

ions in MALDI

Mechanism 4: excited-state ‘salt’ chemistry.

mNa + hv -v mNa‘ (4a)

mNa‘+M-om" +[M+Na]‘ (4b)

In this model, the matrix (mH) precipitates. at least in

part, as the sodium salt. mNa. When mNa is excited. it

can transfer Na’ to the peptide, analogous to mecha-

nism l for protonation.

Mechanism 5: protonation of the sodium salt of the analyte.

mH'.mI-I‘ or [mH + HT + {M - H + Na} ..-

[{MH + Na} + HT + side product(s) (5)

Here, the mechanism for forming the sodium adduct

is the same as for forming protonated molecules.

because the [M + NaT ion is not an Na+ adduct of

the analyte, but the protonated sodium salt of the

analyte, {M - H + Na}. This would require that some

portion of the analyte precipitate as the sodium salt.

Mechanism 6: gas-phase capture of Na‘ ions by the analyte.

Na‘(g) + M(g) -o [M + Na]’(g)‘ (63)

[M + Na)“ -» [M + NaT ~+ hr (6b)

[M+NaT' -o[M+NaT+X‘ (6c)

This requires that Na’(g) is formed in the MALDI

process, when NaCl is present in the matrix. This may

be similar to processes observed in FAB, in which

‘preionized' species are formed in high yield, because

both desorption and ionization steps are not required—

when the species desorbs it is already ionic (in this case,

Na‘). Adduct formation as the bimolecular process

shown in reaction (6a) yields an excited adduct, which

can be stabilized by infrared emission of radiation in

reaction (6b) or by collisional stabilization with a gas-

phase molecule. X.In reaction (6c)."

Experimental observations and results

Laser power dependence of matrix and analyte ion forma-

tion. We have observed that the relative abundances of

both matrix and analyte ions are power dependent. We

decided to characterize this dependence. since it may

provide insights into mechanistic aspects of MALDI. As

energy available in the MALDI target increases. what

may various mechanisms predict? If mechanism 2 were

correct. we might detect only mH" at lowest laser

powers. with mI-I; and MH’ being formed when more

energy is available. In contrast. if mechanism 1 is

correct, there may be no correlation between the rela-

tive intensities of mH " and mH; as laser power varies.
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Figure 2. Variation of relative intensities of the peaks of matrix

ions (sinapinic acid) as a function of laser power. In (a) relative

intensities of the peaks of the three most intense matrix-related

ions are shown: (+) [SA-r HJ’ (m/z 225): (0) SA" (m/z 224);

(A) [SA-v H-H,O]° (m/z 207). ln (b). the ratio of the peak

intensities representing the ionized and protonated matrix mol-

ecules is shown. In each case. lines representing simple linear fits

to the data are shown.

When sinapinic acid, a matrix from which protonated

analyte and matrix species are formed, is used, three

ionic species relating to sinapinic acid (SA) are domi-

nant: [SA + HT (m/z 225). SA" (m/z 224) and [SA

+ H - H,OT (m/z 207). As in most laboratories in

which MALDI is used, we do not measure actual

power. but can systematically vary the laser power with

a computer-controlled attenuator. The normalized data

for the power dependence of the three matrix-related

ions are given in Fig. 2(a). Obviously there is consider-

able scatter in the data, due to shot-to-shot fluctuations

in the full N, laser power, variations in the target mor-

phology, etc. In general, the fraction of the ion current

representing [SA + HT decreases as the laser power

increases, that due to the ionized matrix molecule

increases and that representing the dehydrated proto-

natcd matrix remains approximately constant. When

the ratio of peak intensities for m]: 224; m/z 225 are

plotted (Fig. 2(b)), the trend becomes clearer

Figure 2 shows how matrix ions vary with laser

power. Is there a correlation between the relative abun-

dance for [M + HT for analytes with the relative

abundance of any of the matrix ions. which may suggest

a chemical ‘link'? The answer is no, because it is well

known that higher laser powers are required for gener-

ating ions of larger molecules such as insulin than for,

small matrix molecules." This is shown in Fig. 3.

Figure 3(a). obtained at low power, shows that only

matrix ions are formed. At higher laser power, the spec-

trum shown in Fig. 3(b) is obtained: insulin present in

the matrix is ionized and desorbed. This clearly demon-

strates the fact that multiple processes are involved in
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Figure 3. MALDI data obtained for the analyte insulin. using sin-

apinic acid as the matrix. In (a). at the laser power threshold for

generation of ions. only matrix-related ions are observed. In (b).

obtained from the same sample at higher laser power. matrix and

analyte-related ions are observed. This shows that threshold fer

desorption/ionization is molecular mass dependent. at least in this

case where the two molecules differ in molecular mass by a factor

of more than 25.

the generation of gas-phase ions. Possibly, at lower

power, protonation of larger analyte molecules can

occur, but desorption cannot. Hence there is a corre-

lation between analyte molecular mass and required

laser power, with more power required to desorb large

analytes. When that power is provided, protonated

analytes appear in the gas phase.

Response factors for variom analyte molecules. MALDI-MS

is not generally used for the quantification of mixtures.

When mixtures of peptides are encountered, such as in

the analysis of tryptic digests, the signal intensity for

each peptide of the mixture reflects, at least, the elli-

ciencies of both the desorption and the ionization steps.

Differential responses are often observed. Four peptides

were selected to begin to characterize this, and a

mixture of the four were analyzed using sinapinic acid

and a-cyano—4-hydroxycinnamic acid as the matrices.

The homOpolyamino acids selected for studying the

response factors for various peptides were hexaglycine

(M, = 360), hexaalanine (M, =- 444), pentaphenylalanine

(M, = 754) and hexatyrosine (M,=997). Figure 4(a)

shows the MALDI spectrum of an equimolar mixture of

these four peptides (10 pmol each) using sinapinic acid

as the matrix. Only two of the four were clearly

detected, pentaphenylalanine and hexatyrosine. A com-

parison of the m/z 300-‘-500 region of the spectra shown

with those for matrix alone suggests that there may be a

small shoulder on the m/z 359 peak corresponding to

m]: 361, and a small feature at m/z 445 as a shoulder on

the m/z 449 peak. Clearly MALDI chemistry favors for-

mation of ions of the larger two analytes of the mixture.

The same is seen in Fig. 4(b). when the matrix is

changed to a-cyanoaf-hydroxycinnamic acid. Spectra
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Figure 4. MALDI spectra of four-component mixture of peptides.

using as the matrix (a) sinapinic acid and (b) n-eyano-4-hydroxy-

cinnamic acid. If analyte ions are successfully desorbed and

ionized. each will give peaks representing the protonated mol-

ecules. These will be detected at ml: 361 for hexaglycine. m/z 445

for hexaalanine. ml: 755 for pentaphenylalanine and m/z 998 for

hexatyrosine.

features representing protonated hexaglycine and hexa-

alaninc are much less intense than those for protonated

hexaglycine and hexaalanine. Since the peaks at m/z 361

and 445 are more intense in Fig. 4(b), this may suggest

that the protonating power of a.cyano-4-hydroxy-

cinnamic acid is slightly higher than that for sinapinic

acid. We note that the spectra infiLQ were obtained

using a laser power at which protonated hexatyrosine is

observed. Thus, sufficient energy should be available for

desorbing all of the smaller analytes. The difference in

response for the smaller analytes of this set may not be

due to desorption processes, but in the ionization step.

It has been suggested that the MALDI response for

peptides correlates with their basicities;" however, the

proton affinities of these peptides are not known. The

proton affinity of hexaglycinets reported to be 236 kcal

mole' The proton affinities of the

component amino acids are reported” to increase in

the following order:

PA(glycine)< PAfalaninelé PA(phenylalanine)

~ 211 < ~215 < ~220

f. PA(tyrosine)

«" ~22] kcal mole"

The proton affinities of the small peptides used might be

expected roughly to parallel their component amino

acids. Hence it appears as though there may be a corre-

lation between the proton affinity of the analyte and the

relative response.

To investigate the dependence of response on analyte

characteristics, MALDI spectra of small molecules with

known proton affinities were obtained, using three

matrices. Selected molecules were chosen with a range

of known proton affinities. ionization energies and bond

strengths. With this set, there should be a correlation

between response and analyte proton affinity if mecha-

nism l or 2 is operative; if mechanism 3 is Operative, the

best response may be expected for analytes that have a

low ionization energy and a high hydrogen atom affin-

ity, BD£(M ’-—l-I). Also, these molecules have molecular

masses such that, if protonated, would yield peaks at

m/z values that do not correspond to_ matrix-related

peaks. Finally, analytes were selected that would be

soluble in the solvents used for delivery of the matrix to

the probe tip. In this experiment, water-acetonitrile

(2:1) was used as the solvent. The compounds chosen

are listed inMLThe six compounds were charac-

terized in the three matrices sinapinic add, a-cyano-4—

hydroxycinnamic acid and dihydroxybenzoic acid. In all

three matrices, the results were the same. Signals were

observed representing the protonated analytes for all of

the compounds in Table 1 except 4-cyanobenzaldehyde

and thymidine. It is noteworthy that direct laser desorp-

tion without matrix can produce ions from these mol-

ecules only with much higher laser power than the

power threshold in MALDI, so these results were

obtained at laser powers at which true matrix-assisted

processes occur. Based on the data in Table I. it

appears that the analyte must have a proton affinity

that lies above some value, 208 < X < 224 kcal mol",

to be detected (in protonated form). The ionization

energy data in Table 1 suggests no correlation of

analyte ionization energy with MALDI detectability.

 

Table l. Compounds used for studying the relationship between response factors and

thermochemical parameters‘

Compound

bCyanobenzaldehyde

Thymidine

Phenazine

Acridine

1.7- Diaminoheptane

1.8- Bis(dimethylamino) naphthalene

‘ See appendix.

' PA - proton affinity (kcal mol").

' IE - ionization energy (kcal mol").

131

242

180

179

130

214

u- m HM‘ SagnelWt

187 229 102 No

208 196 90. :No

224 192 102 Yes

232 180 98 Yes

238 198 122 Yes

242 149 77 Yes

‘ HAA - hydroqgn atom affinity of the ionized molgculgLBDEm "--H) (kcal mol‘ “.4
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The same is true for the hydrogen atom affinities of the

ionized molecules. Hence the 'protonating powers‘ of

each of the three matrices selected are similar.

Formation of protonated vs sodiated peptides. As shown in

Fig 1(a), (b) and (c), the formation of [M + H]’

[M + Na]+ ions is highly matrix dependent for hexa-

tyrosine. One of the possible explanations as to why

only [M + HT ions, but no [M + NaJ“ ions. were

observed in Fig. l(a) for the sinapinic acid matrix is that

Na‘ may n0t be available for the sodiation of hexa-

tyrosine because of the form it takes within the sinapin-

ic acid matrix. Indeed, neither Na+ nor [SA + Na]‘

ions were observed at the threshold laser power at

which protonated hexatyrosine was generated when sin-

apinic acid was used as matrix with adding excess

amount of NaCl (Fig. 1(a)). The matrix dependence of

the abundances of five ions (Na‘, [matrix + HT,

[matrix + NaJ", [hexatyrosine + H] " and

[hexatyrosine + Na]*) obtained from the spectra which

yield Fig. 1(a), (b) and (c) are shown inflg.52The coin-

cidence of Na‘, [matrix + Na]+ and

[hexatyrosine+ Na]+ ions is obvious. Matrices that

yield intense Na’ signals also yield intense [M + Na]’

and [mli + Na]* signals.

To characterize further any correlation between

sodiated and protonated species, the power dependence

of various ions was studied for hexatyrosine in a-cyano-

4-hydroxycinnamic acid, the matrix which yields both

protonated and sodiated species. Results are sum-

marized in Fig.5..Figure 6(a) shows that the ratio of

sodiated to protonated species of both analyte and

matrix correlate. Conditions that favor formation of

sodiated matrix also favor formation of sodiated

analyte. In Fig. 6(b). the power dependence of the Na‘

signal is shown. This correlates well with the data

shown in Fig. 6(a). In particular, when experimental

conditions yielded lower Na’ abundances (indicated as

points A and B), there are also low points in the Fig.

6(a) data, showing a strong correlation between the

abundance of gas-phase sodium ions and sodiated mol.

ecules We also note that, when multiple samples were

characterized at a variety of laser powers, there is a con-

sistent correlation between the l(XNa‘)/I(XH*) and

l(Na’).
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droxybenzoic acid. The data show that sodiated species are formed

from matrices from which Na ’ ions are also desorbed.
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of peak intensity ratios of ‘ ‘ ‘ 4 species is

shown; (0) x-matrix: (A) X-haxaryrosine. In (b). the power

dependence of the peak intensity representing Na' ionsIs shown.

When experimental conditions yielded lower Na' abundances

(indicated as points A and 8). there are also low points in (a).

showing a strong correlation between the abundance of gasopheee

sodium ions and sodiated molecules.

.-.a I:

The results in Fig. I, obtained with extreme amounts

of NaCl added in each, paralleled our initial observa-

tions without NaCl addition. The matrix 2,5-dihydroxy«

benzoic acid tends to generate sodiated molecules, even

when no NaCl is added. Do small NaCl impurities

result in dominant [M -I- Na]* peaks when some

matrices are used (as supplied)? To study this. a sample

of aocyano-4-hydroxycinnamic acid was desalted using

a cation-exchange resin.’ When this matrix is desalted,

and used in the MALDI analysis of (desalted) hexa-

tyrosine, the spectrum shown in Fig. 7 is obtained. Note
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Figure 7. Portion of the MALDI mass spectrum of purified hexa-

tyrosine. using a desalted a-cyano-4-hydroxycinnamic acid matrix.

A comparison with the data in Fig. 1 (b) shows that this matrix can

generate protonated analyte molecules when the NaCl content is

reduced.
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Figure 8. Titration curve for the addition of NaCl to 40 pmol of

hexatyrosine and 6000 pmol of a-cyano-4-hydroxycinnamic acid.

The data show that very small amounts of NaCl do not result in the

formation of fM + Na]‘ ions. Larger amounts. similar to the molar

amounts of matrix used. are required.

that the [M + HT peak now dominates the spectrum.

When only the analyte is desalted, sodiated ions are

formed. This shows that NaCl impurities in the matrix

were responsible for the Observed ions.

With pure matrix material, how much NaCl is

required to generate the sodiated ions? More specific

cally, are very small amounts required, comparable to

the (molar) amount of analyte used, or are larger

amounts required, comparable to that for the matrix? Is

there a stoichiometric Optimum that might suggest that

the Na" adducts originate from either the salt of the

matrix or the salt Of the analyte? The desalted matrix-

analytc mixture was titrated with NaCl, and MALDI

spectra were obtained. Fignre 8 shows data for the ratio

of the [M +Na]+ peak intensity to the [M +H]‘

peak intensity as various amounts Of NaCl are added to

the matrix and sample (for a constant analyte-tO-matrix

ratio Of I: 150) It is found that the relative [M + Na]‘

ion yield increases dramatically when the NaCl-to-e-

cyano—4-hydroxycinnamic acid molar ratio is J1 :3, at

very large NaCl-to-analyte molar ratios.

Since large amounts of NaCl are required to yield

sodiated analytes, any Of the three mechanisms pro-

posed could be Operative. If mechanism 5 is Operative,

there is a simple test. It was Observed that pentapheny-

lalanine forms [M +NaJ" ions in MALDI. If it is

really an [M - H + NaJH‘ ion (protonated sodium

salt of the C-terminus). then the methyl ester of peng-

henylalanine should not form a sodium adduct, since

precipitation Of the peptide as the sodium salt (RCOO'

Na ’) cannot occur. The methyl ester Of pentaphenylala-

nine, H-FFFFF-OMe was made and analyzed by

MALDI. Figure__9(_a) and (b) show the resulting spectra

using aocyano-4-hydroxycinnamic acid as the matrix

without and with addition of excess NaCl to the sample,

respectively. (Note that. from the data presented in Fig.

l. the matrix which was selected is one from which both

protonated and sodiated ions can evolve.) It is evident

that sodiation does take place even when the analyte

cannot precipitate as the sodium salt. This conclusion

parallels the Observation of Wa t al."

We note an additional observation, not for

[M + Na]’ ions. but for + l f, rrns of the analyte con-
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Figure 9. Portions of the MALDI mass spectra for (a) the methyl

ester of pentaphenylalanine. using pure a-cyano'4-hydroxy-

cinnamic acid matrix; (b) the same sample as in (a). with excess

NaCI added: (c) pentaphenylalanine. with aocyanO-4-hydroxy-

cinnamic acid and excess NaCl. The amount of list?! added to

yield the spectra (b) and (c) is the same as that used to obtain the

data in Fig. 1.

taining multiple sodium atoms. Figure 9(c) shows the

pseudomolecular ion region for pentaphenylalanine

using a-cyanO-4-hydroxycinnarnic acid with NaCl. In

addition to Observing an [M +Na]’ ion, we also

observe a species containing two sodiums,

[M - H + 2Na]*. Note that [M - H + 2Na]+ ions

are not Observed in the spectrum Of the methyl ester of

pentaphenylalanine when NaCl is present (see Fig. 9(b)).

These Observations suggest that, whereas the

[M + Na]* species may be simple Na" adducts Of the

free acid form of the peptide molecules, the

[M - H + 2Na]* ions may well be Na+ adducts of the

sodium salt of analyte, more accurately designated as

[M -— H + Na]Na".

Comments on possible ionization mechanisms

The focus Of the discussion that follows is on the chem-

istry of the ionization process Of MALDI, not the

desorption step. Models for desorption. more accurately

described as sublimation, ablation or volatilization,2°

have been proposed which seem to explain well the

dynamics of the system in this regard. We evaluate here

the proposed mechanisms in the light of the experi-

ments discussed here, and the prior literature.
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Mechaan l: excited-state acid—base chemistry. This

mechanism based on the excited-state acid-base chem-

istry has been proposed and discussed by Russell and

co-workers,11 who pointed out that sinapinic acid

methyl ester is also a good matrix. so it is not the acid

group that is responsible for the ionization step. The

mechanism was proposed without commitment as to

whether it occurs in the gas phase or in the condensed

phase. This mechanism is consistent with the data in

Table 1. Those analyte molecules with high proton

affinities tend to form abundant analyte ions,

[M + HT. The weakness of this mechanism is that it

fails to explain the formation of the radical cation of

sinapinic acid in the MALDI experiment. However, the

data in Fig. 2 may suggest that formation of mH" may

be independent Of the processes that lead to protonated

analyte molecules. Also, wherever the process occurs, it

requires a separation of charge—work must be per-

formed against attractive coulombic forces. However,

this is true in all desorption/ionization experiments

where neutral targets yields ions—both positively and

negatively charged species must be formed and separat-

ed at some point.

it has been reported that, in solution, molecules

similar to matrix molecules, aromatic acids, tend to

show increased pK, values when they are electronically

exerted. In contrast, the molecules with hydroxyl func-

tional groups tend to show a decrease in pK, when they

are excited.” Although these data are for solutions, the

concepts should still hold some validity. The three

matrices studied here all have carboxylic acid and

hydroxyl functional groups. The increased acidity of

matrix molecules while they are excited should involve

the hydroxyl group. However, the pK, of the phenol

molecule is decreased from 9.85 to only 3.01 in its

excited state (in comparison, the pK, of ground-state

benzoic acid is 4.20). In this increase Of acidity high

enough to initiate a proton transfer reaction? If the

acidity of the matrix molecule is crucial for the proton

transfer from matrix molecules to analyte molecules,

then some highly acidic molecules should work equally

well as matrices even when they are in their ground

states. '

One of the strongest arguments for mechanism 1 is

that some spectra have been reported where, at thresh~

old laser powers, MALDI generates protonated analyte

molecules without forming matrix-related ions.” If

MALDI can be performed where only analyte ions are

formed, then this mechanism would be one of the few

ways to describe the system. However, if this is the

mechanism, then why do not more molecules work well

as MALDI matrices? Also, if this is the mechanism,

does it occur in the gas phase or in the condensed

phase? Certainly, if electronically excited matrix mol-

ecules are involved, their concentrations are highest

when they are first formed—in the condensed phase.

Parker and Hercules" discussed proton transfer reac-

tions via excited molecules' in laser desorption (no

matrix), using a mechanism that is certainly relevant to

this discussion. They proposed the desorption of dimers,

with excited-state lifetimes on the order of

microseconds—the excimers separate after desorption,

in the gas phase, to yield positive and negative ions. In

MALDI, there could be gas-phase (matrix‘) (analyte)

complexes which are either desorbed intact. or formed

in a collision. which could participate in proton transfer,

with subsequent separation of the ion pair. Parker and,

Hercules recognized that ion-pair separation requires

high energies, but they suggested that enough is avail--

able in laser desorption to allow the process to occur.

The many experiments that have been reported on

energy spreads of MALDI-generated ions. which ,

suggest that all ions have a constant velocity spread,

not a constant energy spread, certainly suggest that

many collisions occur in the volume above the target.

Gas-phase collisions could deposit additional energy,

facilitating ion-pair separation. Clearly, more work

remains to correlate positive- and negative-ion spectra

before such mechanisms can be ruled out. The major

advantage of a condensed-phase version of mechanism

I is that the condensed-phase matrix molecules can

‘solvate‘ the [matrix — H]’ anion while the protonated

analyte desorbs. If this is the mechanism, then the

dominance of singly protonated peptides remains to be

explained.

The thermochemical aspects of mechanism 1 were

also considered. Owing to the difficulty of Obtaining

thermochemical data for excited-state matrix molecules,

we consider first the ground-state acid—base chemistry

of gas-phase species which is similar to mechanism 1.

mH+M-rm"+[M-l-H]+ (7)

AH for equation (7) can be estimated using two relevant

quantities: gas-phase acidity, AH acid, of the matrix,

which is AH(mH-+m' + H"). and proton affinity of

the analyte, which is - AH(M + H‘ ... [M + HIV).

The thermochemical data for the sinapinic acid matrix

molecules are not available, and model compounds

must be considered as analogues. Five molecular ana-

logues, selected to represent the various substructural

features of sinapinic acid, with their ARM“ values,” are

presented in. fig. 10 .The AH,“ data show that gener-

ation of an anionic site on oxygen atoms requires less

energy than that on the carbon atoms. It also shows ,

that AH“... values for carboxylic acid and hydroxy

groups are similar in the gas phase. Since MALDI still

works for the methyl ester of sinapinic acid as the

matrix,“ we shall consider the role of the hydroxy

group here. The overall AH of Eqn (8) is approximated

to be 114 kcal mol" for hexaglycine (using

AH,,,,,(sinapinic acid) = 350 kcal mol' ‘; proton affinity

(hexaglycine) = 236 kcal mol" (Ref. 17)). Hexaglycine

is chosen for this discussion since its proton affinity is

known.
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Figure 10. Gas-phase acidity data for molecules representing the various substructural features of sinapinic acid.

The proton transfer from the ground state of the sina-

pinic acid matrix molecule to this polypeptide analyte is

endothermic by 114 kcal mol". From Table i. we

know phenazine can give a signal in the MALDI

experiment, although the proton affinity Of phenazine is

smaller than that for hexaglycine. The proton affinity of

phenazine is 224 kcal mol". AH for proton transfer

from a sinapinic acid matrix molecule to phenazine is

calculated to be 126 kcal mol". That is, the proton

transfer from the ground-state sinapinic acid matrix

molecule to a phenazine analyte is endothermic by 126

kcal mol’ ’ (5.46 eV). .

Bond strengths or AIL,“ values are not available for

the excited state of sinapinic acid matrix molecules, but

the changes between excited state and ground state

cannot differ by more than the energy deposited upon

excitation. The energy Of a 337 nm phOton is 3.96 eV.

and the proton transfer from sinapinic acid to phena-

zine is endothermic by 5.46 eV. Either a two-photon

excitation of a single sinapinic acid matrix molecule is

needed to make proton transfer from sinapinic acid to

phenan'ne exothermic. or it can be done with one-

photon excitation where AH,,,.(sinapinic add) is lower

in the condensed phase because of ‘solvation' of the

resulting [sinapinic acid - HT anion. This situation is

illustrated in Fig. 11. Mechanism 1 could occur by one-
e-—--""" o a

photon excitation If the solvatron energy of the

[sinapinic acid —- HT ion in surrounding matrix mol-

ecules is greater than 1.5 eV. At least in the gas phase,

salvation energies for anions can belconsiderable. An

example is OH” + H10 - HO“ -----H—OH,

AH :- 23.9 kcal mol“ z 1.1 eV. If the resulting

[sinapinic a¢id — HJ' anion can be solvatcd by several

surrounding matrix molecules, the solvation energy

could be greater than 1.5 eV and allow mechanism 1 to

occur by one-photon excitation. From Table I, we also

know that thymidine does not give a signal in the

MALDI experiment. The proron affinity Of thymidine is

208 kcal mol' ‘, so the proton transfer from the ground-

state sinapinic acid matrix molecule to a thymidine

analyte is endothermic by 142 kcal mol‘ ‘, or 6.16 eV. If

mechanism 1 is operative and is through a one-photon

excitation. then a reasonable solvation energy of the
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Figure 11. Summary of thermochemical considerations for the

formation of proroneted peptides in MALDI. M - hexaglycine.

ml-l - sinapinic acid matrix and the numbers used to label various

pathways correlate with the numbering scheme used for the

mechanisms discussed. A 337 nm photon has an energy of 3.96

eV.

[sinapinic acid - HT anion in surrounding sinapinic

acid matrix molecules would be between 1.5 and 2.2 eV.

Thus, for a one-photon excited-state acid-base chem-

istry mechanism, proton transfer must occur in the con-

denscd phase. However. consider the data shown for the

laser power dependence of analyte peaks; there is a

sharp irradiance threshold for the MALDI process.”

We can form [SA + HT at lower laser powers than

[insulin + HT and PA(sinapinic acid) is less than

PA(insulin), so proton transfer chemistry can occur even

at lower laser powers where vaporization of large

analytes cannot. Since vaporization is a multi-photon

event, the chemistry can certainly also be so. Finally,

while lasers allow for multi-photon processes, in this

case two-photon excitation of a single matrix molecule

deposits an energy which exceeds the ionization energy.

making the mechanisms shown in Fig. 11 via mH"

unlikely.
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Mechanism 2: chemistry following matrix photoioniza-

tion. Matrix photoionization. followed by ion—molecule

reactions. has been suggested by Hillenkamp and co-

workers)“26 Mowry and Johnston.” Karas“ and

Beavis and co-workcrs,”29 although again. the process

could involve gas-phase and/or condensed-phase

species. We propose two versions. Mechanism 2 relies

on photoionization as the first step. followed by protonv

transfer. Mechanism 2' uses an additional step, with the

protonated matrix molecule protonating the analyte——

the true analogue to chemical ionization (Cl). Mecha-

nism 2' should be considered because MALDI, FAB

and CI have the common feature of large ‘matrix~to-

analyte‘ ratios, which in CI is the reagent gas-to-analyte

ratio. It has been suggested that. In many FAB analyses.

the experiment is essentially a glycerol CI experiment.Jo

Like CI experiments. ‘reagent ions‘ and their products

are usually detected in the same spectrum.

This mechanism is the simplest. Molecular ions are

formed by photoionization in laser desorption experi-

ments, so we should not be surprised if this is how the'

chemistry starts in the MALDI experiment.“ There are

several Strengths of such mechanisms. First. when

MALDI-generated spectra are obtained with sufficient

resolution, we see for typical compounds both M " and

MH’ for the matrices, but only protonated analyte

molecules,“"” which would be consistent with this

mechanism. Second, it is consistent with the data in

Table l, in that those analyte molecules with high

proton affinities tend to form analyte ions, [M + HT.

Third, photoionization is surely a multi-photon process,

as is the MALDI process.’°‘”

However, the data presented here suggest that,

although molecular ions are protonated molecules are

formed, they may involve two distinct processes that

need not be chemically linked. At higher powers, molec-

ular ions can be formed, but they are not necessarily

required for the formation of the other ions observed

The results presented could be interpreted to indicate

that photoionization is simply a process with a higher

threshold than the dominant processes in MALDI.

There have been experiments described in which proto-

natcd analyte ions are formed but no matrix ions are

formed (at threshold), which could negate such mecha-

nisms. It has been suggested that photoionization does

initiate the process, but in the high-pressure neutral

plume that is formed. analytes act as proton traps

which can completely scavenge protons, such that the

matrix ions ‘disappear‘." In the light of the literature

on the use of high-pressure mass spectrometry to

measure equilibrium constants, such an explanation

seems unlikely.

TO understand entirely the protonation mechanism of

MALDI, one important question that has to be

answered is whether the ionization process involves gas-

phase or condensed-phase chemistry. For a gas-phase

mechanism, neutral molecules must be desorbed in the

MALDI experiment. This has been shown.21 Reported

experiments involving time-delayed ion extraction from

MALDI ion sources""' show that such delays enhance

the abundance of protonated analyte molecules. These

results strongly suggest that gas-phase chemistry can

contribute to the ions observed. at least in time-delayed

extraction experiments. While suggesting a possibility,

they do not prove that the same process could occur in

a 30 kV MALDI source under continuous extraction

conditions.

In the condensed phase. where exceedingly large pep-

tides can be surrounded by hundreds of matrix mol-

ecules undergoing irradiation, one may well expect

multiple protonation processes. In fact, since the

process begins in the condensed phase, it may not have

been surprising if MALDI spectra looked more like

elecrrospray data than C1 spectra. The fact that most of

the analyte ions are singly protonated might be best

correlated with gas-phase chemistry, where analytes,

once protonated, cannot encounter another protonating

reagent ion owing to coulombic interactions. However,

two aspects of the experiment would suggest that gas-

phase ion-molecule reactions do not, under typical-

MALDl conditions, yield protonated analyte molecules.

The first is the high voltage, up to 30 kV. used in many

MALDI ion sources. Under such conditions, ions are

quickly accelerated to kinetic energies where collision-

induced dissociation processes occur, not ion-molecule

reactions such as proton transfer 3’ However, suppose

ion-molecule reacrions can occur in the MALDI ion

source. If these are responsible for the analyte ions

formed, the ratio of matrix ions to analyte ions is

smaller than in C1, suggesting extensive conversion of

reactant ions to product ions, indicative of a large

number of collisions. What other indicators are there of

a high collision frequency? In FAB, protonated glycerol

molecules cluster with subsequent glycerol molecules in

the gas phase to form [6,, + HT ions with m/z values

exceeding 1000. Surely, with polar molecules such as

those used as MALDI matrices, similar cluster ions

would be expected if a large number of gas-phase colli-

sions occur for the ions initially formed. Thus, although

collisions do appear to occur in the desorbed plume, the

absence of (mI~I),H+ ions suggests that the collisions

occur at energies at which ion—molecule reactions are

not favored.

If one considers CI, FAB and MALDI spectra, one ‘

other difference may be relevant. In CI and FAB experi-

ments. fragmentation follows protonation. Even when

small analytes are used in MALDI, prompt fragmenta-

tion is rarely observed. This might be consistent with a

condensed-phase mechanism'where energy within the

solid is rapidly dissipated following protonation,

leading to desorbed protonated analyte molecules that

do not contain sufficient internal energy to fragment.

Yet another difference between CI, FAB and MALDI is

the specific. but as yet poorly defined, requirement for a

successful matrix. It is puuling that so few compounds

are effective MALDI matrices,” while many com-

pounds can be used in FAB matrices. However, this

observation may not be related tO the chemical step of

protonation, but to processes related to energy transfer

and subsequent desorption of analytes.

Further, it should be noted that such conclusions are

directed toward the typical MALDI time-of-flight

(TOF) experiment. In MALDI-Fourier transform mass

spectrometry (FTMS). where ions may be detected tens

to hundreds of milliseconds after the initiation of the

MALDI process. ion-molecule reactions could certainly

contribute to the species observed. However. the situ-

ation is very different in MALDI-TOF, where ions are
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detected on the microsecond time-scale. Also, if

MALDI is performed in a simple FTMS ‘cell.’ ions and

desorbed neutrals may be present in the same volume

for the entire ion formation and analyses processes. The

situation is very different in more conventional mass

spectrometers. in which ionic species are quickly

extracted from the source where the pressure of

desorbed neutrals is highest. into a flight tube of much

lower pressure.

While the energetic aspects of mechanism 2 are differ-

ent if the chemistry occurs in the condensed phase or in

the gas phase, we can make some qualitative comments

on the thermochemistry. These will be included in the

discussion of mechanism 3, where we can compare and

contrast the formation of proronated analyte molecules

through the first step of either matrix photoionization

or analye photoionization.

Mechanism 3: chemistry following analyte photoionization. In

the previous mechanisms. it is assumed that the matrix

prOtonates analyte molecules, and that activated or

ionized matrix molecules chemically lead to proronated

analyte molecules. Even though many analytes in

MALDI do absorb at 337 nm, the relative concentra-

tions of matrix and analyte make direct photoactivation

of an analyte unlikely in the MALDI experiment.”

However. care must be taken to realize that all Of the

species represented in a MALDI mass spectrum need

not be formed via the same processes. One such possi-

bility is suggested in mechanism 3. In this mechanism,

energy is accumulated from multiple excited matrix

molecules (as it is to induce desorption) to ionize the

analyte, and though this intermediate, protonated

analytes evolve. If this were the case, we might expect to

detect ionized analytes (odd-electron ions), although it

is certainly reasonable that the ionized analytes could

extract a hydrogen atom as they make their way out of

the condensed phase.

This mechanism does not require that matrix ions be

formed, and thus is consistent with those reports of

systems in which spectra were obtained containing only

”07'"

p—e 0.].

Ionization

Energy

IeVl

9.25 (V 9.0 r"

   

O

analyte ion peaks. free of matrix peaks. There are cases

where. in MALDI experiments on oligomctallocenes

such as polymeric compounds containing ferrocenc.

molecular ions. not protonated molecules. are forrned.‘o

In these experiments. the matrix does play a role. It may

assist in desorption alone, or may be involved in

charge-transfer processes following matrix photoioniza-

tion. A third possible explanation for such cases where

MALDI leads to odd-electron molecular ions of the

analyte is similar to that found in the C1 literature for

organometallic compounds. In some cases. molecular

ions, not protonated molecules, are formed in methane

CI. It has been suggested that the first step is proton

transfer, but the protonated molecule rapidly fragments

by H atom loss, leading to the observed molecular ion:

CH,+M~[MHT’—0M"+H' (9)

If mechanism 3 is operative, the analyte which has a

low ionization energy and, once ionized. has a high

hydrogen atom affinity, should have a high tendency to

form [M + HT in MALDI. From Table I, the trend

shown in the ionization energies and hydrogen atom

affinities does not correlate well with mechanism 3. The

data presented here most clearly indicate that the pro-

perty most associated with analyte detectability is

prOton affinity.

To put the first three mechanrsms into perspective in

terms of their energetic accessibility, some thermoche-

mical aspects of the photoionization mechanisms (2 and

3) should be acknowledged, to be contrasted with those

presented in the discussion for mechanism 1. Mecha-

nisms 2 and 3 are initiated by photoionization pro-

cesses. The photoionized molecules are matrix and

analyte molecules in steps (23) and (3b), reschtively.

The situation where the matrix is sinapinic acid and the

analyte is a polypeptide will be taken as an example for

the following discussions. Although the ionization

energy of sinapinic acid has not been reported, it can be

estimated from its molecular analogues,” some of

which are summarized in {ig 12. It appears that the

lowest energy form of the ra rcal cation of sinapinic

... CL 'W
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Figure 12. Gas-phase ionization energy data for molecules representing the various substructural features of sinapinic acid.



It

My.

  

.(

3

.3.

i
s

I.-

.a

 

«

r

“
H
“

r
e



84

P.-C. LIAO AND I. ALLISON

acid is. most likely. that shown as;

COOH

(1)

M00 0,040

OH

with the charge delocalized somewhat throughout the

conjugated system. The ionization energy of sinapinic

acid is estimated to be close to 8.2 eV. the ionization

energy of methoxybenzene. Comparing IE(phenol), 8.47

eV. and IE(I.2-dihydroxybenzene), 8.15 eV, 5 it is found

that the o-hydroxy group can influence the ionization

energy by lowering the value by approximately 0.3 eV.

This refines our estimate of the IE(sinapinic acid) to 7.9

eV. The ionization energies of these molecular ana-

logues which were used for the estimation were mea-

sured in the gas phase. The ionization energy of a

sinapinic acid molecule in the condensed phase should

be lower than this value.

Using a value for IE(sinapinic acid) of 7.9 eV. three

comments can be made. First. it is lower than

1£(polypeptide). Again, although the ionization energy

of a polypeptide such as glycine has not been reported,

it can be estimated by its molecular analogues. Glycine

and aeetamide, which are analogous to the terminal and

amide groups of a polypeptide chain, respectively, have

ionization energies Of 8.8 and 9.65 eV.” Compared with

a polypeptide, sinapinic acid has a lower ionization

energy. This suggests that the photoionization mecha-

nism bep'ns with photoionized sinapinic acid molecules,

not polypeptide ions. Mechanism 2. rather than mecha-

nism 3, is more likely to be Operative in the MALDI

source. Second, the photoionization of sinapinic acid is

a two-photon process. Further, the photoionization

process of a polypeptide molecule requires more than

two 337 nm photons, which is less likely to be a domi-

nant process in this case. Third, our analysis suggests

consideration of a specific protonation reaction. The

prOtonation reaction that will be considered here is

shown in reaction (10).

coon

e H-GGGGG-OH

Moo 9"".

OH

coon

—— e (H-CGCCG-OH 0 H]'

OH,

mo 0/

on (10)

The data presented on the ionization energies of

matrix and analyte molecules suggest that mechanism 2

is favored over mechanism 3. Is the proton transfer

described in Eqn (10) thermochemically favored? Equa-

tion (10) can be separated into two processes, Eqns (l l)

and ( 12). It is assumed that the proton transfers from

the methoxy group of sinapinic acid tO the analyte if the

ionization site for sinapinic acid occurs in the methoxy

gro‘up.

00HC coon

2... + H' (I 1)

ca
*0 9’”, mo 0/ 2

OH OH

polypeptide + I-I+ —. [polypeptide + HT (12)

The enthalpy change, AH, for the two equations can be

evaluated separately. AH for Eqn (1 l) is not known, and

will be approximated using AH of the equation”

CHJOCH,“ ... CHJOCl-I', + H‘ AH

= 175.5 kcal mol" (13)

AH of Eqn (12) is the proton affinity Of the polypeptide.

The proton affinity of hexaglycine has been reported to

be 236 kcal mol",’ which can be used to estimate the

minimum value for the proton affinity in Eqn (12).

Thus. the overall AH for the proton transfer described

in Eqn (10) is exothermic with a maximum value Of

— 60 kcal mol' '. The overall information for thermo~

chemical aspects of mechanisms 2 and 3 is summarized

in Fig. 11.

Two conclusions can be reached: (i) a photoioniza-

tion mechanism would begin with a photoionized sina-

pinic acid matrix molecule, not an ionized polypeptide;

(2) the radical cation of sinapinic acid can protonate a

polypeptide in an exothermic proeess. These conclu-

sions are consistent with (1) the observation of the

radical cation of sinapinic acid in MALDI mass spectra,

although more radical cations are observed at higher

laser power, and (2) the fact that the methyl ester of

sinapinic acid still works well as a matrix.”

Obviously the thermochemical data presented here

are gas-phase data, and variations due to the condensed

phase cannot be rigorously considered. However. the

summary in Fig. 11 carries some important concepts.

Mechanism 1 should be thermodynamically favored

over mechanisms 2 and 3 since excitation should

require less energy than ionization, even in the solid

state. In terms of the energetics of the overall process,

mechanism 1 is also preferred owing to stabilization of

deprotonatcd matrix molecules in the condensed phase.

Obviously, additional considerations. such as the fate Of

the electron in mechanisms 2 and 3, could also influence

the overall therrnochcmistry. However. thermochemical

considerations alone would favor mechanism 1 for the

generation of protonated analyte molecules.

Mechanisms for forming sodium ion adducts of analyte mol-

ecules. A variety of aspects of the experiment should be

pealt with in attempting to evaluate mechanism 4-6.

Obviously, they depend on the the precipitation process

and the nature of the solid formed. To what extent does

a peptide precipitate from a solution containing NaCl

as the neutral peptide and as the sodium salt? This is a

critical part of the analysis, although the realities of the

experiment do, not allow for generalizations based on

equilibrium values such as solubility products, K,,,. This

is becaue solvent systems are selected so they can be
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rapidly evaporated, and precipitates are not formed

slowly, approaching equilibrium conditions. A second

aspect is what appears to be the 'condition' between the

formation of protonated and sodiated analytes. While

we cannot address these aspects here. we can begin to

consider the mechanisms through which sodiated ions

may be formed.

Mechanisms 4-6 will be treated together here. There

is no extensive prior literature in related fields on which

to rely such as the CI literature. Sodiated ions are

formed in FAB and also in MALDI, although it is not

known if the FAB mechanism is gas phase or if

[M + Nail" ions desorb intact from solution. We do

know, however, that alkali metal ions will form com-

plexes with polar molecules including peptides. from the

potassium ion ionization of desorbed species (K’IDS)

literature.”°“"’ In such experiments, K’ and Na’

have been reported to complex with a large variety of

desorbed molecules, without inducing any fragmenta-

tion. In K’IDS, adduct formation occurs in the gas

phase. Hillenkamp and cooworkers‘9 also showed that

Na’ ions could be injected into a MALDI source, and

analyte adduct ions could be formed via gas-phase pro-

cesses (again, in a field-free situation). We have shown

that, as the kinetic energy of alkali metal ions increases,

the cross-section for adduct formation rapidly

decreases.” Thus, a gasophase mechanism may be less

likely in MALDI sources that use high voltages, such as

the instrument used to obtain the data presented here.

In mechanism 4, excited-state ‘salt' chemistry is sug-

gested. While this mechanism parallels mechanism 1 for

protonation, and the amount of salt required for the

formation of sodium ion adducts is of the same order of

magnitude as the molar amount of matrix used, there

are problems with this mechanism, largely thermoche-

mical in -Consider the processes ( l4) and (15) to

contrast mechanisms 1 and 4:

mH+M -o[M+I-I]‘+m' (l4)

mNa + M-o[M + Na]‘ + m" (15)

These two processes contribute to the overall reaction

enthalpy. First, the nail or mNa bond must be hetero-

lytically cleaved. The bond dissociation energies that

are relevant are BD£(m "-—-H") and BDE(m‘-—Na").

For a very simple case, m - Cl, these are similar, 161

and 155 kcal mol", respectively. The second aspect is

attachment of the cation (H *, Na’) to the analyte.

While proton affinities can be very large, with amides

having proton affinities higher than 200 kcal mol",

alkali metal ion affinities are an order of magnitude

smaller, frequently in the 20—30 kcal mol" range for

polar molecules. Thus, the small alkali metal ion affin-

ities make process (15) substantially endothermic and, if

both processes (l4) and (15) could be photoindueed, one

would certainly expect them to have considerably differ-

ent thresholds. This evaluation assumes that intact

NaCl molecules exist in the solid MALDI target. This

may not be so. The matrix may ‘solvate‘ the Na+ and

0' ions in the solid state, leading to a charge separa-

tion, so BDE('Na’—Cl') may not be relevant. Similar

considerations were suggested by Vertes and co-

workers" in their analysis of ionic derivatives of

analytes and their improved performance in MALDI.

Mechanism 5 considers the possibility of the analvte

ion having the form of a protonated salt molecule. not a

sodiated acid molecule. This is an attractive mechanism

because it is essentially the same as the mechanisms for

protonation, with the analyte being in the form of the

sodium salt. In mass spectrometry, we have some expe-

rience in processes that desorb large intact molecules,

but the desorption of salts is not as common. While one

may not expect to desorb intact salts in FAB, since the

ionic components would be separated in the polar

matrix. the case may be different for solid-state targets.

Certainly, alkali metal halides are used when calibrating

FAB instruments. because a variety of ionic species over

a wide mass range are generated on bombardment of

solid and mixed alkali metal halides. In MALDI, where

the matrix-to-analyte ratio is high, isolated salts of

analytes may be present in the solid target, which may

desorb under conditions very similar to those

responsible for analyte desorption in the acidic form.

The discussion on whether a sodiated molecule is

{M}Na’ or {M - H + Na}I~I+ has appeared when

such ions are generated“ in FAB experiments. However,

our results for methyl esters (Fig. 9). and others that

have been recently reported," suggest that the structure

is a simple sodium ion adduct, negating this mechanism.

However, the ions that contain two sodiums may in fact

have salt-character.

Mechanism 6 proposes a gas-phase mechanism,

which we know can occur under low-field conditions in

the ion source, if desorbed molecules and alkali metal

ions are present in the gas phase. This would be consis-

tent with the data shown in Fig. 6. We have presented

data which show that the formation of sodium ion

adducts is matrix dependent, and tracks the intensity of

the Na’ peak. That is, in sinapinic acid, when NaCl is

added, Na’ adducts of analyte and matrix are not

formed, and there is essentially no Na+ peak. The

reverse situation holds for 2.5-dihydroxybenzoic acid.

This would be consistent with a gas-phase mechanism.

However, Karas et al.‘ have reported an experiment

with different results. When 2-nitrophenyl octyl ether

(NPOE) is used as the matrix, and sodium salts are

present, at threshold irradiance they detect only

[M +Na]" ions—no ions from the matrix and no,

signal at @/z 23. At higher irradiances, the analyte

signal becomes predominantly [M + H]’. We note

that the data in Fig. 1 are for low-power experiments,

just above threshold. While sodiated adducts can domi-

nate for 2.5-dihydroxybenzoic acid, this ts a threshold

observation—protonated analytes can be enhanced if

higher powers are used. However, the fact that experi-

ments can be done in which sodiated analytes can be

formed without Na‘ ions being formed would negate a

gas-phase mechanism. It depends in part on how differ-

ent these experiments are, since the matrix that Karas et

al. used (NPOE) in their MALDI experiment -is a

liquid.‘ ‘

While the data reported contribute to the overall set

of data in the literature, with which any proposed

mechanism must be consistent, clearly other types of

experiments must be done before the formation of

sodiated species can be seriously addressed. Some of the

same considerations cited in the discussion of proto-

nated molecules should also be important. For example,
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any mechanism should explain why one detects

[M + Na]’ under some conditions, but usually n0t

[M + nNa‘]. If the process simply involves the desorp-

tion of [M + Na]' species that reside in the condensed

phase. then higher concentrations of NaCl would seem

to lead to multiply sodiated peptides (with multiple

charges), which they do not.

Perhaps a very simple process, reported in the liter-

ature for improving MALDI resolution, provides the

most powerful glimpse into the location of NaCl in the

MALDI matrix. Beavis and Chait“ discussed the fact

that, if NaCl is present, alkali metal ion adducts can

skew analyte peaks, making m/z determination difficult.

When this is encountered, one can simply wash the

MALDI probe with cold water, which eliminates much

of the NaCl. as seen by a decrease in adduct ions. If the

NaCl can be simply washed from the analyte-matrix

solid, and spectral changes result, then the spectral

changes cannot be due to sodium salts of the analyte

deposited throughout the matrix. or dispersed. solvatcd

Na" and Cl' ions throughout the matrix. The effec-

tiveness of the process shows fairly clearly that NaCl

precipitates after the matrix to a large extent, and must

be largely deposited on the outside of the crystals that

are formed.

In a future publication, we shall evaluate aspects of

the precipitation process which may provide a useful

format in which to pr0pose mechanisms. If one con-

siders the concentrations and solubilities of sinapinic

acid, a peptide, and NaCl in a typical solvent such as

acetonitrilehwater, then one may expect that on solvent

evaporation the sinapinic acid would precipitate first,

with the peptide precipitating next on tap of the sina-

pinic acid crystals, and most soluble component, the

salt. coming out of solution last. Such ‘layering‘ could

vary with component solubility and other aspects of the

process through which MALDI targets are formed,

which could be important in beginning to define the

mechanism for sodium ion adduct formation and the

apparent competition betwwn sodiation and proto-

nation processes in some matrices.

Some aspects of the correlation discussed between the

proton affinity of analytes and the MALDI response

may be related to the aspects of precipitation of species

from solution. Recall that the data presented in Table 1

showed that analytes with proton affinities greater than

224 kcal mol‘1 will be ionized in sinapinic acid, for

example. However, we also showed that little or no

response is seen for hexaglycine in sinapinic acid, and

this peptide is one of the few for which a proton affinity

is available. 236 kcal mol". Thus, the data for small

molecules in Table I suggest that a peak should have

been detected for protonated hexaglycine. Does this

negate the proton affinity correlation? It may show that

proron affinity alone is insufficient to predict response.

Aromatic molecules such as thymidine and phenazine

are chemically similar to the matrices used here, also

aromatic compounds. Thus, one might expect consider-

able analyte-matrix interactions during deposition of

the MALDI target. This may be an additional require-

ment for the MALDI response. If the four small pep-

tides used in the study shown in Fig. 4 are considered,

the two that are most detectable. hexatyrosine and pen-

taphenylalanine, both have aromatic side-chains and

are thus most similar. chemically. to the matrix. One

possible explanation for the lack of response for hexa-

glycine and hexaalanine. is that. although they have suf-

ficiently high proton affinities. they may not be

incorporated into the matrix in a manner that is

required for protonation and desorption.

 

CONCLUSIONS

In mass spectrometry, we have encountered a variety of

new desorption/ionization techniques whose applica-

tions preceded our understanding of the mechanisms

involved in the conversion of condensed-phase

materials into gas-phase ions. In the evolution of these

methods, models evolved as more complete descriptions

of the chemical systems were realized. We are still trying

to describe the chemical system of MALDI and. as the

definition continues to evolve, so will the models. We

must be cautious in how we define the chemical system.

For example, one commonly cited characteristic is the

tremendous sensitivity of MALDI. It works best with

picomolar amounts of sample, in contrast to FAB in

which nanomolar amounts are commonly required.

However. one could also realize that ions are generated

from the analyte for many minutes in FAB. In MALDI,

one may obtain a few hundred spectra. with desorption]

ionization taking place in 5-10 as per laser pulse. Ions

are only generated for a total period of approximately 1

ps. Thus, while MALDI requires three orders of magni-

tude less sample than FAB, FAB generates ion current

for}. seven orders of magnitude longer time. The point

is tli‘at the system must be carefully defined when a

model is being pursued.

How are protonated analyte molecules formed in

MALDI? For most of the experiments, a solid-state

excited-state acid-base reaction seems reasonable.“ It

allows for the formation of both protonated matrix and

analyte molecules, and would also be consistent with

cases where only protonated analytes are formed, in the

absence of matrix ions. However, in most MALDI-MS

experiments, matrix ions are formed. The model may

change as we attempt to determine if those infrequent

experiments. where analyte ions but not matrix ions are

formed, are sufficiently common to warrant inclusion in

the definition of the chemical system that we are trying

to describe.

The same is true for alkali metal ion adduct forma-

tion. Were it not for a report of MALDI results in

which. at threshold, [M + Na]* ions are formed for the

analyte, with no other ionic species detected, then the

chemical description would change. We believe that the

description of [M + Na]* ions as protonated sodium

salts is intriguing because it should have to be a con.

tributing process . to some extent. Protonation does

occur and it is likely that salts of peptides are formed in

the precipitate. In ternary mixtures involving matrix,

analyte and NaCl, we clearly have too little information

on the nature of the solid, dispersion of ionic com-

ponents, etc. Indeed. we know little of the details of the

solid composition when matrix and analyte alone are

deposited. Perhaps the simplest model is that there is no
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single model. Numerous mechanisms are Operative and

contribute to the observed spectrum. We certainly

believe this to be the case when considering protonated

matrix molecules and ionized matrix ions—they need

not be related through a common mechanism.
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APPENDIX

 

Proton affinities, ionization energies and hydrogen atom

affinities of the compounds listed in Table l

The proton affinities of all the compounds in Table l

are known.“ The ionization energies of phenazine, acri-

dine and I ,8-bis(dimethylamino)naphthalene were

obtained from the data compiled by Lias et al.3’ The

ionization energies of 4ccyanobenzaldehyde, thymidine

and 1,7-diaminoheptane were not available in the com-

pilation. The ionization energy of 4-cyanobenzaldehyde

was estimated by considering the ionization energies of

similar compounds, fiuorobenzene (IE = 9.20 eV), 1-

fluoro-4-cyanobenzene (IE = 9.74 eV). nitrobenzene

(IE =- 9.86 eV). l-nitro—4—cyanobenzene (IE = 10.23 eV),

aniline (IE = 7.72 eV) and 4-cyanoaniline (IE = 8.17

eV).” These data suggested that the cyano group in the

para-position would raise the ionization energy of a

compound by ]0.45 eV. Since the ionization energy of

benzaldehyde was reported to be 9.49 eV.” the ioniza-

tion energy of 4-cyanobenzaldehyde was thus estimated

as 9.94 eV. or 229 kcal mol ‘ '.

The ionization energy of thymidine was also esti-

mated. The ionization of thymine was reported to be 8.8

eV. ’5 The ionization energies of acetamide and No

methylacetamide were reported to be 9.65 and 9.3 eV

respectively. suggesting that the N-methyl derivative

of the amide group would lower the ionization energies

by 0.3 eV. The ionization energies of compounds with

cyclic ether or hydroxyl group were all above 9.2 eV

tetrahydrofuran (IE = 9.4l eV), n-butanol
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(IE=10.06eV). cyclobutanol (IE=9.25 eV) and 2-

ethoxyethanol (IE a 9.6 eV).” suggesting that the 2-

dcsoxyriboside group of thymidine have a higher

ionization energy than the thymine portion. The ioniza-

tion energy of thymidine was thus estimated to be

8.8 — 0.3 = 8.5 eV. or 196 kcal mol' ‘.

The ionization energy of 1,7-diaminoheptane was

also estimated. The ionization energies of 1.4-dibromo-

butane and l-bromobutane were reported to be 10.15

and 10.13 eV. respectively,” and the those of 1,3-

dichloropropane and l-chlorOpropane were reported to

be 10.85 and 10.82 eV, respectively,” suggesting that

adding the second identical functional group on the

opposite end of an alkyl chain would not change the

ionization energy significantly. Therefore, the ionization

energy of l-aminoheptane would be a good estimation

of the ionization energy of 1.7-diaminoheptane. Unfor-

tunately, the ionization energy of l-aminoheptane is not

available. However. the ionization energies of smaller

aminoalkanes are available: l-aminOpropane (IE = 8.97

eV), l-aminobutane (IE = 8.71 eV). l-aminOpentane

(IE = 8.67 eV). l-aminohexane (IE = 8.63 eV) and l-

aminoocmne (IE = 8.5 eV).” The ionization energy of

l-aminoheptane was estimated to be 8.6 eV. or 198 kcal

mol' '. This is also used as the ionization energy for 1,7.

diaminoheptane.

The hydrogen atom affinity of a molecular ion. M",

was defined as

[M + H]° -oM” + ('1'

AH = hydrogen atom affinity. HAAiM")

Also. HAA(M*') = IE(M) + P.4(M) - IE(HI. Using the

ionization energies and proton affinities listed in Table

l. and IE(H) = 313.7 kcal mol“, the hydrogen atom

affinities were estimated.
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Dear Sir,

Enhanced Detection of Peptides in when“... Laser

Doorptioo/looiaetioo Mass Spectrometry Through the Use of

Chargelocaliaed Derivatives

In fast atom bombardment (FAB) mass spectrometry. charged

components of ionic analytes are referred to as ‘preformed

ions‘ in the liquid FAB target. These include inorganic ions

such as Na’ and organic cations such as tetraalkylammonium

ions. When cationic forms of the analyte predominate in the

FAB matrix, strong signals are usually observed. This suggests

that, at least for positive ions, such ionic species are desorbed

directly.‘ In contrast, some analytes are desorbed in neutral

form and are subsequently ionized in the gas phase by ion-

molecular reactions.” Thus, preformed ions yield an

enhanced response because these analytes need only be

desorbed: no ionization step is required. Such concepts have

led to the development of charge-localized derivatives for

peptides‘ as a chemical tool to use in FAB analyses. For

example, derivatization prowdures have been reported that

will place a charged triphenylphosphium (TPP) group on

either the C- or N-terminus of a peptide.’ The actual group

appended to the N-terminus is the ethyltriphenyl-

phosphonium group, with the aminoethyltriphenyh

phosphonium group added to the Coterminus. The Br" salts

of two such derivatives of the hexapeptide H-VGVAPG-OI-I,

are shown in structures I and 11. Two advantages of TPP deri-

vatization of peptides in FAB analyses‘ have been discussed.

Detection limits are lowered, and sequence information is con-

tained in a smaller number of fragnent ion peaks. While

protonated peptides yield both N- and C-terrninal fraynent

ions, C-terminal TPP derivatives yield only C-terminal ions.‘

o" ,,.o
©Lr—cn,crtrvcvxrc.ou u.vcv.\rc.NH-cn,cn,1p©

8

Although there may be aspects of TPP-derivatized peptides

related to their behavior in FAB that are not fully understood,

such as some surface activity in polar solvents, the preformed

ion concept does appear to be useful: it is leading to the devel-

Oprnent of new analytical methods using FAB.

This letter reports that TPP-derivatized peptides also

exhibit an enhanced response in matrix-assisted laser

desorption/ionization (MALDI).’ This is not an obvious

result. since the relationship between the chemical details of

the solid-state MALDI target and resulting gas-phase ion

abundances is not understood. In particular, we shall use as

an example a relatively small hexapeptide. The peptide H-

VGVAPG-OH was selected because it yields a very weak

signal representing the protonated molecule in positive-ion

MALDI. Higher powers are required to generate ions from

CCC 1076-5174/95/000000-00

© 1995 by John Wiley & Sons, Ltd.

this small peptide than are needed to generate gas-phase

protonated insulin, for example. At higher powers. mass spec-

tral peaks broaden and the resolving power is degraded.

In Fig 1, the MALDl spectrum of this peptide. and that for

the N-, and C-terminal TPRderivatized peptides, prepared

according to published procedures’ and isolated as the Br'

salts, are shown. All three spectra were obtained at the same

laser power; a-cyano—4-hydroxycinnamie acid was used as the

matrix. The data were obtained on a Model VT2000 time-of-

flight MALDI instrument (Vestec, Houston. TX, USA). This is

a 30 kV instrument. which utilizes a nitrogen laser and a tran-

sient recorder which acquires spectra with 5 ns resolution. For

the data shown, 1 ul of an analyte solution and 1 ul of the

saturated matrix solution (2: 1 (v/v) water-acetonitrile solvent)

were applied to the probe tip, and allowed to air dry. Each

spectrum shown represents the sum of data from 64 laser

shots. In making TPPoderivatized peptides, the chemistry was

performed on 10 nmol samples of the peptide. The solution

containing the derivatized product was then diluted to a con-

centration of 1 pmol ul" if the derivatization reactions were

quantitative, which they are not. Thus, the spectrum shown in

Fig. 1(a) results from 1 pmol of peptide on the probe, with less

than 1 pmol of the derivatized peptides being analyzed in the

data shown in Fig. 1(b) and (c).

For the conditions chosen, there is no detectable signal for

the peptide before derivatization. However, very strong signals

were observed for the TPP-derivatized peptide'Such signal

enhancements were also observed when sinapinic acid or 2.5-

dihydroxybenzoic acid was used as the matrix. When sinapin-

ic acid is used as the matrix. a peak representing Na’ is

always observed, unless the matrix is purified. The TPP-

derivatized peptide yields a strong signal at laser powers even

lower than those required to yield signals for Na’. For the

experiment represented by Fig. 1(a). even when the laser

power is doubled no signal representing the underivatized

peptide is detected. Hence ionic species in the MALDI experi-

ment an behave as they do in FAB, leading to enhanced

sensitivity when only a desorption step is required. .

In addition to the obvious enhancement in detectability rea-

lized when the TPP derivatives are made, we suggest that such

molecules may play an important role in investigating the

mechanisms through which ions are generated in MALDI.

Why are so few compounds suitable as MALDI matrices?

This is a difficult question to pursue, since multiple processes.

both desorption and ionization. must occur. TPP-derivatized

peptides may be useful chemical probes since the charge-

localized peptide ions can be desorbed directly; no proton

transfer is required. This may allow for independent studies of

the desorption and ionization steps.

This research was performed in the MSU Mass Spectrom-

etry Facility, which is suppported, in part, by a grant (RR-

0480) from the Biotechnology Research Technology Program

of the National Center for Research Resources of the NIH.
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Figure I. Portions of the MALDI mass spectra for the peptide H-VGVAPG-OH (molecular mass 498.6). (a) Underivatized peptide; (b) N-tenninal

ethyltur“ .,'“u“ ' — derivative; (c) Coterrninal .. - ,i...,......, ‘r‘ r‘ ' derivative. The same mud: and the same laser power

were used to obtain each spectrum.
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Dear Sir,

Dissecting Matrix-assisted Laser Desorption/Ionization Mass

Spectra

Matrix-assisted laser desorption/ionization (MALDI)‘ mass

spectrometry (MS) is a technique that is evolving at rapid rate.

Readers who have been dazzled by the detection limit and

molecular mass barriers of MS that MALDI has shattered

may have a very different view of the method from users of

MALDI MS. When faced with an electron impact ionization

mass spectrum of a volatile organic compound, most mass

spectrometrists understand the correct context in which to

interpret the spectrum, that is, they have a reasonable idea of

the experimental conditions and how the spectrum was prob-

ably obtained. This is not the case with MALDI MS.

Although many MALDI mass spectra have been published,

there is no well defined entity that we can refer to as the

MALDI mass spectrum of a compound. This is true for other

desorption/ionization techniques also, such as fast atom bom-

bardment.’

Figure 1 shows a MALDI mass spectrum of a mixture of

bradykinin (B) and bovine insulin (I), using the matrix a-

eyano-4-hydroxycinnamie acid (M). The data were obtained

on a Vestec (Houston, TX, USA) ResearchTec time-of-flight

MALDI instrument. This instrument employs an accelerating

voltage in the ion source of up to 30 kV; it utilizes a nitrogen

laser and a transient recorder which acquires spectra with 5 ns

resolution. For the data shown, 1 pl of an analyte solution

and 1 pl of the saturated matrix solution (water-acetonitrile

(2:1, v/v)) were applied to the probe tip and allowed to air

dry, leaving 18 nmol of matrix, 2 pmol of B and 2 pmol of I

on the 3.5 mm1 target This letter discusses how such MALDI~

spectra evolve and approaches that can be used to improve

mass spectral quality.

Obtaining a MALDI mass spectrum is. at least on some

instruments, like playing a video game; ‘joystieks‘ are fre-

quently an integral part of the hardware. The pulsed laser is

tightly focused on a small number of crystals of the target

(several research groups are investigating alternative

approaches to MALDI target preparation so that it is not

necessary to search for ‘good spots‘ on the probe tip; see, e.g.,

Ref. 3). Data acquisition frequently involves a digital oscillo-

scOpe which sums or averages some number of suwessive

transients. The laser firing begins, and the operator watches a

display as spectra continue to accumulate. With peaks cease

growing with continuing laser pulses, it is time to move the

laser spot quickly to another location on the probe or adjust

the laser irradiance, with the hope that only a small number of

spectra which contain no information will be added into the

accumulating data before a new region is found which will

generate additional analyte ions. Frequently, hundreds of

transients, of varying quality, are accumulated to yield a single

MALDI spectrum.

We have found that the experiment is much easier do when

a much larger spot size is used (and the laser power is con-

comitantly to reestablish the laser fluence required for the

MALDI process). In Big Spot MALDI, instead of constantly
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hunting for single crystals that will yield ions when irradiated,

many such crystals are irradiated simultaneously. We fre-

quently irradiate 20—30% of the target area with the laser.

This improves the reproducibility and allows us to begin

actually to make comparisons between successive experiments.

Figure l represents“ the sum of 100 time-of-fiight transients.

With it. we can begin to make some observations about the

MALDI experiment. it appears that Na’ is formed. and there

is a small. resolved peak just above that for BH’ which rep-

resents BNa’. Perhaps this suggests that, when Na’ adducts

are formed. a mechanism for forming free Na‘ must also

exist.‘ One may consider the relative intensities of the l- and

B-related peaks as providing some information on the relative

responses of MALDI for these two compounds. Resolution

for the experiment can also be calculated based on the spec-

trum provided.

To generate this spectrum, the experiment was configured

so that laser fires 10 times in 2.5 s. The laser then steps while

the transient recorder downloads the file representing the

average of these ten, and a new file representing the next 10

spectra is generated. Figure 2 shows ten successive spectra

obtained in this way, each an average of 10 transients. These

10 averaged spectra were then averaged to yield the MALDI

spectrum in Fig 1. ln collecting these data. the laser spot

remained in a single position. (For this demonstration, a set of

averaged spectra were manipulated. instead of a larger collec-

tion of single transients. This was only done so the set of

spectra to be considered could be viewed with a reasonable

signal-to-noise ratio.)

Much can be learned of the MALDI process using Big Spot

MALDI. with the spectrum dissected as shown in Fig 2. ln

spectrum I. there are substantial peaks representing Na‘,

BH '. BNa ’ and 1H ’. After 40 shots, spectra 5 and 6 contain
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Figure 2. Dissection of the MALDI data. Each successive set of 10 transients were averaged to yield a single spectrum The data shown. 10

averaged spectra. represent 100 laser shots. Note that peak intensities (raw data. not normalized) decrease from spectra 1 to 4. Ion gener-

ation commences again after an additional 20 laser shots.
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no information. Then peaks reappear, which again are gone

after several tens of laser shots.

The MALDI data obtained and presented in this form

provide much more information on the experiment and will

lead to higher quality spectra. Clearly. if one desires to obtain

a single spectrum from the experiment, one should not include

all of the spectra of Fig. 2 in the composite, since at least three

of the spectra contain only noise. A few other observations are

of note. The Na’ peak decreases with time much more

quickly than does the peak representing MH‘. Also, the peak

representing BNa decreases with time more quickly than

does that representing BH’ Hence, in this single data set, one

can begin to identify correlations between Na and Na"

adducts of analytes. While the averaged spectrum contains

peaks representing Na’ and BNa’, all of the spectra accumu-

lated do not contain these ions, some only contain peaks rep-

resenting protonated molecules. Also, the IH’ peak intensity

decreases more rapidly than that for BH’ throughout the

experiment.

Given a set of spectra instead of one spectrum, one may

choose to use single spectra from the set shown in Fig. 2 for

extracting information. For example, the resolution based on

analysis of the ll-l‘ peak changes from 365 (spectrum I) to

478 (spectrum 4). This makes sense. since the lH ’ peak prob-n

ably contains an unresolved contribution due to [Na

spectrum 1 whichis not significantly contributing by spectrum

With this approach to data acquisition, and using Big Spot

MALDI. one can begin to appreciate how averaged spectra

evolve, and what must be avoided when spectra of the highest

quality are desired. Figure 3(a) and (b) show expansions of

two peaks from Fig. 1 representing Mil+ and BH‘, respec-

tively. Data from all 10 of the averaged spectra in Fig. 2 for
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Figure 3. Parts (a) and (b) show expended views of two peaks from Fig. 1, representing MH‘ and BH‘ respectively. Parts (c) and (d)

show the same regions from all 10 spectra of Fig. 2 that were averaged to yield Fig. 1. The approximate unit of flight time representing 1 u

for each region of the transient are also indicated in (e) and (d). Clearly. resolution of single traces in (d) is higher than in the composite

(b).

these regions of the time-of-flight spectra are shown in Fig.

3(c) and (d). In comparing Fig 3(a) and (c). it is clear that a

collection of very different peak shapes come together to yield

the average. Figure 3(d) shows what can also be encountered

when spectra of varying quality and intensity are averaged;

signals are sufficiently intense in one spectrum such that a

peak is saturated. Clearly, such contributions must be

avoided, since including a fiat-topped peak in an average can

only lead to peak distortions, lower resolution and less accu-

rate peak centroiding capabilities. The contribution of higher

mass components to the overall peak shape in Fig. 30)) is cer-

tainly clear from the data as presented in Fig. 3(d). Thus. some

spectra in the set in Fig. 2 should be deleted before an overall

average mass spectrum for the experiment is generated,

because they contain saturated peaks. This would be impor-

tant if the peak in question represented an unknown whose

molecular mass was desired, to the highest accuracy that the

experiment would allow.

Why do the spectra change with time? We suggest that we

are showing, in some crude way, depth profiling of the

MALDI target in Fig. 2. Sodium and potassium salts. the

most soluble components of the solution deposited on the

probe. precipitate last, hence signals representing Na‘ and

K ‘ are present in the early spectra and are quickly lost. The

data also suggest that while I and B coprecipitate, B.appcars

to come out of solution first. The fact that ion generation

ceases after 40 laser pulses but begins again later could have

many causes which cannot be evaluated here. This may be

purely physical in nature, with fresh crystals falling from the

sides of the laser ablation region into the irradiated area. We

do note. however, that when ion generation ceases (after spec-

trum 4 in Fig. 2). it can be stimulated again in the same loca-

tion by changing the power to a new, higher value.

Obviously, with a collection of time-dependent spectra such

as those shown in Fig. 2, one may quickly gain many insights

into the MALDI prosess by generating mass chromatograms

and total ion current profiles. as is done in gas

chromatography/mus spectrometry.’ This exercise has been

very revealing in helping us to understand what we can do

with MALDI data to optimize our analytical capabilities.

Such time-dependent data acquisition may be an important

probe of relative responses in mixture analyses by MALDI.

Hopefully, the dissected MALDI spectrum presented here will

also help those not using the technique to appreciate what

goes into the single MALDI spectra that have appeared in the

literature to date, which repraent other than single-shot tran-

sients.

This research was performed in the MSU Mass Spectrom-

etry Facility which is supported, in part, by a grant (RR-0480)
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kely and Mr Gary Levine for helpful discussions.
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A rapid, picomole-scale method is described to locate

phosphorylation sites in phosphoproteins by using ma-

trix-assisted laser desorption/ionization time-of-fiight

mass spectrometry (MALDI-TOF-MS) combined with

enzymatic modification of the analyte. There are three

steps to locate phosphorylation sites in a phosphopro-

tein: (r) degradation of the phosphoprotein into small

peptides by specific enzymatic or chemical motions:

(ii) identification ofthe phosphopeptides by ~80 (or mul-

tiples of —80)-Da mass shifts in the mass spectra after

dephosphorylation with alkaline phosphatase; (iii) lo-

cation of the phosphorylation sites by mass mapping. As

the size of the protein increases, it is advantageous to

fractionate the mixture by HPLC and analyze each

fraction by MALDI-TOF-MS. To perform mass map.

ping, the primary structure of the protein must be

known. Bovine B—casein was analyzed by this method.

The conclusions about the specific phosphorylation

sites of bovine B—casein from our data coincide with pre-

viously reported results. From cnlculations, it is found

that a mass spectrometer with 0.1% mass accuracy is

sufficient, for mass mapping, to identify completely or

partially digested tryptic peptides in the mass range of

100~8000 Da from bovine B-casein (MW 23,983).

0 rm Anode-lo Press. In.

 

Phosphorylation of serine, threonine, and/or tyrosine

residues is a common post-translational modification of

proteins. In eukaryotes, protein phosphorylation-de-

' To whom correspondence should be addressed at Department of

Chemistry. Michigan State University, East Lansing, MI 48824. Fax:

(517) 353-1793.

0003-2697/94 $6.00
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phosphorylation is one of the most important mecha-

nisms for regulation of many intracellular functions (1).

The growing number of publications concerning the

phosphorylation sites of peptides and proteins shows

that the field is very active.

Several methods have been developed and used to lo-

cate phosphorylation sites in phosphoproteins. All em-

ploy the strategy ofdegrading the phosphoprotein chem-

ically or enzymatically into small peptides in the initial

step, followed by analysis of the composition and se-

quence of each fragment. Phosphopeptide mapping has

a long history, and has employed sodium dodecyl sul-

fate-polyacrylamide gel electrophoresis (SDS-PAGE)’

(2), reverse-phase HPLC (3), or two-dimensional sepa-

ration on TLC plates (4). However, peptide mapping

experiments are tedious and often complicated by prob-

lems that arise during sample preparation, leading to

inconclusive results (4). Identification of phosphoryla-

tion sites in phosphopeptides using automated Edman

sequence analysis has also been accomplished (5-18).

Phosphoserine is the most abundant, naturally occur-

ring phosphorylated amino acid residue. Unfortunately,

the phenylthiohydantoin (PTI-l) derivative ofphospho-

serine breaks down to free phosphate and PTH-dehy-

' Abbreviations use'd: MALDI-TOF-MS. matrix-assisted laser de-

sorption/ionization time-of-fiight mass spectrometry: SOS-PAGE,

sodium dodecyl sulfate-polyacrylamide gel electrophoresis; PTH,

phenylthiohydantoin: FAB-MS, faat atom bombardment mass spec

trometry: LSIMS. liquid secondary ion mass spectrometry; TEA, tri-

fluoroacetic acid: FMOC. 9-fiuorenylmethoxycarbonyl For peptides

with n residues R,R,R,R,R, . . . R... ppp-R,R.,R,R,R. . . . R. is the

designation used to indicate three phosphorylation sites. If they are

specifically known. they are indicated as R.pR,pR,R,pR. . . . R_,

with a lowercase p preceding the phosphorylated residue designation.

9
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droalanine in Edman degradation cycles and yields no

identifiable eluting peak representing a phosphorylated

fragment (5,6). In contrast, the PTH derivative of phos-

photyrosine gives an identifiable peak on HPLC analy-

sis (7). Two modified sequencing techniques have been

proposed to solve this problem. Meyer and his co-

workers chemically modified phosphoserine in the in-

tact peptide prior to sequence analysis (5,6,8,9). Their

method, which converts phosphoserine into detectable

S-ethylcysteine, has been used successfully to locate

phosphorylation sites in several phosphoproteins by

microsequencing (10-15). This chemical modification

approach, however, is not applicable to phosphorylated

residues located at the C- or N-terminus, because the

intermediates formed during the reaction are unstable

(9). Another modified sequencing technique (16-18),

which applies to not only phosphoserine but phospho-

tyrosine and phosphothreonine, involves the detection

of the release of [”PlP. or other phosphorylated degra-

dation products at the position of the phosphorylated

residue during Edman degradation. However, the detec-

tion of ”P radioactivity is the only criterion for localiz-

ing the phosphorylated amino acid.

Fast atom bombardment mass spectrometry (FAB-

MS) and liquid secondary ion mass spectrometry

(LSIMS) have been used as effective techniques to

study the phosphorylation states of phosphopeptides

(14,19-29). Two major advantages of mass spectromet-

ric methods are the speed of analysis and the absence of

a requirement for radioactive isotope labeling (27). Sam-

ple size requirements, however, are typically at the

nanomole level for FAB-MS or LSIMS. This often ex-

ceeds the amount of material available, practically,

from biological samples. Matrix-assisted laser desorp-

tion/ionization mass spectrometry (MALDI-MS), devel-

oped by Karas and Hillenkamp (30), has now been ac-

cepted as an extremely sensitive technique for the

analysis of peptides and proteins (31,32). However,

most MALDI-MS applications have focused on protein

molecular weight determinations. Recently, MALDI

and electrospray, both new ionization techniques, have

been considered as MS tools for characterizing phos~

phopeptides (33-36). Results from both methods are

frequently complementary. We present here a fast, pi-

comoleoscale methodology to locate the phosphoryla-

tion sites in phosphoproteins by taking advantage ofthe

speed, high sensitivity, and mixture anaij'sis capability

ofMALDI-TOF-MS, and the selectivity of s,~ecific enzy-

matic and chemical reactions. The phospi. ‘rylation

sites of the protein Op18, in transformed lymphocytes,

had been investigated by this method in our laboratory

(37). The advantages, in comparison to other tech-

niques, practical considerations, and current limita-

tions of the proposed method are the subject of this

work.
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MATERIALS AND METHODS

Chemicals. floCasein (from bovine milk), TRIZMA

hydrochloride (reagent grade), and EDTA were pur-

chased from Sigma Chemical Co. (St. Louis, MO). or-

Cyano—4-hydroxycinnamic acid was purchased from Al-

drich Chemical Co. (Milwaukee, WI). Acetonitrile and

trifluoroacetic acid (TFA) were purchased from EM

Science (Gibbstown, NJ). Ammonium bicarbonate was

purchased from Mallinckrodt Specialty Chemical Co.

(Paris, KY). Trypsin (sequencing grade, from bovine

pancreas), endoproteinase Glu-C (sequencing grade,

protease V8 from Staphylococcus aureus), alkaline

phosphatase (from calf intestine), and guanidine hydro-

chloride were purchased from Boehringer-Mannheim

Biochemicals (Indianapolis, IN). For HPLC solvents,

acetonitrile was purchased from Burdick & Jackson,

Baxter Healthcare Co. (Muskegon, MI), and TFA was

purchased from Pierce Chemical Co. (Rockford, IL).

Cation exchange resin (AG 50W-X8. mesh size 100—200)

was purchased from Bio-Rad Laboratories, Inc. (Mel-

ville, NY).

Synthesis of model phosphoPeptides. PhosphOpep-

tides were synthesized by the University of Michigan

Protein and Carbohydrate Structure Facility using

FMOC/OtBu methods. Phosphorylation of the nascent

peptides was carried out on the resin using the global

phosphorylation approach as described by D. M. An-

drews et al. (38).

Enzymatic digestion. (i) Trypsin: 580 pg of bovine

B-casein was mixed with 20 pg of trypsin in 200 mM Tris

buffer (pH 8.0), 6 M guanidine, and 0.02% EDTA to give

the substrate/enzyme ratio of ~30 (w/w). The mixture

was incubated at 37°C for 24 h. For tryptic digestion of

phosphopeptides, the same incubation conditions and

substrate/enzyme ratio were used, but the amounts of

substrate and enzyme were reduced. (ii) Alkaline phos-

phatase: A small amount of phosphopeptide (1 ~ 10

pmol) was mixed with 2 ~ 20 units of calf intestine

alkaline phosphatase in 25 mM NHJ‘ICO, buffer (pH

8.0). The mixture was incubated at 37°C for 15 min to 4

h for dephosphorylation, or at room temperature for 6 h

for on-probe dephosphorylation experiments. (iii) En-

doproteinase Glu-C: 0.3 pg of the peptide of interest was

mixed with 0.015 pg endoproteinase Glu-C in 20 pl of 25

mM NHJ—iCO, buffer (pH 8.0) to give the substrate/en-

zyme ratio of ~20 (w/w). The mixture was incubated at

room temperature for 4 h.

HPLC fractionation. The tryptic digest mixture (10

pg, ~400 pmol) of bovine fi-casein was fractionated by

reverse-phase HPLC with a 0—90% linear gradient of

acetonitrile in 0.1% TFA and a flow rate of 50 pl/min on

an Aquapore RP-300, 7 micron, 50 X 1.0-mm column

(Applied Biosystems). Fifteen fractions were collected

manually, each fraction corresponded to a resolvable

peak in the chromatogram.
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Mass spectrometry. All MALDI spectra were ob-

tained on a VT2000 (Vestec Corp., Houston, TX) linear

time-of-fiight mass spectrometer equipped with a nitro-

gen laser (337 nm. 3 ns pulse). The accelerating voltage

in the ion source was 30 kV. Data were acquired with a

transient recorder with 5 ns resolution. Mass resolution

(m/Am) ranged from 300 to 600 (full width at half~max~

imum) depending on the sample and laser power. Three

candidates for the MALDI matrix, a-cyano-4-hydroxy-

cinnamic acid, sinapinic acid, and 2.5-dihydroxybenzoic

acid were evaluated. The matrix selected for this study

was a-cyano-4-hydroxycinnamic acid which was found

to give the highest sensitivity for our model phospho-

peptides, and many other peptides (37), at picomole to

subpicomole levels. The matrix was dissolved in aq 33%

(v/v) acetonitrile to give a saturated solution at room

temperature (~20 mM). To prepare the sample, 1 pl of

the solution (0.1% sq TFA:acetonitrile = 1:1, v/v) con-

taining the peptide sample was added to 1 pl of the ma-

trix solution and applied to a flat stainless-steel probe

tip. The mixture was then allowed to air dry before be-

ing introduced into the mass spectrometer. In certain

cases, the analyte/matrix solution was desalted by cat-

ion exchange resin (Bio-Rad, AG 50W-X8, mesh size

100—200). Five beads of cation exchange resin were

added to a peptide/matrix solution (2 ~ 10 pl) and kept

at room temperature for 5 min, then the desalted super-

natant solution was applied to the probe tip for mass

spectral analysis. Each spectrum was produced by accu-

mulating data from 64 laser shots. Spectra were ob-

tained from different regions of the probe tip, and a

representative spectrum was selected for analysis.

Time-to-mass conversion was achieved by either exter-

nal or internal calibration using peaks for Na+ (m/z

22.99), K+ (m/z 38.96), matrix peaks (a-cyano-4-hy-

droxycinnamic acid, [M + H]” at m/z 190.17 and m/z

379.34 for [2M + H]”), and insulin peaks ([M + H]+ at

m/z 5734.6 and m/z 2867.8 for [M + 2H]").

Mass mapping. A computer program3 was written

using Microsoft Visual Basic Version 1.0 for Windows

(Microsoft Corp., Redmond, WA) to calculate the

masses of possible peptide fragments and phosphopep-

tide fragments from the specific enzymatic or chemical

degradation of a protein and the m/z value of the mass

spectral peak for the corresponding [M + H]"’ ion. Be-

cause of its limited resolution, MALDI-TOF mass spec-

trometry provides only the average masses of ions

rather than their monoisotopic masses. In the program,

the average masses were used instead of monoisotopic

masses which are typically used by programs designed

for MS analysis (e.g., MacProMass software, by Terry

Lee and Sunil Vemuri, Beckman Research Institute of

’ This program is available upon request from the authors.

the City of Hope, Duarte, CA). Because partial digestion

is not an uncommon situation even when long incuba-

tion times are used, the program computes masses for

peptides from not only complete but also partial diges-

tion.

RESULTS

Three model peptides were phosphorylated at serine,

threonine, and tyrosine, respectively. KRPpSQRI-IG-

SKY-amide, KRpTLRR, and LKRApYLG-amide were

synthesized to study the validity of identifying a phos-

phopeptide by MALDI-TOF mass spectrometry. The

first step is to determine whether the peptide is phos-

phorylated. This can be done by obtaining MALDI mass

spectra before and after treatment with alkaline phos-

phatase. Figure 1 shows the expected -80-Da mass

shifts in the MALDI spectra due to the loss of phos-

phate moieties after dephosphorylation, confirming

that these three model peptides were phosphorylated.

The dephosphorylation reactions were carried out on

the probe by treating 1 pmol of each phosphopeptide

with alkaline phosphatase. The MALDI signal was then

obtained on the same probe sample. The high concen-

tration of buffer used often made the dried sample form

a thick cake. In some experiments, this hindered signal

generation. Moving the laser beam to find the proper

spot on the sample surface to obtain optimum signal is

often necessary. If problems are encountered at this

point, one can remove bufi'er salts by dipping the sample

probe in cold water for l or 2 s (39). This simple proce-

dure often gives surprising improvement in the ability

to obtain the mass spectrum.

Usually, 1 pmol is the least amount ofsample that can

be easily handled (40). The lower limits of detectability

were examined by serial dilution of the three model

phosphopeptides and their dephosphorylated forms:

the results are shown in Table 1. The limits of detection

of dephosphorylated peptides were not investigated at

levels lower than 1 fmol. At the low femtomole level,

moving the laser beam to find the proper spot on the

target to obtain the optimum signal was usually neces-

sary. Figure 2 shows the mass spectrum of a phospho-

peptide, KRPpSQRHGSKY-amide, using only 10 fmol

of the analyte. A very good signal-to-noise ratio (~25:1)

is still obtained. Compared to FAB, MALDI is clearly

much more sensitive. FAB usually requires hundreds of

pmols or more of peptide to yield satisfactory signals.

Among the three model phosphopeptides, KRPpSQ-

RHGSKY-amide gave the weakest response in FAB-

MS. Even 1 nmol of this phosphopeptide in glycerol ma-

trix did not give any detectable signal using a JEOL

PIX-110 double focusing mass spectrometer.

Because there is only one possible phosphorylation

site in the known sequence of this peptide, the presence

of a -80-Da mass shift in the spectra ofKRTLRR (Figs.
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FIG. 1. The -'-80 Da mass shift of mass spectral peaks due to the loss of phosphate moiety after the dephosphorylation of three model

phosphopeptides is shown. The dephosphorylation reaction was done on the probe at room temperature for 6 h by treating phosphopeptide

with alkaline phosphatase using 1 pmol of peptide. The MALDI signal was then obtained from the same probe.

1c and 1d) is all the information needed to assign the

phosphate to T3. However, in the case of p-KRPSQR-

HGSKY-amide, the single —80-Da mass shift upon de-

phosphorylation (Figs. 1a and 1b) indicates monophos-

phorylation, but no information on the site of

phosphorylation among the three possible sites, S4, SB,

and Y11. In such cases, the possible phosphorylation

sites can be distinguished by enzymatically or chemi-

cally cleaving the peptide into smaller pieces which can

then be analyzed by mass spectrometry. Figure 3 shows

the tryptic digestion of p-KRPSQRHGSKY-amide

which was performed to successfully locate the phos-

phorylation site among two possible tryptic fragments.

Figure 3a shows the peak representing the ionized intact

molecule at m/z 1424. Following digestion, two peaks

appear at m/z 591 (which contains 89 and Y11) and m/z

852 (which contains S4) (Fig. 3b). Dephosphorylation

TABLE I

The Detectabilities of Three Phosphopeptides

and Their Dephosphoryiated Forms

 

 

does not affect the peak at mlz 591; however, the peak at

m/z 852 shifts by —80-Da to m/z 772 (Fig. 3c). This in-

formation is sufficient to establish S4 phosphorylation.

MALDI is a suitable technique for optimizing enzy-

matic or chemical reaction conditions because of its

high sensitivity and speed of analysis. To monitor the
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extent of reaction, small fractions can be taken from a

reaction mixture for direct mass spectrometric analysis.

Figure 4 shows the time-course monitoring of the de-

phosphorylation reaction of KRpTLRR. The results

suggest that 15 min of incubation with alkaline phos-

phatase at 37°C (Fig. 4a) can dephosphorylate this

phosphopeptide to the extent that the —80-Da mass

shift is easily observed. In Fig. 4a. the peaks which repre-

sent both the phosphorylated and dephosphorylated

forms of a peptide in the same mass spectrum make the

-80-Da mass shift from dephosphorylation easy to de-

tect, even without internal calibration. However. this is

not an essential requirement to detect the dephosphor-

ylation reaction when a phosphopeptide is treated with

alkaline phosphatase. These results also indicate that

the dephosphorylation reaction was complete within 2

h. Another ancillary finding in this study is that a sec-

ond peptide lacking one arginine residue is present (as

indicated by the mass spectral peaks at m/z 754 and 674

for the phosphorylated and dephosphorylated forms, re-
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FIG. 3. The tryptic digestion of p-KRPSQRHGSKY-amide was

performed to locate the phosphorylation site among three possible

sites (S4. 59. Yll). 80 ug of phosphopeptide was digested by trypsin.

50 pmol of the digestion mixture was dephosphorylated by alkaline

phosphatase and used to obtain each mass spectrum.
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FIG. 4 . Time course monitoring of the dephosphorylation reaction

of KRp’I‘LRR. 100 pmol of peptide was incubated with alkaline phos-

phatase at 37’C. 10 pmol of analyte was used to obtain each mass

spectrum. The minor peaks at m/z 754 and 674 likely correspond to

the phosphorylated and dephosphorylated forms. respectively. of a

peptide impurity lacking an R residue formed during the synthesis of

KRpTLRR.

spectively). The origin of this component is probably an

impurity formed by a missed cycle during the synthesis

of KRTLRR,‘ although it could also be due to a contami-

nating exopeptidase activity in the alkaline phospha-

tase. This component could not be readily detected by

non-mass spectrometric methods.

‘ This peptide impurity was also detected in the MALDI spectrum

of the original untreated peptide sample. although the impurity peaks

(phosphorylated form at m/z 754 and unphosphorylated form at m/z

674) are below the mass range of the spectra presented in Figs. 1c and

1d.
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lIELEELNWG srvssms-s-s-ii at threonine on bovine fl-casein (43). Usually, this infor-

£51111:an “1.05.8300?! mation can be obtained by phosphoamino acid analysis

u so (44). Based on this assumption, the monophosphory-

EEDELQDKIH "Amos”: lated peptide can be uniquely assigned as p33-48, FQp-

PFPGPIPNSL PQNIPPLTQ‘I‘ SEEQQQTEDELQDK. Alternatively, enzymatic diges-

3vmppmp EWGVSKVK‘E tion by another specific protease can be performed, so

‘33“?me "mpvapiyl: that the mass mapping information from two or more

m m different specific degradations is combined to indicate

350513130" ENLHLPLPEE: the site of phosphorylation. HPLC fraction 4, which

QSWHHQPHQP LPP’I'VHFPPQ contains phosphopeptide p33-48, FQpSEEQQQTEDE-

‘gVLSLSQsm LPWQKAVP‘? LQDK, also contains another peptide, 106-113, HKE- '

xéxomupmu “Young; MPFPK (m/z 1014.1). This shows that the method used

m m here can tolerate coeluting components in an HPLC

VRGPFPIIV fraction, in contrast to the poor tolerance for peptide

' phosphorylated residues

FIG. 5. The primary structure of bovine d-casein.

Bovine B-casein is a welhcharacterized multiply

phosphorylated protein for which the phosphorylation

sites have been previously determined by other methods

(1,41). Figure 5 shows the primary structure of bovine

B-casein (41,42). A 580-ug sample (24 nmol) of bovine

fl-casein was digested by trypsin (nanomolar amounts

were used here, since the focus of this work is not the

optimization of digestion reactions, but to demonstrate

the utility of MALDI-MS following enzymatic cleav-

age). Since fl-casein is much larger than the previous

examples and more products are expected, the analysis

was performed after a rough chromatographic separa-

tion by reverse-phase HPLC (using 10 pg or 400 pmol

digest mixture). Without the aid of radioactive isotope

labeling, each HPLC fraction (2 pmol, assuming 100%

recovery from HPLC) was subjected to MALDI analysis

before and after phosphatase treatment to determine if

there were any phosphopeptides in the fraction. The

presence of phosphopeptide(s) was reflected by the -80

(or multiples of —80)-Da mass shifts of peaks in the

mass spectra following dephosphorylation. Fifteen

HPLC fractions were collected; only two phosphopep-

tides (in fractions 4 and 7) were identified among the

tryptic peptides. Figure 6 shows the mass spectra of

fractions 4 and 7 which indicated the phosphorylation

sites of bovine fl-casein. Table 2 lists the predicted

masses of peptide fragments between the mass range 0

~ 4000 Da. All of the major peaks shown in Fig. 6 can be

assigned unambiguously to tryptic peptides or phospho-

peptides from the predicted masses. From Figs. 6a and

6b and Table 2, a good match between observed and

calculated values at m/z 2064.0 (calculated 2063.0,

before dephosphorylation) and at m/z 1983.4 (calcu-

lated 1983.0, after dephosphorylation) indicates that

only monophosphorylated peptide p33-48, p-FQSEEQ-

QQTEDELQDK, fits the observed data. It was previ-

ously determined that phosphorylation does not occur

impurities in Edman degradation analysis. This advan-

tage greatly lowers the criteria for the chromatographic

separation of the peptides.

For fraction 7, the ~320-Da mass shift (from m/z

3125.2 to m/z 2804.8) after alkaline phosphatase treat-

ment shown in Figs. 6c and 6d suggests that there are

four phosphorylation sites on this peptide fragment. By

referring to Table 2, this phosphopeptide is uniquely

assigned to be pppp1-25, pppp-RELEELNVPGEIVES-

LSSSEESITR. The peak at m/z 3125.2 in Fig. 6c could

correspond to either a peptide of calculated mass 3124.0

(differing by 0.04%) or 3127.8 (differing by 0.08%) in

Table 2. However, the latter requires six phosphory-

lated residues and can thus be excluded because alkaline

phosphatase treatment indicated that this peptide has

only four phosphorylated residues. That is, if this pep-

tide does have six phosphorylation sites, the partially

dephosphorylated peak at m/z 2804.8 (=3125.2 - 80 X

4) would be unlikely. The additional peak at m/z 2648.8

(Fig. 6d) probably represents the dephosphorylated

form of tryptic fragment 2-25. Presumably incomplete

separation gave a mixture of 1-25 and 2-25, which were

both dephosphorylated. The peptide 1-25, RELEEL-

NVPGEIVESLSSSEESITR, has five serine residues

and one threonine residue, four ofwhich are phosphory-

lated. To further characterize the phosphorylation sites

on this peptide, the enzymatic digestion of HPLC frac-

tion 7 by endoproteinase Glu-C was performed. A pre-

dicted peak at m/z 1059.8 was found in the mass spec-

trum (Fig. 6e), which corresponded to the sequence,

pppp15-21, pSLpSpSpSEE. This peak provides unam-

biguous information about the remaining phosphoryla-

tion sites. Only five peaks were predicted to be found in

the m/z 1000 ~ 1100 range: m/z 1000.1 (peptide frag-

ment 3-11), m/z 1031.0 (peptide fragment p12-20), 172/:

1058.7 (peptide fragment pppp15-21), 172/: 1080.1 (pep-

tide fragment 12-21), and m/z 1099.2 (peptide fragment

5-14), each of which could be easily distinguished with-

out ambiguity. With this information, the phosphopep-

tide observed in Fig. 6c with a peak at m/z 3125.2 was

assigned as ppppl-25, RELEELNVPGEIVEpSLpSpS-

pSEESITR. These conclusions concerning phosphory-



LOCATION OF PROTEIN PHOSPHORYLATION SITES

Tryptlc Digestion

 

 

    

101

15

 

(e)

IO$9J

mlszissmpspsts

 

 

   

HPLC
{——

"(m-'—

Fraction 4 lm Fraction 7 -

I pmmoyseso T Glu—C Digestion “*‘N‘V

(I) oorsnaoox

2064.0

msnxmtmrnx

IOIH

b lDepbosphorylatlon
2‘ l I] I PM I In

E I0l4.l E iffissm 1m .

~53 (b) 5 (d)
° 3343.? as "

:3. timing—cock ‘5 40.4
I Q

2 no.4 2 ‘

JE ’“"
III” 15“) mlgooo 2500 3G” If!» ISN mom/z 25W 3“» 3500

FIG. 6. The mass spectra of HPLC fractions 4 and 7 which indicated the phosphorylation sites of bovine flocasein. 2 pmol (assuming 100%

recovery from HPLC) ofeach fraction was incubated with alkaline phosphatase at 37'C for 15 min and used to obtain each mass spectrum. 100

pmol (assume 100% recovery from HPLC) of HPLC fraction 7 was digested with endoproteinase Glu-C at room temperature for 4 h, and 10

pmol of analyte was used to obtain the mass spectrum.

lation sites of bovine fi-casein coincide with the five

phosphorylated sites reported previously (41). Table 3

summarizes our data and the assignments of the peaks

in the spectra.

From Fig. 6c, it can be seen that the peptide ppppl-

25, RELEELNV’PGEIVEpSLpSpSpSEESITR, has a

strong tendency to form multiple-sodium adducts in

MALDI. Cation exchange resin (AG 50W-X8, Bio~Rad)

was used to desalt the analyte/matrix solution before

loading sample to probe tip for mass spectral analysis

(45). Figure 7 shows the mass spectrum of HPLC frac-

tion 7 of which analyte/matrix solution has been de-

salted by cation exchange resin. Most of the sodium ad-

ducts of this peptide were eliminated by this method.

Only the peak for [M + Na]* still remained intense,

although the peak for [M + I-I]+ dominates. This also

qualitatively indicates that this multiply phosphory-

lated peptide exhibits a very strong aflinity for Na".

It would be highly desirable to analyze the digestion

mixture by MALDI without any chromatographic sepa-

rations. This direct approach was evaluated. Figure 8

shows the mass spectrum of tryptic digestion mixture of

bovine B-casein before and after alkaline phosphatase

treatment. Table 4 lists the identified peaks observed in

the MALDI spectra. Most of the peaks shown in the

spectrum can be interpreted as tryptic peptides. How-

ever, there are still some unidentifiable peaks which

might be caused by impurities in the sample or nonspe-

cific cleavages. From the presence of tryptic peptides

98-107, 98-113, 114-169, and 106-169 shown in Table 4,

it is clear that the enzymatic cleavage reaction did not

go to completion. However, it is likely that peptides

1-25. 29-32, 33-48, 49-97. and 177-183 are present in

comparable amounts. If all tryptic peptides give the

same response in MALDI, one should expect that the

signals from these peptides would have comparable in-

tensities in the spectrum. Nevertheless, the signal in-

tensities vary considerably for these tryptic peptides as

shown in Fig. 8. The peaks at m/z 2911.7 and 2804.2 are

dominant in Figs. 8a and 8b, respectively. Presumably,

such pronounced differences in response can be attrib-

uted to different ionization efficiencies of peptides by

MALDI and/or suppression effects. We have previously

reported that the proton affinities of peptides might af-
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TABLE 2

Possible Tryptic Peptides (Includes All Possible Phospho-

peptides by Considering Phosphorylation at Serine, Threo-

nine, and Tyrosine Residues) from Bovine B-Casein in the

Mass Range of 0 ~ 3500 Da Calculated from the Mass-Map-

ping Program

 

 

m/z Peptide m/r Peptide

147.2 29-29 2887.8 3p, 2-25

175.2 1-1 2911.5 184-209

246.3 93-99 2917.0 1p. 26-48

284.3 106-107 2964.0 2p. 1-25

374.4 26-28 2967.8 4p, 2-25

389.4 30-32 2991.5 1p, 184-209

502.6 26-29 2997.0 2p, 26-48

517.6 29-32 2999.5 177-202

646.8 100-105 3003.3 2-28

742.9 203-209 3044.0 3p, 1-25

746.9 108-113 3047.3 5]), 2.25

781.0 170-176 3079.5 1p, 177-202

330.9 177-133 3083.3 1p, 2-23

73.1 26-32 3124.0 4p. 1.25

874.1 98-105 3127.8 6p, 2-25

910.9 1p,177-183 3131.4 229

912.1 100-107 3159.5 1-28

1014.2 106-113 3159.5 2p. 177-202

1139.4 98-107 3163.3 2p, 2-28

1592.9 170-183 3204.0 5p. 1-25

[642.0 100-113 3211.4 1p, 229

1672.9 1p,170-183 3239.5 1p, 1-28

1869.3 98-113 3243.3 3p. 2-28

1983.0 33-48 3284.0 6p. 1-25

2063.0 1p, 3348 3287.6 1-29

2143.0 2p, 33-48 3291.4 2p, 2-29

2187.6 184-202 3319.5 2p. 1-28

2267.6 1p. 184-202 3323.3 4p, 2-28

2353.4 3043 3367.6 1p. 1.29

2433.4 1p 30-48 33714 3p, 2-29

2481.6 29-48 3399.5 3p. 1-28

2513.4 2p, 30-48 3403.3 5p. 2-28

2561.6 1p, 2943 3447.6 2p. 1.29

2641.6 2p, 29-48 3451.4 " 4p. 2-29

2647.8 2-25 3479.5 4p. 1-28

2727.8 10, 2-25 3483.3 6p, 2-28

2804.0 1-25

2807.8 2p. 2-25

2837.0 26-48

2884.0 1p, 1-25

 

fect proton transfer chemistry which occurs in the

MALDI sources (46). Another important observation is

that the peak at m/z 2911.7 representing the nonphos-

phorylated tryptic fragment 184-209 is very intense

(base peak), but its intensity was reduced after the di-

gestion mixture was treated with alkaline phosphatase.

In the phosphatase-treated sample spectrum (Fig. 8b), a

new peak at m/z 2804.2, originating from the dephos-

phorylated tryptic peptide, pppp1-25, RELEELNVP-

GEIVESLSSSEESITR, emerged as the base peak, al-

though the tryptic fragment 184-209 was not modified

by the enzymatic reaction (alkaline phosphatase). The

ionization of the peptide corresponding to the peak at

m/z 2911.7 may be suppressed by the peptide contribut-

ing the peak at m/z 2804.2 or these peptides may have

dramatically different responses in MALDI analysis.

Thus, for mixtures, all peptide fragments are not neces-

sarily detectable in MALDI-MS (37,47,48).

DISCUSSION

There are three steps to locate phosphorylation sites

in a phosphoprotein by the proposed method: (i) de-

grade a phosphoprotein into small peptides and phos-

phopeptides by specific enzymatic or chemical reac-

tions; (ii) identify phosphopeptides by -80 (or multiples

of --80)-Da mass shifts after dephosphorylation with

alkaline phosphatase; (iii) locate phosphorylation sites

by mass mapping. The latter step may involve the use of

several specific proteases and subsequent mass spectral

analyses by MALDI-MS. Like other methods to locate

phosphorylation sites, phosphoproteins must first be

cleaved into small peptides and phosphopeptides by en-

zymatic or chemical reactions prior to analysis. The di-

gestion mixture of peptides and phosphopeptides from a

phosphoprotein can be fractionated by reverse-phase

HPLC, and then subjected to MALDI analysis. Direct

analysis of the unfractionated digestion mixture by

MALDI is also possible. However, there are still practi-

cal difficulties encountered at times when a complicated

digestion mixture is analyzed due to the differential re-

sponses and/or suppression of peptides in a mixture. A

reagent is then required which removes the phosphate

moiety from a phosphopeptide, so a phosphopeptide can

be identified from the ~80-Da mass shift (—OP03H2 ->

-OH). Enzymatic dephosphorylation by a phosphatase

is useful for this purpose. If there is more than one

‘ phosphorylation site in the peptide, then mass shifts of

multiples of -80 Da will be observed. With a known

protein sequence, locating phosphorylation sites is

achieved by "mass mapping." Owing to the advances in

techniques of molecular biology, solving the primary

structure of a protein has become much easier. To fulfill

the conditions of mass mapping, one requirement must

be met: the phosphoprotein must be cleaved in a specific

way, so the number of fragments and their correspond-

ing masses can be predicted and calculated. Once a list

of possible fragments and their corresponding masses is

made, a peptide fragment can be readily mapped by its

mass to find its identity. In cases when more than one

peptide may be close in mass, secondary enzymatic di-

gests and MALDI analysis can be used. Various endo-

proteinases, such as trypsin, endoproteinase Glu-C, and

endoproteinase Asp-N, which cleave proteins at specific

sites, are suitable for this purpose. Specific degradation

by chemical reagents, such as cyanogen bromide, would

also be useful, as long as the masses of generated pep-

tide fragments are predictable.
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TABLE 3

The Assignment of Major Peaks Shown in Figs. 6a-6e

 

 

Peptide (M) Figure Observed m/z Calculated ml: for [M + H]’

p33-48. FQpSEEQQQTEDELQDK 6a 2064.0 2063.0

33-48. FQSEEQQQTEDELQDK 6b 1983.4 1983.0

106-113, HKEMPFPK 68,b 1014.1 1014.2

pppp1-25, pppp-RELEELNVPGEIVESLSSSEESITR 6c 3125.2 3124.0

1-25, RELEELNVPGEIVESLSSSEESITR 6d 2804.8 2804.0

pppp15-21, pSLpSpSpSEE 6e 1059.8 1058.7

 

The major advantages of the proposed method are:

fast analysis, easy operation, high sensitivity, and abil-

ity to analyze mixtures. Importantly, there is no neces-

sity for radioactive isotope labeling, a requirement for

other procedures (2—18). In our laboratory, 24 samples

can be readily analyzed within 2 h. Once the samples are

prepared on probes, each sample requires only 1 min to

acquire a spectrum. The high sensitivity of this method

is also important when the amount of available phos-

phoprotein is limited. The low to subpicomoIe-level sen-

sitivity allows, in many cases, the use of multiple enzy-

matic digests to obtain the desired information. The

ability to analyze mixtures eliminates tedious separa-

tion work especially given the likelihood that two or

more components will coelute under typical HPLC con-

ditions.

Another question associated with this method is:

what is the mass accuracy requirement for the mass

spectrometer in this approach? The mass accuracy of

MALDI-TOF mass spectrometer has been reported to

be as good as 0.01% by several research groups (31,32).

 

3129.3 (M+m+
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FIG. 7. The mass spectrum of HPLC fraction 7, for which the ana-

lyte/matrix solution was desalted using a cation exchange resin. 20

pmol fraction 7 was mixed with matrix solution and five beads of

cation exchange resin at room temperature for 5 min, then the de-

salted solution was applied to the probe tip for mass spectral analysis.

Such mass accuracy corresponds to 0.1 mass unit for an

ion of mass 1000 Da, or 1 mass unit for an ion of mass

10,000 Da. However, in our experience, a mass accuracy

of 0.1% is a value which can be realistically maintained

for routine analyses. To determine if a mass accuracy of

0.1% is sufficient for the mass mapping of the phos-

phorylation sites in a protein, we have performed some _

calculations using the computer program described in
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FIG. 8. The mass spectra of the tryptic digestion mixture of bovine

B-casein before and after the phosphatase treatment. 20 pmol of the

digestion mixture was incubated with alkaline phosphatase at 37°C

for 15 min. 2 pmol of the analyte was used to obtain each mass spec-

trum.
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TABLE 4

Identified Peaks of Tryptic Peptides

Observed in Figs. 8a and 8b

 

 

 

Calculated ml: for

Peptide ()4) Observed ml: [M + H]’

29-32 538.8' 539.6‘

177-183 831.7 830.9

98-107 1 138.5 1 139.4

98-113 1868.6 1869.3

3348 1982.2‘ 1983.0

1p. 33-48 2063.7 2063.0

184-202 2187.9 2187.6

1-25 2804.2‘ 2804.0

184-209 2911.7 2911.5

4p, 1-25 3125.0 3124.0

3149.5‘ 3146.0'

49-97 5314.1‘ 5320.2

114-169 6361.7‘ 6363.3

106-169 7359.0' 7358.5

‘ Sodium adduct.

‘ Data from Fig. 8b. The rest of data were obtained from Fig. 8a.

' Peak not shown in Fig. 8.

this paper. The computer program can generate a list of

possible peptide fragments from a specific enzymatic

digestion of a protein and sort them by their mass val-

ues. The difference (A,) and % relative difference (%A.)

of mass values between two adjacent peptides in the list

are defined as,

A, = (massm) - (mass,), and

%A, = 100% X Ai/(massi),

where, i = 1 to (n - 1), and n is the number of peptide

fragments in the list. For example, in Table 2, the pair of

ions m/z 2143.0 and 2063.0 yields a %A, value of 3.9%;

while the pair of ions m/z 2999.5 and 2997.0 yields a %A,

value of 0.08%. The %A, of tryptic peptide fragments

from bovine B-casein were calculated and categorized

into two subsets:

I. %A, is less than 0.1%.

11. %A, is greater than or equal to 0.1%.

Since the mass accuracy of MALDI-TOF is often better

than 0.1%, the mass assignment of a peptide, in mass

mapping would be unambiguous if both %A.,, and %A,

fall into subset II (that is, the peak for peptide. could be

separated from the closest peaks above and below on

the m/z axis). For the tryptic peptides from bovine fi-ca-

sein (MW 23,983), the numbers of peptides with %A.

values greater than (or equal to) 0.1% and less than

0.1% were calculated and plotted as a function of mass

(Fig. 9). Two situations were considered: all peptides

with possible phosphorylation at serine, threonine,

and/or tyrosine (Fig. 9a) and all possible peptide frag-

ments after complete dephosphorylation (Fig. 9b).

From Fig. 9a, it is clear that to identify a peak repre-

senting a potential phosphopeptide which has not been

treated with alkaline phosphatase in the mass range 0

~ 2000 Da by mass mapping is unambiguous (24 of 24

peptides with %A, greater than or equal to 0.1%). For a

peak in the mass range higher than 2000 Da, it is more

ambiguous. For example, the peak at m/z 2064.0 in Fig.

6a can be unambiguously mapped as tryptic peptide

p33-48, p-FQSEEQQQTEDELQDK by using Table 2.

In contrast, the peak at m/z 3125.2 in Fig. 6c cannot be

unambiguously mapped. The calculated masses of two

tryptic peptides (m/z 3124.0, pppp1-25, and m/z 3127.8,

pppppp2-25) are both close to rule 3125.2 and differ by

less than 0.1% in mass. However, the ambiguity can be

clarified by treating this peptide with alkaline phospha-

tase to reveal the number of phosphate groups on it.

When one has identified a phosphopeptide by a mass

shift due to dephosphorylation, it is only necessary to

match the dephosphorylated form of this peptide

among all tryptic peptides without considering phos-

phorylation. From Fig. 9b, it is found that there is no

ambiguity in mass mapping in the mass range 0 ~ 8000

Da, and the chance of finding fragments with %A. less

than 0.1% is only 3 out of 126 peptides in the mass range

0 ~ 24000 Da. However, because the primary object is to

locate the phosphorylation sites within a small domain
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FIG. 9. The number of possible tryptic peptides (N) from bovine

8-casein were calculated for different mass ranges. The proportion of

the total possible tryptic peptides from bovine 6-casein with %A. less

than 0.1% (black) and %A. greater than or equal to 0.1% (white) are

indicated for (a) the case which there is possible phosphorylation at

serine. threonine, and/or tyrosine, and (b) the case which all peptides

have been dephosphorylated. See text for discussion.
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along the polypeptide chain, a peptide fragment smaller

than mass 3000 D3, or 5000 Da at most, will yield useful

information. It is concluded that the 0.1% mass accu-

racy is sufficient for mass mapping to identify the tryp-

tic peptides from B-casein, and thus locate its phosphor-

ylation sites.

A major limitation of MALDI-TOF mass spectrome-

try is that the signal intensities vary considerably be-

tween peptides, particularly when they are present in a

mixture. Some peptides may not give a detectable signal

(46). This can hamper the proposed method in certain

cases. In addition, suppression effects have been ob-

served in a complicated tryptic digest mixture, which

potentially make interpretation of MALDI spectra dif-

ficult. Thus. sample fractionation may still be required

in some cases. Sample consumption in this method is

primarily limited by sample handling in digestion and

separation, rather than by the detection limits of

MALDI-TOF-MS. The incorporation of microdigestion

and microseparation into this method is currently

under investigation in our laboratory.
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Phorbol 12-Myristate 13-Acetate-induced Phosphorylation of Op18 in

Jurkat T Cells
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Op18 is a widely expressed, cell cycle-regulated,

phosphoprotein involved in signal transduction of a

variety of stimuli. In actively proliferating Jurkat T

cells which express Op18 at high level. phorhol 12-

myristate 13-acetate (PMA) treatment induces a rapid

increase in the level of several Op18 phosphorylated

forms. To determine phosphorylation sites involved in

the PMA effect. the major Op18 phosphorylated forms

were resolved in Jurkat T cells. before and after treat-

ment with PMA, using preparative immobilized pH

gradient-based two-dimensional polyacrylamide gel

electrophoresis. Tryptic fragments of phosphorylated

Op18 were analyzed by two-dimensional thin layer

peptide mapping and were resolved by reverse-phase

high performance liquid chromatography prior to

analysis by matrix-assisted laser desorption ionization

mass spectrometry. Phosphorylation sites were iden-

tified by further treatment of the proteolytic fragments

with different enzymes and determination of the mass

shifts by matrix-assisted laser desorption ionization

mass spectrometry. Two major phosphorylation sites

were identified. Low constitutive levels of phosphoryl-

ation at Ser” and Ser” in Op18a and Op18b was

demonstrated. Treatment with PMA resulted in en-

hanced phosphorylation of Ser” in Op18a and of both

Ser" and Ser“ in Op18b. Taken together with prior

studies of Op18 phosphorylation. the data suggest that

Op18 phosphorylation occurs at identical sites in dif-

ferent tissues and organisms.

 

Phosphorylation of the highly conserved cytosolic protein
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Op18 has been implicated in signal transduction in a wide

variety of cell types (1-6). While the effect of Op18 phos-

phorylation on activity of the protein is not known. several

findings have emerged that suggest an important role for

Op18 phosphorylation. Freshly isolated PBL‘ constitutively

express low levels of mostly unphosphorylated Op18 (1). Upon

activation of resting PBL through the T cell receptor, there

is rapid phosphorylation of Op18. At least five phosphorylated

forms have been identified that are differentially expressed

during the cell cycle (7). In proliferating cells, such as Jurkat

leukemic T cells, there is an increase in the level of phos-

phorylated forms of Op18 in response to treatment with

phorbol 12-myristate l3-acetate (PMA). While Op18 phos-

phorylation following activation of resting T cells is associated

with progression through the cell cycle. in Jurkat T cells.

phosphorylation of 0p18 in response to PMA is associated

with down-regulation of cell proliferation (8, 9). Evidence also

exists for altered Op18 phosphorylation in pathologic states.

In neuroblastoma tumors, the phosphorylation of Op18 is

substantially diminished in aggressive tumors in which the

N-myc oncogene is amplified relative to more benign tumors

with a nonamplified N-myc oncogene (10). In contrast to

proliferating normal lymphoid cells in which Op18 is substan-

tially phosphorylated, in freshly isolated acute leukemia cells,

Op18 occurs at high levels. predominantly in a nonphosphor-

ylated form (11).

An understanding of the potential role of 0p18 in signal

transduction and of the significance of its variable phos-

phorylation requires elucidation of the mechanism of its phos-

phorylation in response to various stimuli and of the basis for

its altered phosphorylation in pathologic states. Of basic

importance is the identification of residues that are phos-

phorylated and that account for the different phosphorylated

forms of Op18. Previous studies have established. based on

phosphoamino acid analysis. that phosphorylation occurs on

serine residues (6, 12). Several approaches have become avail-

able to characterize protein post-translational modifications

by mass spectrometry. We have recently demonstrated that

Op18 undergoes N-terminal acetylation, on the basis of data

obtained by FAB/CAD/MS/MS (13). Studies by others using

enzymatic digestion and on-line HPLC FAB/MS have led to

 

‘ The abbreviations used are: PBL. peripheral blood lymphocytes;

PMA. phorbol 12-myristate 13-acetate; FAB. fast atom bombard-

ment; CAD, collisionally activated dissociation; MS, mass spectrom-

etry; HPLC. high performance liquid chromatography; MALDI. ma-

trix-assisted laser desorption ionization; PAGE. polyacrylamide

gel electrophoresis; IPG. immobilized pH gradient; PVDF.

poly(vinylidene fluoride).

14269



108

14270

the identification of Ser25 and Ser" as phosphorylation sites

of Op18 (p19) isolated from bovine brain (14).

MALDI/MS has been used primarily for molecular weight

determinations of intact proteins (15-17). The high sensitivity

(picomole to sub-picomole detection limits) of this technique

and its property of tolerating relatively high concentrations

of contaminants such as buffer salts make it well suited for

molecular weight determinations of peptides derived from

small quantities of cellular proteins. Recently. several groups

have used MALDI/MS in combination with enzymatic or

chemical modification of peptides to obtain sequence infor-

mation by analyzing mass shifts in the MALDI spectrum

following peptide modification (18-21).

In this investigation we have undertaken an analysis of

Op18 phosphorylation in response to treatment of Jurkat T

cells with PMA. using MALDI/MS combined with picomole-

scale enzymatic treatment of proteolytic fragments. With this

approach. low level constitutive phosphorylation at Ser” and

Ser‘“ was observed. However. phosphorylation at Ser" was

the major change in Op18a after treatment with PMA.

MATERIALS AND METHODS

Cell Culture and Metabolic ”P Labeling—The human lymphoid

leukemic T cell line. Jurkat. was cultured in RPMI 1640 medium

(GIBCO/BRL) supplemented with 10% fetal calf serum. Prior to

harvest. cells were treated with PMA (1 ng/ml) for 10 min. Cells were

harvested by centrifugation at 1200 rpm for 5 min. The cell pellet

was washed twice with phosphate-buffered saline. In some experi-

ments. Jurkat cells were maintained in serum-free medium for 11

days at which time cell density reached a plateau of 1.8 x lO‘/ml for

4 days during which cell viability remained constant at 67%. For

metabolic labeling. cells (10 x 10‘/ml) were suspended in phosphate-

free RPMI 1640 containing [”Plorthophosphate. carrier-free (Amer-

sham Corp.; 400 uCi/ml). for 2 h at 37 ’C. At the end of the labeling

period. PMA (Sigma) was added to the cell suspension at 1 ng/ml for

10 min. and cells were harvested.

Purification of 0p18 Phosphor-ylated Forms—The major Op18

phosphorylated forms. Op18a and Op18b. were purified by preparative

two-dimensional PAGE using an IPG-based isoelectric separation in

the first dimension as previously described (22). Cells were lysed with

a buffer containing 8 M urea. 2% (v/v) Nonidet P40. 0.8% (w/v)

Ampholine. pH 3 5—10. 2% (v/v) mercaptoethanol. 0.9 mM phenyl-

methylsulfonyl fluoride. 25 mm NaF. and 2 mM sodium vanadate.

IPG gels. pH 4-7 (17-cm separation distance. Pharmacia/LKB.

Broma. Sweden). were rehydrated with 8 M urea. 2% Nonidet P-40.

and 0.1 mM orange G as an indicator dye. Protein was applied to the

anodes and focusing was for 100 kV-h. The second dimension SDS

gels were an 11.5—14% acrylamide gradient. Proteins were electro-

phoretically transferred to nitrocellulose or PVDF (Immobilon P.

Millipore. Bedford, MA) with a semidry blotting system (SemiPhor.

Hoefer). Transfer buffer was 50 mt! sodium borate containing either

20% (v/v) methanol (anode) or 5% (v/v) methanol (cathode). Elec-

trophoretic transfer was at 1.3 mA/cm’ for 2 h. ”P-Labeled 0p18a

and Op18b were localized by autoradiography on Kodak XAR film

and excised. Protein was eluted from PVDF membranes with 5%

Tween 20 in 10 ran sodium phosphate. pH 7.0. for 4 h at 37 ‘C.’

Protein was precipitated with 15% trichloroacetic acid overnight at

4 'C. Precipitated protein was collected by centrifugation and washed

three times with acetone at -20 'C.

Proteolytic Digestion and Peptide Isolation—In situ trypsin diges-

tion was performed as described by Aebersold (23). Briefly. nitrocel-

lulose pieces were blocked with 0.5% (w/v) polyvinyl pyrrolidone-360

(Sigma) in 100 mM acetic acid for 30 min at 37 'C and washed

extensively with deionized water and digestion buffer. Digestion was

performed with modified trypsin (Promega. Madison. WI) (1:10.

enzyme to substrate) in 50 mat ammonium bicarbonate at 37 'C.

Following 4 h of incubation. a second aliquot of trypsin was added.

and the incubation was continued for another 12 h. At the end of

digestion. the solution and a buffer rinse were combined and dried in

a Speed Vac (Savant. Farmingdale. NY). Alternatively tryptic diges-

tion was performed on protein eluted from PVDF membranes as for

in situ digestion. Tryptic peptides were redissolved in 0.1% (v/v)

 

’J. Leykem and J. R. Strahler, manuscript in preparation.
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trifluoroacetic acid- “:0 (solvent A) and injected onto a C.. column

(Vydac. 2.1 x 150 mm). Peptides were separated using a linear

gradient from 5% to 60% solvent B (0.07% (v/v) trifluoroacetic acid

in 80% (v/v) CHJCN'H30l in 55 min at a flow rate of 150 ill/min.

Radioactivity of all the fractions were checked by Cerenkov counting.

Radioactive fractions were used for thin layer phosphopeptide map-

ping and phosphorylation site studies. Thin layer phosphopeptide

mapping was done as described by Boyle et al. (24). An aliquot of

peptide was dried and redissolved in 5 ul of the first dimension buffer

and spotted on a silica TLC plate (EM Separations. Gibbstown. NJ).

Electrophoresis in the first dimension was at 1000 V for 60 min at

15 'C in acetic acid. formic acid (88%). water (156:50:l794) The plate

was air-dried and transferred to a chromatography chamber which

contained butanol- lzpyridinezacetic acid:water (785:607:122:436). Fol-

lowing ascending chromatography. the plate was air-dried and auto-

radiOgraphy was done using a Phosphorlmager (Molecular Dynamics.

Sunnyvale. CA).

N-terminal Sequencing—N-terminal sequencing was performed

using a gas phase sequcnator (model 473A. Applied Biosystems,

Foster City. CA).

Secondary Enzymatic Digestion—Phosphopeptides were dephos-

phorylated with bacterial alkaline phosphatase. An aliquot of peptide

(0.5-2 pmol) was dried in a Speed Vac and redissolved in 10 u) of 25

mM NH.HCO; buffer. pH 7.9. and 1 ul of bacterial alkaline phospha-

tase (150 units. GlBCO/BRL). Incubation was at 37 'C for 1 h. The

peptide was dried in a Speed Vac and reconstituted with 50% (v/v)

CH;CN in 0.1% (v/v) trifluoroacetic acid for MALDI/MS analysis.

Digestion with chymotrypsin (Sigma) and endoproteinase Glu-C

(Boehringer Manneheim) was performed on 0.5-2 pmol of phospho-

peptide in 25 mM NPLHCO, buffer. pH 7.9 (1:10 enzyme to substrate

ratio). Incubations were at 37 ’C for 18 h. They were then dried and

reconstituted for MALDI/MS analysis.

Mass Spectrometry—MALDI mass spectra were obtained on a VT-

2000 (Vestec Corp.. Houston. TX) linear time-of-flight mass spec-

trometer equipped with a nitrogen laser (337 nm. 3-ns pulse). The

accelerating voltage in the ion source was 30 kV. Data were acquired

with a transient recorder with 5-ns resolution. Mass resolution (m/

Am) ranged from 200 to 400 (full width at half-maximum) depending

on the sample and laser power. The matrix used for this study was

a-cyano-4-hydroxycinnamic acid which was experimentally deter-

mined to yield the best results for the peptides analyzed. The matrix

was dissolved in aqueous acetonitrile (33% v/v) to give a saturated

solution at 20 'C (about 20 mM). To prepare a sample for analysis. 1

ul of the peptide solution (0.5-2 pmol/pl in 0.1% aqueous trifluoroa-

cetic acid. acetonitrile. 1:1) was added to 1 ul of the matrix solution

and applied to a stainless steel probe tip. The mixture was then

allowed to air dry before being introduced into the mass spectrometer.

Each spectrum was produced by accumulating 64 laser shots. Spectra

were obtained from different regions of the probe tip. and a repre-

sentative spectrum was selected for analysis. Time-to-mass conver-

sion was done by internal calibration using peaks for Na’ (m/z 22.99).

K‘ (tn/z 38.96). and matrix peaks at m/z 190.17 and 379.34. Potential

peptide matches were made to the sequence of Op18 predicted from

the cDNA (25) allowing for post-translational modification. i.e., loss

of N-terminal methionine and acetylation of alanine at residue 2 (13).

using MacProMass software (5. Vemuri and TD. Lee. Beckman

Research Institute of the City of Hope. Duarte. CA).

RESULTS

Increased Metabolic Phosphorylation of 0p18 by PMA Ac-

tivation—We have recently shown that resting T cells express

low but readily detectable levels of two major Op18 phos-

phorylated forms Op18a and Op18b and that activation of T

cells through the T cell receptor complex in the presence of

monocytes results in rapid Op18 phosphorylation (1). When

the T cell receptor complex is bypassed by treatment of PBL

with PMA. rapid phosphorylation of Op18 also occurs (26).

Jurkat T cells which express high levels of Op18 were used in

the present studies to characterize Op18 phosphorylation

sites. Quiescent Jurkat cells were obtained as described under

“Materials and Methods.” Metabolic incorporation of [”P]

orthophosphate into growth-arrested Jurkat cells revealed the

predominance of Op18a relative to other phosphorylated

forms of Op18 (Fig. 1A ). Other more acidic Op18 phosphoryl-
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FIG. 1. Two-dimensional PAGE of phosphorylated 0p18. Cells (3 x 10‘) were metabolically labeled as described under ‘Materials

and Methods." Polypeptides were separated by two-dimensional PAGE and phosphorylated polypeptides visualized with a Phosphorlmager.

Shown is the region of each gel from 14 (bottom) to 23 kDa (top) and from pH 4.7 (left) to 6.5 (right). A. growth-arrested Jurkat T cells; B.

PMA-treated Jurkat T cells; C and D are the quantitation results of the phosphorylated forms of Op18 obtained on Phosphorlmager. for

panels A and B. respectively.

ated forms b, c, d, and e (spots 8. C, D. and E in Fig. l) were

readily detected. Minor forms c, d. and e were expressed at

slightly elevated levels compared to the levels seen in growing

cells. The majority of other phosphorylated polypeptides ob-

served on two-dimensional gels was also qualitatively similar

in growth-arrested cells as those seen in growing cells (data

not shown). Following PMA treatment for 10 min there was

increased incorporation of 3’P into all phosphorylated forms

of Op18. The increment was greatest for Op18a and Op18b.

More modest increments were observed for Op18c, d and e.

The radioactivity in each form was determined by

Phosphorlmager analysis. In a representative experiment

(Fig. 1). metabolic incorporation of 32? into Op18a was 6-fold

greater than that for 0p18b in untreated Jurkat cells. Fallow-

ing 10 min of PMA treatment there was a 2-3-fold greater

increase in phosphorylation of Op18b. c. d, and e compared

to the increase in 0p18a.

Identification of Phosphorylated Peptides of 0p18 following

PMA Activation—30 identify peptide fragments containing

the Op18 serine residues which are constitutively phosphoryl-

ated in Jurkat cells as well as those phosphorylated in re-

sponse to PMA activation. [”PI-labeled forms of Op18a and

Op18b were isolated from preparative two-dimensional gels.

Polypeptides were electrophoretically transferred to PVDF

membranes, stained with Coomassie Blue. and protein-eluted

from the membrane as described under “Materials and Meth-

ods.” Following tryptic digestion. peptides from an aliquot of

each digest were separated by twOodimensional thin layer

peptide mapping. Phosphopeptides were detected using a

Phosphorlmager (Fig. 2). Five tryptic phosphopeptides were

observed for Op18a isolated from growth-arrested Jurkat cells

(Fig. 2). The same five phosphopeptides were observed for

Op18a from PMA-activated Jurkat cells (Fig. 2) or from

untreated growing Jurkat cells (data not shown). PMA acti-

vation resulted in a substantial increase in the radioactivity

associated with peptide 3 (Fig. 2). Phosphopeptide mapping

of tryptic digests of Op18b from growth-arrested and PMA

treated cells revealed the same five radiolabeled tryptic frag-

ments (Fig. 3). Tryptic peptides isolated from Op18b of PMA-

activated cells all showed increased incorporation of radioac-

tivity. The largest increment of incorporation was seen for

peptides l and 3 and represented a 3-fold increase in incor-

poration.

For isolation of phosphopeptides corresponding to spots

observed by thin layer chromatography a tryptic digest of

Op18a derived from PMA-activated cells was separated by

reverse-phase HPLC. Three major ”P-labeled peptide frac-

tions, designated TPl. TP2. and TP3, were obtained which

accounted for greater than 80% of the total applied radioac-

tivity. Fractions TP2 and TP3 contained the greatest amount

of radioactivity.

To establish the identity of each reverse-phase HPLC frac-

tion with the peptides of Fig. 28. each of the three reverse.

phase HPLC fractions were analyzed by two-dimensional thin

layer peptide mapping individually and as a mixture with a

trace amount of a total ”P-tryptic digest of Op18a. TP3

contained a single phosphopeptide which co-migrated with

peptide 3 (data not shown). and which increased by the

greatest amount in response to PMA activation. Fraction TPl

contained peptide 1. while TP2 contained peptide 2 and a

small amount of peptide 1. The two minor phosphopeptides

observed on TLC were not recovered in sufficient amount for

further characterization.

Partial Edman Sequence Identification of Phosphopeptides

Recovered from Reverse-phase HPLC—0p18a was eluted from

PVDF membranes of preparative. IPGbased twoodimen-

sional gels and digested with trypsin as described under “Ma-

terials and Methods." Partial Edman sequence degradation

was obtained for the phosphopeptides recovered from reverse-

phase HPLC. Peptide TPl had the sequence
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peptides were prepared and analyzed as described in Fig. 2. A. tryptic phosphopeptides of 0p18b from growth-arrested Jurkat T cells; B.

tryptic phosphopeptides of 0p18b from PMA-treated Jurkat T cells; C and D are the quantitation results obtained on Phosphorlmsger for

panels A and B. respectively.

XXVPXFPLsPX’ which agrees with the predicted tryptic

peptide ESVPEFPLSPPK (residues 30-41) with two poten-

tial phosphorylation sites, Ser"l and Ser". For peptide TP2.

the sequence XXEsVPEFPLsX was obtained. This sequence

is consistent with an incomplete tryptic cleavage fragment,

 

’ Lower case letters are tentative calls. X is no call could be made

either due to multiple residues or low signal to noise.

SKESVPEFPLSPPK (residues 28—41). containing potential

phosphorylation sites at Set”, Set", and Ser". TP2 had a

secondary sequence, XXVPXF, which represents contami-

nation of TP2 with a small amount of TPl. TP3 gave the

sequence XXXQAFELXLX consistent with tryptic peptide

ASGQAFELILSPR (residues 15—27) also with two potential

phosphorylation sites. Set“ and Ser”. Limited amino acid
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sequence information, which was consistent with the above

results, was also obtained for these phosphopeptides derived

from in situ trypsin digestion of OpISa electroblotted onto

nitrocellulose.

MALDI/MS Characterization of 0p18a Phosphopeptides—

Further structural characterization of phosphopeptides '1‘P1,

TP2, and TP3 was undertaken by MALDI/MS to confirm

the peptide assignments obtained by Edman sequencing and

to distinguish between possible phosphorylation sites within

each peptide. The spectrum of phosphopeptide TP3 is shown

in Fig. 4A. The most abundant peak at m/z 1471 was within

2 mass units of the expected MH’ (average mass) of two

possible phosphorylated fragments (p2-13 and p15-27, m/z

111

14273

1469.5 and 1469.6, respectively), or one nonphosphorylated

incomplete tryptic fragment (101-112, m/z 1471.7) of Op18a.

Because of the relatively poor mass resolution of a linear

time-of—flight mass spectrometer and subsequent difficulty in

assigning precise m/z values, it is not possible to distingunsh

among these three possibilities. The results of Edman se-

quencing indicated that the m/z 1471 peak was p15-27, phos-

phorylated at either Ser‘6 or Ser”. Although the sequencing

results indicated that the predominant peptide in TP3 was

p15-27, p2-13 which is N-terminally blocked could conceiv-

ably be present in TP3. Three other peaks in the Spectrum

had m/z values consistent with their being nonphosphorylated

tryptic peptides of 0p18a (see Fig. 4 legend). Two of these
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FIG. 4. MALDI/MS of TP3. Peptide assignments were made as described in the text. Other peaks are indicated in the MALDI spectra

which were reproducibly observed and which could possibly result from complete or incomplete tryptic or secondary enzymatic digestion of

Op18a phosphorylated at a single site. Asterisks (‘) indicate background ions which were seen in the secondary enzyme control spectra. .4.

the spectrum of 2 pmol of TP3. Possible assignments for the peak at m/z 1471 include two phosphopeptides p2-13 (Ac-ASSDIQVKELEK

having pSer’ or pSer’, theoretical 1469.5) and p15—27 (ASGQAFELILSPR having pSer" or pSer”, 1469.6). and a nonphosphorylated fragment

101-112 (LTHKMEANKENR, 1471.7). The peak at m/z 1027 may represent tryptic peptide 127-134 (DKHIEEVR, 1026.1). while m/z 1101

could represent the incomplete tryptic digestion products 53-61 or 54-62 (KLEAAEERR and LEAAEERRK, respectively, both 1140.3). The

ion at m/z 1546 may represent several possible tryptic products: 14-27 (RASGQAFELILSPR, 1545.8). 2-14 (Ac-ASSDIQVKELEKR, 1545.7),

or 110-122 (ENREAQMAAKLER, 1546.8). 8, the spectrum of TP3 (2 pmol) after alkaline phosphatase treatment displayed a new peak at

m]: 1390. 81 atomic mass units below the peak at MI: 1471. Other possible tryptic fragment peaks appeared at m/z 1141 and 1640 possibly

representing 77-85 (EHEKEVLQK, 1140.3) and 63-76 (SHEAEVLKQLAEKR, 1638.9), respectively. C. the spectrum of TP3 (2 pmol)

following digestion with chymotrypsin. The peak at m/z 909 could be assigned to p21—27 (ELleSPR. 908.0). with phosphorylation at Ser”.

The other prominent new peak at m/z 699 was not assignable to a chymotryptic fragment of any peptide detected in the previous spectra,

but it may represent a tryptic peptide 76-80 (REHEK, 698.8). The increased intensity of the signal at m/z 1027 probably resulted from an

overlapping background peak found in the chymotrypsin control spectrum. D, the spectrum of TP3 (2 pmol) following endoproteinase Glu-C

digestion. The peak at m/z 779 represents the endoproteinase Glu-C fragment p22-27 (LleSPR, 779.8) of p15-27. indicating again that

Ser” is phosphorylated. The ion at m/z 699 might be due to peptide 76—80 seen in the TP3 chymotrvpsin spectrum (C), but alternatively

could be derived from digestion of the nonphosphorylated peptide ion at m/z 1546 if the latter peak represented 14-27. This would yield an

endoproteinase Glu-C fragment at m/z 698 (22-27). This same fragment could also be formed by dephosphorylation of p22-27. The peak at

m/z 1199 could represent 101-110 (LTHKMEANKE. 1201.4); a partial endoproteinase Glu-C digestion product if 111/: 1471 represented 101-

112.
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(m/z 1027 and 1101) were observed at lower intensities in

MALDI spectra of other peptide fractions (e.g., Fig. 5A).

The relative intensity of signals in the MALDI mass spec-

trum do not necessarily correlate with the relative concentra-

tions of different peptides in the sample. At the low picomole

level, the peptide-matrix ratio and other factors, such as the

presence of other peptides and salts, may result in an increase

or diminution of individual peptide signals. All significant

ions were considered throughout this and subsequent analyses

as potentially representing peptides derived from the appro-

priate digestions of Op18 and its tryptic peptides. In some

instances secondary digestion products were obtained which

provided evidence for the tentative peptide assignment given

to these peaks.

To confirm the identity of m/z 1471 as a phosphopeptide,

an aliquot of TP3 was treated with alkaline phosphatase and

analyzed by MALDI/MS. The new spectrum showed that the

peak at m/z 1471 shifted to m/z 1390 (~80 mass units), in

accord with the removal of a phosphate group (Fig. 4B). The

other peaks in the original spectrum did not shift. Although

the peak at m/z 1546 decreased, no phosphorylated peptide

could be predicted from the sequence of Op18a with this mass

and no new peak appeared at m/z 1466 expected for a de-

phosphorylated product. Relative signal intensity also varied

for peaks at m/z 1141 (cf. Fig. 4, A and B) and m/z 1640 (cf.

Fig. 4, B and C). These peaks could represent other nonphos-

phorylated partial tryptic fragments present in TP3 (see Fig.

4 legend).

p15-27 contains chymotryptic and endoproteinase Glu-C

cleavage sites, Phe2° and Glu", respectively, located between

possible phosphorylation sites, while p2-13 contains endopro-

teinase Glu-C cleavage sites Glu‘° and Glu”. To distinguish

between these two peptides and to determine the phosphoryl-

ation site, an aliquot of TP3 was treated with chymotrypsin

and analyzed by MALDI/MS (Fig. 4C). The peak at m/z 909

was consistent with a phOSphorylated chymotryptic fragment,

ELleSPR (p21-27, theoretical m/z 908.0), indicating that

Ser” was phosphorylated. The increased signal intensity of

the m/z 1027 peak likely results from an overlapping back-

ground peak found in the chymotrypsin control spectrum

(data not shown). TP3 digested with endoproteinase Glu-C

(Fig. 40) showed a signal at m/z 779 expected for p22-27

( LILpSPR, theoretical m/z 779) confirming Ser” as the phos-

phorylation site in p15-27. N0 peaks were observed that were

consistent with expected endoproteinase Glu-C fragments of

p2-13. The peak at m/z 1199, however, could be assigned to

101-110 (LTHKMEANKE, m/z 1201.4), a partial endopro~

teinase Glu-C fragment of 101-112, indicating that m/z 1471

represented a mixture of p15-27 and 101-112. The resolution

of our MALDI time of flight mass spectrometer did not permit

these two peptides, which differ by 2 atomic mass units, to be

resolved. The peak at m/z 699 could be an endoproteinase

Glu~C fragment of m/z 1546 or dephosphorylated p22—27;

however, this ion was also present in the chymotryptic digest.

Taking the results of partial Edman sequencing and MALDI/

MS analysis of secondary enzymatic cleavage products, we

conclude that rule 1471 in the MALDI spectrum corresponds

to peptide p15-27, ASGQAFELILpSPR, phosphorylated at

Ser”.

MALDI/MS analysis of phosphorylated TP2 (Fig. 5A) con-

tained a peak at m/z 1627, which could represent four possible

phosphorylated tryptic fragments of Op18a (p2-14, m/z

1625.7; p14-27, m/z 1625.8; p28-41, m/z 1622.8; and p136-

149, m/z 1629.6). Assignment of m/z 1627 as p28-41 is con-

sistent with the primary amino acid sequence obtained by

Edman degradation. The predominant peak at m/z 1330 is

0p18 Phosphorylation Sites Identified by MALDI/MS

consistent with the secondary Edman sequence obtained for

TP2. The relative abundance of these peptides could vary in

MALDI spectra as discussed above or could be due to a

difference in initial coupling yield or peptide retention during

Edman degradation. Other peaks in the spectrum could rep-

resent nonphosphorylated tryptic peptides (see Fig. 5 legend).

Partial dephosphorylation subsequent to HPLC isolation may

have produced the peak at m/z 1550; however, contribution

from other peptides is possible. Alkaline phosphatase treat-

ment eliminated the peak at m/z 1627 and shifted the center

of mass of the signal at m/z 1550 to 1546, in accord with the

removal of a phosphate group fiom the peptide at m/z 1627

(Fig. 58).

To further confirm identification of m/z 1627 as p28-41

and to identify the phosphorylation site, secondary digestion

was performed with chymotrypsin and endoproteinase Glu-C.

TP2 was resistant to significant degradation by chymotrypsin

(Fig. 5C). Two new peaks at m/z 915 and 785 could not be

assigned as digestion products of p28-41 nor of any other

possible phosphorylated or nonphosphorylated tryptic pep-

tides. The m/z 785 peak was also seen after endoproteinase

Glu-C digestion. Both peaks could represent tryptic digestion

products of Op18 (see Fig. 5 legend). A minor peak at m/z 716

(it the expected mass for chymotryptic fragment p36-41

(PLpSPPK, theoretical m/z 718) of p28-41. None ofthe peaks

having a signal intensity similar to that of m/z 716 could be

assigned as digestion products. Digestion with endoproteinase

Glu-C gave added support to the assignment of m/z 1627 in

TP2 as p28—41. Although the spectrum (Fig. 50) again indi-

cated the digestion was not complete, a minor peak present

at m/z 1280 was consistent with the mass for p30-41

(SVPEFPLSPPK phosphorylated at either SerJl or Ser",

theoretical m/z 1278). The resistance of TP2 (and TP1, see

below) to significant digestion by chymotrypsin and endopro-

teinase Glu-C could be due to adjacent proline residues (Pro-

Glu-Phe-Pro) surrounding these cleavage sites. The peak at

m/z 785 could be an endoproteinase Glu-C product 35-41 of

m/z 1330 peak (30-41). however the m/z 785 peak was also

seen in the chymotryptic digest. None of the other minor

peaks could be matched to any predicted digestion products.

Thus assignment of the phosphorylation site in p28-41 could

only be made based on the m/z 716 peak in the chymotryptic

digest. A peak of similar intensity was observed in spectra

taken from other regions of the probe tip and thus did not

appear to be a spurious signal. We conclude that TP2 con-

tained phosphorylated p28-41 with phosphorylation at Ser".

The MALDI/MS spectrum of TP1 displayed a weak signal

at m/z 1409 (Fig. 6A). The peak shifted to rule 1328 upon

treatment with alkaline phosphatase confirming that m/z

1409 was a phosphopeptide (Fig. 68). Three possible phos-

phorylated tryptic peptides of Op18 have an approximate

mass of m/z 1409: p30—41 (m/z 1407.5), and p42-52 and p43-

53 (both m/z 1411.6). Based on Edman sequencing results we

assign m/z 1409 as p30—41. The MALDI/MS spectrum after

chymotrypsin and endOproteinase Glu-C digestion indicated

that the potential cleavage sites in TP1, which are the same

sites as in TP2, were resistant to extensive digestion (data

not shown). The spectra contained numerous low level back-

ground peaks from the respective enzyme reaction mixtures.

Potentially informative fragments were at the level of these

background peaks and no phosphorylation site could be pos—

itively identified.

DISCUSSION

These studies identify two major sites of phosphorylation

in Op18a in PMA-activated Jurkat cells. Of five tryptic phos-
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FIG. 5. MALDI/MS of TP2. A, the spectrum of 1 pmol of TP2. Potential phosphorylated tryptic peptides of Op18a in the TP2 spectrum

all have m/z 1627. Candidates are p2-14 (Ac-ASSDIQVKELEKR having pSer’ or pSer’, theoretical 1625.7). p14-27 (RASGQAFELILSPR

having pSer" or pSer”, 1625.8). p28-41 (SKESVPEFPLSPPK having pSer", or pSer" or pSer", 1622.8). and p136—149 (NKESKDPADE-

TEAD having pSer" or pThr'“. 1629.6). Prominent peaks which are possible tryptic fragments include: at]: 1330, 30—41 (ESVPEFPLSPPK,

1327.5). 42-52 (KKDLSLEEIQK. 1331.6), or 43-53 (KDLSLEEIQKK, 1331.6); m]: 1550. 110—122 (ENREAQMAAKLER, 1546.8). or 136-

149 (NKESKDPADETEAD, 1549.5); and m/z 1394, 127-137 (KHIEEVRKNK, 1396.6). 8, the spectrum of TP2 (1 pmol) following alkaline

phosphatase treatment. The peak at m/z 1627 shifted to m/z 1546 (81 atomic mass units lower). C, chymotryptic digestion of TP2 (1 pmol)

did not produce a significant reduction of the peak at m/r 1627. However. the small peak at m/z 716 was consistent with the chymotryptic

fragment, p36-41 (718.8) of tryptic peptide p28-41. The peak at m/z 785 may represent tryptic fragment 123-128 (REKDK, 788.9) or 129-

134 (HIEEVR, 782.9). and the peak at m/z 915 may indicate tryptic peptide 63-70 (SHEAEVLK, 913.0) was present. D, the endoproteinase

Glu -C spectrum of TP2 (1 pmol) also indicated incomplete digestion of the phosphopeptide. The peak at m/z 785 in the spectrum might be

assigned to the endoproteinase Glu-C fragment 35-41 (FPLSPPK, theoretical 786.0) derived from the nonphosphorylated peptide 28-41 (m/

z 1330), although it could be due to the tryptic fragment seen in the previous spectrum (C). The signal at m/z 619 could be assigned to the

fragment 114-119 (AQMAAK, 619.8), while the peak at m]: 1484 might represent tryptic fragment 63-75 (SHEAEVLKQLAEK. 1482.7).

phopeptides detected by two-dimensional thin layer peptide

mapping, one contained phosphorylated Ser"s and two had

phosphorylated Ser". Two other minor tryptic phosphopep-

tides were not recovered by reverse-phase HPLC in amounts

sufficient to perform characterization studies. These minor

phosphopeptides may represent incomplete digestion with

trypsin. However, we cannot exclude the possibility that they

represent low levels of phosphorylation at sites other than

Ser” and Ser“ in Op18a and Op18b. We have observed other

minor phosphorylated forms at specific stages of the cell cycle.

Other phosphorylation sites must be utilized to generate these

forms. Op18c has an isoelectric point similar to Op18b and

likely contains a third site in addition to either Set” or Ser".

Similarly Op18d and Op18c are more acidic and are presumed

to contain additional phosphorylation sites. Phosphorylation

at these additional sites must result in significant conforma-

tional alteration of the SDS-denatured protein since these

forms display slightly increased apparent molecular weights

in the second dimension.

Comparison of two-dimensional thin layer peptide maps

revealed the same five tryptic phosphOpeptides in Op18a of

growth-arrested Jurkat cells as were seen in Op18a following

PMA treatment. Based on quantitation of tryptic phospho-

peptides of Op18a we conclude that constitutive phosphoryl-

ation in Op18 occurs at Ser" and at Ser" with a slight

preference for phosphorylation at Set” to generate Op18a. In

response to treatment with PMA there is a large increment

in phosphorylation of Ser'”. The level of phosphorylation at

Sci" is actually reduced somewhat.

Tryptic phosphopeptide maps of Op18b again reveal the

same five phosphopeptides as are seen for Op18a indicating

that phosphorylation to form Op18b occurs at the same sites

as for Op18a. Since Op18b has an isoelectric point more acidic

than Op18a by an amount consistent with one more negative

charge, we conclude that Op18b is phosphorylated at both

Ser” and Ser“. From the quantitation of tryptic phosphopep-

tides of Op18b, it appears that PMA treatment results in a

significant increment in phosphorylation at Set”. The results
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FIG. 6. MALDI/MS of TP1. A, the spectrum of 0.5 pmol of TP1. The observed peak at m]: 1409 could represent several phosphorylated

tryptic peptides, p30-41 (ESVPEFPLSPPKK, theoretical 1406.7). 1142-52 (KKDLSLEEIQK, 1411.6), or p43-53 (KDLSLEEIQKK, 1411.6),

or a nonphosphorylated peptide 125-135 (EKDKHIEEVRK, 1411.6). 8, the spectrum ofTP1 (0.5 pmol) after alkaline phosphatase treatment.

Alkaline phosphatase treatment produced a shift to m/z 1328 (-81 atomic mass units). The peak at m]: 1351 probably represents a sodium

ion adduct of the m]: 1328 peak. Peaks at m/z 1040 and 1187 were present in both spectra and may represent tryptic peptides 62-70

(KSHEAEVLK, 1041.2) and 120-128 (LERLREKDK, 1187.4), respectively.

suggest that Op18 phosphorylation occurs in obligate order in

response to PMA. .

Several possibilities may explain this differential degree of

phosphorylation at Ser" in Op18a compared to Op18b. In one

scenario, in unstimulated cells the sequence surrounding both

Ser’5 and Set” presents these residues as suitable substrates

for a constitutively active protein kinase. Treatment with

PMA results in activation of a second protein kinase which

is selective for Set” of Op18 as the protein substrate. Phos-

phorylation at Ser” may produce a conformational change in

this region of the protein resulting in Ser“ becoming a suitable

substrate for the second protein kinase. Another possibility is

that while both Op18a and b are associated with a nonmem-

branous. soluble fraction, 0p18a could be constitutively ex-

pressed in a subcellular compartment distinct from a siibcel«

lular compartment for Op18b. Incorporation of 3"P into 0p18a

occurs during the constitutive labeling period prior to PMA

treatment in both compartments. PMA could then activate a

protein kinase which recognizes the motif surrounding Set”

as substrate thus converting a substantial portion of Op18a

phosphorylated at Ser" to doubly phosphorylated Op18b.

PMA exerts its primary effect by activating protein kinase

C which results in a cascade of phosphorylation events in-

cluding downstream activation of other protein kinases and

phosphatases. The amino acid sequences surrounding Ser"

and Ser” share several common features including the Ser-

X-X—Arg/Lys or Ser-X-X-X-Arg/Lys sequence motif for pro.

tein kinase C substrates. Other evidence has suggested that

protein kinase C may be involved in Op18 phosphorylation.

Gullberg et al. (12) have shown that the protein isolated from

human T cells can be phosphorylated by partially purified

protein kinase C. Calphostin C, an inhibitor of protein kinase

C, prevents the rapid increase in Op18 phosphorylation which

occurs within 2 min in PBL following activation of the T cell

receptor complex with OKT3 ( 1) or in human leukemic cells

treated with PMA and Jurkat T cells treated with OKT3

(data not shown). Studies are in progress to determine which

sites are phosphorylated in response to T cell receptor acti-

vation and in an in vitro phosphorylation system.

Since both Set” and Ser" are followed by a Pro, the Ser-

Pro motif prompted Labdon et al. (14) to suggest that Ser”

and Ser" are prolineodirected phosphorylation sites. They

suggest that potential kinases include p34“", a Pro-directed

Ser/Thr protein kinase and microtubule-associated protein

kinase. p34”: is the catalytic subunit of a nuclear complex

regulated during the cell cycle (27, 28). While p34“: does not

have a nuclear localization in the absence of expression of

cdc13, another member of the complex (27), there is no

evidence for an active kinase complex involving cdc2 in the

cytosolic compartment in which Op18 is located.

It is interesting that human Op18 in Jurkat cells is phos-

phorylated at the same two major sites as the protein coun-

terpart, p19, in bovine brain (14). Based on their cDNA

sequences the two proteins differ by only two residues of 149

amino acids. Also this extremely high degree of amino acid

conservation exists between the human (25) and rat protein

(29, 30). A single amino acid difference exists between the

two species. Op18 phosphorylation may represent a common

element in a number of signaling pathways. Phosphorylation

of the counterpart of Op18a and Op18b in other species is the

most prominent feature of signal transduction in response to

diverse stimuli. The relative amount of other minor forms of

phosphorylated Op18 changes as cells progress through the

cell cycle (7). Op18c levels are highest during the transition

from G. to G. whereas Op18d and Op18e are observed in M-

phase arrested cells.

We have demonstrated that MALDI/MS in combination

with enzymatic digestion can be a useful tool to obtain struc-

tural information of phosphopeptides especially in the cases

where extremely low sample quantities are available. Each

enzymatic treatment and MALDI spectrum in this study

consumed from 0.5-2 pmol of sample. Other mass spectral

techniques, such as electrospray MS, can reach this level of

sensitivity. but they are not compatible with the buffer con-

centrations required for the enzymatic reactions. Although we

have worked with tryptic fragments, in principle this approach

could be applied to much larger polypeptides.‘ One factor that

makes multiple enzymatic reactions necessary with MALDI/

MS is the relatively poor mass resolution. Since many pep-

tides derived from a single protein can yield ions close or

identical in mass, some method must be applied to distinguish

among the various possible combinations. Specific chemical

reactions may be useful in this regard, provided they are

efficient at the low picomole level.

 

‘ P. C. Andrews. unpublished data.
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Appendix VI - Source code ofMSU MassMap v.1.1, a mass

mapping program for phosphoprotein analysis

'*** <<< this is used to precede all comments

'*** general: declare variables and constants

'*** AA$(3000): array of amino acid sequence; CutAA_$(50): amino acid residues to be cut;

’*** CutCN$(50): cut N-terminal or C-terminal

Dim AA$(3000), CutAA__$(50), CutCN$(50)

'*** CutPos(500): define cut position, (n-l) refer to the N-terminal of n-th residue,

'"* n refer to the C-terminal of n-th residue;

'*** FrLl(30000): starting (left) residue number of a fragment;

'*** FrRl(30000): ending (right) residue number of a fragment;

'*"‘* the following two arrays consider only those fragments within mass range;

'**"‘ FrL2(30000); FrR2(30000);

'*** pNum(30000): number of phosphorylation sites in that fragment;

'*** MsIdx(30000): index array for the sorting by mass value;

'*** LSrchMtch(800): starting (left) residue number of a fragment which meets mass search;

W" RSrchMtch(800): ending (right) residue number of a fragment which meets mass search

Dim CutPos(500) As Integer, FrLl(3000O) As Integer, FrRl(3000O) As Integer, FrL2(30000) As

Integer, FrR2(30000) As Integer, pNum(30000) As Integer, MsIdx(30000) As Integer, LSrchMtch(800)

As Integer, RSrchMtch(800) As Integer

'“* AmsAA(3000): average mass of an amino acid residue;

'*** FrMs(30000): mass of a fiagment;

'*** MsSrchMtch(800): mass of a fragment which meets mass search requirement

Dim AmsAA(3000), FrMs(3000O), MsSrchMtch(800)

'*** peptide_name$: name of the protein/peptide; FileNamesz name offile contains protein sequence;

W” FileNameZS: name of file to save calculation result output;

'*** peptideS: a temporary variable to keep amino acid residues read from protein sequence file;

'“" CutCorNS: cut C-terminal or N-terminal; TempStr$1 temporary string;

""** pSers, pThrS, pTyr$z a switch to check if the phosphorylation on that residue is considered;

'*** SeanrchS: the sequence to be searched for

Dim peptide_name$, FileName$, FileName2$, peptides, CutCorN$, pSer$, pThr$, pTyrs, TempStr$,

Seanrch$

'*** CAANum: number of kinds ofamino acid to be cut;

'*** CPos: a temporary store of cut position, (n-l) refer to the N-terminal of n-th residue,

'**"‘ n refer to the C-terminal of n-th residue;

""** CutNum: total number of cuts; NumberAA: total number of amino acid residues

Dim CAANum As Integer, CPos As Integer, CutNum As Integer, NumberAA As Integer

""*" FrNuml: number of fragments; FrNum2: number of fragments within mass range;

'"* pFrNum: number of fragments which are phosphorylated;

'*** pNumTemp: temporary storage of number of fragments which are phosphorylated

Dim FrNuml As Integer, FrNum2 As Integer, pFrNum As Integer, pNumTemp As Integer

'"* CountL, CountR: temporary counts for mass search routine, to keep lefi/ right of temporary

peptides;
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'*** CountMtch: count of number of matches

Dim CountL As Integer, CountR As Integer, CountMtch As Integer

'*** PepMW: molecular weight of whole protein/peptide;

W" AmsAAfirst, AmsAAlast: average mass of first/last amino acid residue;

'*** MsLowLimit, MsHighLimit: low/high limit of mass range; Temp: temporary storage;

‘“* Nmodify, Cmodify: mass shift due to N-terminal or C-terminal modification;

°*** ValSrcth, RngSrcth: mass value/error range for the mass search

Dim PepMW, AmsAAfirst, AmsAAlast, MsLowLimit, MsI-IighLimit, Temp, Nmodify. Cmodify,

ValSrcth, RngSrcth

'*** SrcthTemp: a double-precision temporary used in mass search routine

Dim SrcthTemp As Double

'*** assign mass to residues using constants

Const AMsA = 71.0788, AMsR = 156.1875, AMsN = 114.1038, AMsD = 115.0886, AMsC =

103.1388, AMsE = 129.1155, AMsQ = 128.1307, AMsG = 57.0519, AMsH = 137.1411, AMsI =

l 13. 1594

Const AMsL = 113.1594, AMsK = 128.1741, AMsM = 131.1926, AMsO = 114.1472, AMsF =

147.1766, AMsP = 97.1167, AMsS = 87.0782, AMsT = 101.1051, AMsW = 186.2132, AMsY =

163.176, AMsV = 99.1326

'*** constants for shortcuts

Const EIGHTY = 79.97986, NINETEEN = 19.0231

'*** pull down menu ofHelp: about this program

Sub about_Click 0

Beep: Forml.Cls: For I = 1 To 20: Forml.Print : Next I

Forml.Print " This program was written by Pao-Chi Liao at Mass”

Forml.Print "

Forml.Print "

Forml.Print "

Forml.Print "

Forml.Print "

Forml.Print "

Forml.Print "

Forml.Print "

Forml.Print "

Forml.Print "

Forml.Print "

Forml.Print "

Forml.Print "

Forml.Print "

Forml.Print "

Spectrometry Facility, Biochemistry, Michigan State Uni-"

versity, to calculate the average masses of possible pep-"

tide fragments and phosphopeptide fragments from specific"

enzymatic or chemical degradation of a protein and the"

m/z value of the mass spectral peak for the corresponding"

[M+H]+ ion. In this program, 'degradation' merely means"

hydrolysis. The average masses were used instead of mono-"

isotopic masses to make the program suitable for the mass"

mapping analyses for MALDI-TOF-MS measurements of pro-"

teins or peptides. The program computes masses for pep-"

tides from not only complete but also partial digestion."

For a detailed discussion on how to locate phosphorylation"

sites in a phosphoprotein using MALDI-TOF-MS and mass ”

mapping, see P.-C. Liao, J. Leykam, P. Andrews, D. Gage"

and J. Allison, ANALYTICAL BIOCHEMISTRY, 219, 9-20 (1994).”

MsgBox ms, 0, cm

Forml.Cls

End Sub

'"* after buttom: cleavage at C-terminal

Sub After_C1ick 0

Beep

If Afler.Value Then

CutCorN$ = ”After"

End If

End Sub

'**"‘ before buttom: cleavage at N-terminal

Sub Before_C1ick 0
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Beep

IfBefore.Value Then

CutCorN$ = ”Before”

End If

End Sub

'*** inputbox: define C-terminal modification by mass

Sub C_modify_Change O

Beep

Cmodify = Val(C_modify.Text)

End Sub

'*** pull down menu: initiate calculation of fragments

Sub Ca1Frag_Click 0

Beep

FrNuml = 0: FrNum2 = 0: pFrNum = 0: CutNum = 0

'***enable items in menu

Drivel.Enab1ed = 0: Dirl.Enabled = 0: Filel.Enabled =0: : Drive1.Visible = O: Dirl.Visible = 0:

File1.Visible = 0

PrinterCalFragEnabled = l: FileCalFrag.Enabled = 1: ScreenCalFrag.Enabled = 1

Labe112.Visib1e = I

"“modify the mass of both termini for modification

AmsAA(l) = AmsAAfirst + Nmodify: AmsAA(NumberAA) = AmsAAlast + Cmodify

""find cut positions

- Forml.Cls

For I = 1 To 13

Forml.Print

Next I

For I = 1 To NumberAA

For J = 1 To CAANum

If AA$(I) = CutAA_$(J) Then

If CutCNSU) = ”Before" Then

CPos =1 - l

Else

CPos = I

End If

CutNum ='- CutNum + l

CutPos(CutNum) = CPos

End If

Next J

Next I

If CutPos(l) <> 0 Then

CutNum = CutNum + 1

For I = CutNum To 2 Step -1

CutPos(I) = CutPos(I - 1)

Next I

CutPos(1) = 0

End If

If CutPos(CutNum) <> NumberAA Then

CutNum = CutNum + l

CutPos(CutNum) = NumberAA

End If

Forml.Print " Protein/Peptide : "; peptide_narne$

Forml.Print " cut positions are:"
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For1=2ToCutNum-1

Forml.Print CutPos(I):

If(I-1-Int((I-l)/10)*10)=0Then

Forml.Print

End If

Next I

Forml.Print

IfCutNum = 1 Then

Forml.Print " total # of cuts= "; " 0"

Else

Forml.Print " total # of cuts= "; CutNum - 2

End If

""find fragments by number pairs, (L,R)

For I = 1 To CutNum

For J = 1 To CutNum

IfI < I Then

FrNuml = FrNuml + l

FrLl(FrNum1)= CutPos(I): FrRl(FrNum1) = CutPos(J)

End If

Next I

Next I

"”dalculate mass for fi'agments

For-I = 1 To FrNuml

Temp = NINETEEN

For J = FrLl(I) + 1 To FrR1(1)

Temp = Temp + AmsAA(J)

Next I

IfTemp > MsLowLimit And Temp < MsHighLimit Then

FrNum2 = FrNum2 + l

FrMs(FrNum2) = Temp

FrL2(FrNum2) = FrLl(I): FrR2(FrNum2) = FrR1(I): pNum(FrNum2) = 0

End If

'***add pFragments and calculate their mass

prSerS = ”S" OrpThr$ = ”T" Or pTyrS = ”Y” Then

pNumTemp = 0

For K = FrLl(I) + 1 To FrRl(I)

IfAAS(K) = pSer$ Or AA$(K) = PThr$ Or AA$(K) = pTyIS Then

pNumTemp = pNumTemp + 1: Temp2 = Temp + pNumTemp * EIGHTY

IfTemp2 > MsLowLimit And Temp2 < MsHighLimit Then

pFrNum = pFrNum + 1: FrNum2 = Fer2 + l

FrMs(FrNum2) = Temp2

FrL2(FrNum2) = FrLl(I): FrR2(FrNum2) = FrR1(I): pNum(FrNum2) = pNumTemp

End If

End If

Next K

End If

Next I

Forml.Print " total # ofunphosphorylated fragments from this protein=", FrNuml

Forml.Print " cal'd # ofunphosphorylated fi'agments within this mass range= ", FrNum2 - pFrNum

Forml.Print " cal'd # ofphosphorylated fragments within this mass range= ", pFrNum

Forml.Print " cal'd # of fragments within this mass range= ", FrNum2

'***sort fragments by mass
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For I = 1 To FrNum2

Msldx(l) = 1

Next I

For I = 2 To FrNum2

ForJ=IT02 Step -1

If FrMs(MsIdx(J)) < FrMs(MsIdx(J - 1)) Then

Temp = Msldx(J): Msldx(J) = Msldx(J - l); Msldx(J - 1) = Temp

End If

Next I

Next I

Labe112.Visible = 0

End Sub

'*"”" pull down menu: change current directory browser

Sub CD_C1ick O

Beep

Drive2.Enabled = 1: Dir2.Enabled = 1: CommandOK.Enabled = 1: Drive2.Visible = l: Dir2.Visible = l:

CommandOK.Visible = 1

End Sub

'*” CLEAR buttom

Sub Command1_Click 0

Beep

CAANum = 0: Label3.Caption = "": Label4.Caption = ""

End Sub

""'* change current directory browser: OK buttom

Sub CommandOK_Click O

Beep

Drive2.Enabled = 0: Dir2.Enabled = 0: CommandOK.Enabled = 0: Drive2.Visible = 0: Dir2.Visible = 0:

CommandOK.Visible = 0

End Sub

'*** input amino acid resideus which should be cut

Sub CutAA_KeyPress (Keyascii As Integer)

Beep

"”aeeept the rules to cut peptide chain from user

CAANum = CAANum + 1

CutAA_$(CAANum) = UCase$(Chr$(Keyascii)) .

Templ = CutAA_$(CAANum) = ”A” Or CutAA_$(CAANum) = ”C” Or CutAA_$(CAANum) = "D” Or

CutAA_$(CAANum) = "E” Or CutAA_$(CAANum) = "F" Or CutAA_$(CAANum) = ”G" Or

CutAA_$(CAANum) = ”H" Or CutAA_$(CAANum) = "1" Or CutAA_$(CAANum) = "K”

Temp2 = CutAA_$(CAANum) = ”L” Or CutAA_$(CAANum) = "M" Or CutAA_$(CAANum) = "N" Or

CutAA_$(CAANum) = ”0" Or CutAA_$(CAANum) = ”P" Or CutAA_$(CAANum) = ”Q" Or

CutAA_$(CAANu_m) = "R” Or CutAA_$(CAANum) = ”S" Or CutAA_$(CAANum) = ”T"

Temp3 = CutAA_$(CAANum) = ”V" Or CutAA_$(CAANum) = ”W” Or CutAA_$(CAANum) = "Y"

IfTempl Or Temp2 Or Temp3 Then

CutAA.Text = ”"

CutCN$(CAANum) = CutCorNS

If CutCN$(CAANum) = "Before" Then

IabelBCaption = Label3.Caption + CutAA_$(CAANum)

Else

Label4.Caption = Label4.Caption + CutAA_$(CAANum)

End If
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If Chr$(Keyascii) = "I" Then

CAANum = 0: Labe13.Caption '-= "": Label4.Caption = ""

End If

Else

CAANum = CAANum - 1

End If

End Sub

'*** menu: Specific Dedradation

Sub Degradation_Click O

'inactivate file dir box

Drivel.Enabled = 0: Dirl.Enabled = 0: Filel.Enabled = O: : Drive1.Visible == 0: Dir1.Visible = 0:

File1.Visib1e = 0

Drive2.Enabled = O: Dir2.Enabled = O: CommandOK.Enabled = 0: Drive2.Visible = 0: Dir2.Visib1e = 0:

CommandOK.Visible = 0

End Sub

'*** file browser: change directory

Sub Dir1_Change 0

Filel.Path = Dirl.Path

ChDir Dirl.Path

End Sub

'*"'* change current directory browser: change directory

Sub Dir2_Change 0

ChDir Dir2.Path

End Sub

'*** file browser: change drive

Sub Drive1_Change 0

Dirl.Path = Drive1.Dn've

ChDrive Drivel .Dn’ve

End Sub

'*** change current directory browser: change drive

Sub Drive2_Change 0

Dir2.Path = Drive2.Drive

ChDrive Drive2.Drive

End Sub

'*** menu: File

Sub File_C1ick O

'inactivate file dir box

Drive1.Enabled = 0: Dirl.Enabled = 0: Filel.Enabled = O: : Drivel.Visible = 0: Dir1.Visible = 0:

Fi1e1.Visible = O

Drive2.Enabled = 0: Dir2.Enabled = 0: CommandOK.Enabled = O: Drive2.Visible = 0: Dir2.Visible = O:

CommandOK.Visible = 0

End Sub

'*"”" file browser: select file

Sub Filel_C1ick 0

Beep

Dim start As Integer

NumberAA = 0



On Error GoTo ErrHandlerZ

'***open file and read amino acid sequence

FileNameS = File1.FileName

Open FileNameS For Input As #1

Line Input #1, peptide_name$

peptide$ = ”xxx”

Do Until peptide$ = ""

Line Input #1, peptidc$

NumberAA = NumberAA + Len(peptide$)

start = NumberAA - Len(peptide$) + 1

For I = start To NumberAA

AA$(I) = Mid$(peptide$, I - start +1, 1)

Next 1

Loop

Close #1

'***assign average mass to amino acid residues

For I = 1 To NumberAA

Select Case AA$(I)

Case ”A”

AmsAA(I) = AMsA

Case ”R"

AmsAA(I) = AMsR

Case "N"

AmsAA(I) = AMsN

Case "D"

AmsAA(I) = AMsD

Case ”C"

AmsAA(I) = AMsC

Case ”E"

AmsAA(I) = AMsE

C356 «Qii

AmsAA(I) = AMsQ

Case "G"

AmsAA(l) = AMsG

Case ”H”

AmsAA(l) = AMsH

Case "I"

AmsAA(I) = AMsI

Case ”L"

AmsAA(I) = AMsL

Case "K"

AmsAA(I) = AMsK

Case ”M”

AmsAA(I) = AMsM

Case "0"

AmsAA(I) = AMsO

Case ”F"

AmsAA(I) = AMsF

Case "P”

AmsAA(I) = AMsP

Case "S”

AmsAA(I) = AMsS

Case ”T"

AmsAA(I) = AMsT
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Case ”W"

AmsAA(I) = AMsW

Case "Y”

AmsAA(I) = AMsY

Case ”V"

AmsAA(I) = AMsV

Case Else

Forml.Cls: For J = 1 To 17: Forml.Print : Next J

Forml.Print " Amino Acid Residue #"; I; ", "'; AA$(I); "', cannot be identified, or it's not a sequence

file format": GoTo LabelAA

End Select

Next I

AmsAAfirst = AmsAA(I): AmsAAlast = AmsAA(NumberAA)

"“print out amino acid seqence on screen

Forml.Cls: For I = 1 To 15: Forml.Print : Next I

Forml.Print " Protein/Peptide : "; peptide_name$

Forml .Print " Number ofAmino Acid= “'; NumberAA

PepMW = NlNETEEN

For I = 1 To NumberAA

PepMW = PepMW + AmsAA(I)

Next I

PepMW = PepMW

Forml.Print " Peptide Molecular Weight (MH+) = "; PepMW

Forml.Print " (without terminal modification)"

Forml.Print

Forml.Print " 1 ”;

For I = 1 To NumberAA

Forml.Print AA$(I);

If(I - Int(I / 50) * 50) = 0 Then

Forml.Print

' Forml.Print I + l;

15le (I - Int(I/ 10) * 10) = 0 Then

Forml.Print " ";

End If

Next I

'activate menu bar

MacfileEnabled = l: PrintSeq.Enabled = l: CD.Enab1ed = l

CalFrag.Enabled = 1: PrinterCalFrag.Enabled = 0: FileCalFrag.Enabled = O: ScreenCalFrag.Enabled = 0

SrchMass.Enabled = l: SrchSeq.Enabled = 1

Exit Sub

ErrHandler2:

Close #1

Forml.Cls: For I = 1 To 15: Forml.Print : Next I

Forml.Print " It is not a sequence file format."

Forml.Print " Error"; Err; ", "; Error$(Err); "."

Resume LabelAA

LabelAA:

'deactivate menu

Macfile.Enabled = 0: PrintSeq.Enabled = O

CalFrag.Enabled = 0: PrinterCalFrag.Enabled = 0: FileCalFrag.Enabled == 0: ScreenCalFrag.Enabled = 0

SrchMass.Enabled = 0: SrchSeq.Enabled = 0

End Sub

'*** pull down menu: print calculation results to a text file



124

Sub FileCalFrag_C1ick O

Beep

Dim tx1$, tx2$, tx3$, tx4$

'***output the result of CalFrag to a text file

txlS = Dirl .Path

ms = Cl"

For I = 1 To 9

tx4$ = Mid$(FileName$, I, 1)

Iftx4$ = "." Then

Exit For

Else

012$ = tx2$ + tx4$

End If

Next I

tX3$ = txls + ”\II + ms + ".fig"

FileName2$ = InputBox$("FileName to Save? You may save results as a file, so you can manupulate

them. (eg. using a spread sheet, Microsoft Excel, etc..) Comma (code 44) is used as delineator here”, "",

013$)

IfFileName2$ = ”" Then

GoTo LabelDD

End If

Open FileName2$ For Output As #2

Print #2, ”Peptide Name="; ”,"; peptide_name$

Print #2, "Number of Amino Acid = ”; ”,”; NumberAA

Print #2, " Peptide Molecular Weight (MH+) = ”; PepMW

Print #2, ”N—terminal modification=”; ","; Nmodify

Print #2, "C-terminal modification="; ","; Cmodify

Print #2, "Cleave atz"

TempStr$ = "”

For I = 1 To CAANum

If CutCN$(I) = ”Before" Then

TempStr$ = TempStIS + CutAA_$(I)

End If

Next I

Print #2, ”N—terminal of 2"; ","; TempStr$

TempStr$ = '"'

For I = 1 To CAANum

If CutCN$(I) = "After" Then

TempStrS = TempStr$ + CutAA_$(I)

End If

Next I

Print #2, "N-terminal of "; ","; TempStrS

TempStIS = pSer$ + pThr$ + pTyr$

IfTempStr$ = "" Then

TempStrS = ”none"

End If

Print #2, ”Phosphorylation atz"; ","; TempStr$

TempStr$ = Str$(MsLowLimit) + " - " + Str$(MsHighLimit)

Print #2, ”mass range considered"; ","; TempStr$

Print #2, "total # of unphosphorylated fragments fi'om this protein=”; ",”; FrNuml

Print #2, ”cal'd # of unphosphorylated fragments within this mass range=”; ","; FrNum2 - pFrNum

Print #2, ”cal'd # of phosphorylated fragments within this mass range="; ”,"; pFrNum

Print #2, ”cal'd # of fragments within this mass range="; ”,"; FrNum2

Print #2, "mass”; ”,"; "# of phosphorylation"; ”,"; "start residue #"; ","; "end residue #"
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For I = 1 To FrNum2

Print #2, Format(FrMs(MsIdx(I)), "0.00"); ","; pNum(MsIdx(I)); ","; FrL2(MsIdx(I)) + l; ",";

FrR2(MsIdx(I))

Next I

Close #2

LabelDD:

End Sub

'*** main form for this program

Sub Forrn_Load ()

WindowState = 2

' '***assign initial values to some variables

Nmodify = 0: Cmodify = 0

CutCorN$ = "After"

pSer$ = ""z pThr$ = ""z pTyr$ = ”"

Seanrch$ = "R75"

""'"disable items in menu

Drivel.Enabled = O: Dirl.Enabled = 0: Filel.Enabled = O: Drivel.Visible = 0: Dirl Visible = 0:

Filel.Visible = 0

Drive2.Enabled = 0: Dir2.Enabled = 0: CommandOK.Enabled = 0: Drive2.Visible = 0: Dir2.Visible = O:

CommandOK.Visible = 0 '

Macfile.Enabled = 0: PrintSeq.Enabled = 0

CalFragEnabled = 0: PrinterCalFrag.Enabled = O: FileCalFrag.Enabled = 0: ScreenCalFrag.Enabled = 0

SrchMass.Enabled = 0: SrchSeq.Enabled = 0

Labe112.Visible = 0

End Sub

'*** menu: Help

Sub Help_Click O

'inactivate file dir box

Drivel.Enabled = 0: Dirl.Enabled = O: Filel.Enabled = 0: : Drivel.Visible = O: Dirl.Visible = 0:

Filel.Visible = 0

Drive2.Enabled = 0: Dir2.Enabled = 0: CommandOK.Enabled = O: Drive2.Visible = 0: Dir2.Visible = 0:

CommandOK.Visible = 0

End Sub

""'""‘ pull down menu of Help: How to build a protein sequence file

Sub How_Click ()

Beep: Forml.Cls: For I = 1 To 12: Forml.Print : NextI

Forml.Print " The file which contains protein sequence has to"

Forml.Print " be the format as follows, so it can be opened by"

Forml.Print " this program. A demo file with filename bmseintxt"

Forml.Print " should be sent to you with this program.”

Forml.Print

Forml.Print " (name ofprotein)[CR,L]"

Forml.Print " (any # ofamino acid sequence)[CR,L]"

Forml.Print " (any # of amino acid sequence)[CR,L]"

Forml.Print " ....... "

Forml.Print " ....... "

Forml.Print " (any # of amino acid sequence)[CR,L1 "

Forml.Print " [CR,L]"

Forml.Print " (anything beyond this point will not be read)"

Forml.Print

Forml.Print " [CR,L]: carriage return (code 13) and line feed"
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Forml.Print " (code 10), two successive [CR,L]'s denote the end"

Forml.Print " of amino acid sequence."

Forml.Print

Forml.Print " For example: the sequence of angiotensin I from"

Forml.Print " salmon is NRVYVHPFNL"

Forml.Print

Forml.Print " angiotensin I, salmon[CR,L]"

Forml.Print " NRVYVH[CR,L]"

Forml.Print " PFNL[CR,L]"

Forml.Print " [CR,L]"

Forml.Print

Forml.Print " You may use a word processor(e.g. Microsoft Word)"

Forml.Print " or text editor to build the protein sequence file,"

Forml.Print " or trim an existing file which containing protein"

Forml.Print " sequence from other source."

MsgBOX an, 0’ mo

Forml.Cls

End Sub

'"* pull down menu of Help: How to export a MacProMass file format

Sub How2_Click 0

Beep: Forml.Cls: For I = 1 To 12: Forml.Print : Next I

Forml.Print " You may like to export this protein sequence"

Forml.Print " to a Macintosh file, so MacProMass can read it. "

Forml.Print " Follow the steps:"

Forml.Print

Forml.Print " 1. From 'File' menu, use 'Convert to MacProMass"

Forml.Print " Format'. A DOS file with extension '.M~' will"

Forml.Print " be generated."

Forml.Print

Forml.Print " 2. Use 'MAC-IN-DOS' software to convert DOS file"

Forml.Print " format to Macintoch file format. Execute 'CLINKEXE'."

Forml.Print " Follow the instructions. Use binary copy."

Forml.Print " 'MAC-IN-DOS' will allow you convert DOS file to"

Forml.Print " Mac-formatted disk using a DOS floppy drive.”

Forml.Print " 'MAC-IN-DOS' can only use 1.44 MB formatted disk."

Forml.Print " 'MAC-IN-DOS' is a product of Pacific Microelec-"

Forml.Print " tronics, Inc. Mountain View, California,"

Forml.Print " phone number:(415)9486200."

MsgBOX om, 0, cm

Forml.Cls

End Sub

"m label

Sub Labell_Cliek 0

End Sub

'm label

Sub LabellO__Click 0

End Sub

'*** label



Sub Labell 1_Click 0

End Sub

"m label

Sub LabellZ_Click 0

End Sub

'*** label

Sub Labell3_Click 0

End Sub

'm label

Sub Labell4_Click 0

End Sub

"m label

Sub Labe115_Click 0

End Sub

"m label

Sub Labe12_Click 0

End Sub

'*** label

Sub Label3_Click ()

End Sub

"m label

Sub Label4_Click o

EndSub

"m label

Sub Labe15_Click 0

End Sub

'm label

Sub Label6_Click 0

End Sub

'm label

Sub Label7__Click 0

End Sub

1 A7
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w“ label

Sub Label8_Click 0

End Sub

'*** label

Sub Label9_Click 0

End Sub

'*** pull down menu: convert sequence file to MacProMass format using Comlink

Sub Macfile_Click 0

Beep

0cl$ = Dirl.Path

txzs = 0'": tx4$ = N"

For I = 1 To 9

0r4$ = Mid$(FileName$, I, 1)

If0r4$ = "." Then

Exit For

End If

0:2$ = 0:23 + 0<4$

Next I

0:33 = 0d$ + "\" + 0c2$ + ".M~"

FileName3$ = InputBox$("FileName to Save? must use file extension: '.M~'", "", 06$)

If FileName3$ = ”" Then

GoTo LabelCC

End If

CR$ = Chr$(l3): EF$ = Chr$(10): 011$ = ",0,0,0,0,0,0,0,0,0,0,0,0"

0t2$ = "Hydrogen,1.0078,1.0079,0,1,0,0,0,0,0,0,0,0"

0t3$ = "Free Acid,l7.0072,l7.0073,0,1,0,l,0,0,0,0,0,0"

Open FileName3$ For Output As #3

For I = 1 To NumberAA

Print #3, MG);

Next I

Print #3, CM;

For I = 1 To 6

Print #3, 0<l$; CRS;

Next I

Print #3, 0:2$; CR$; tx3$; CRS; EF$

Close #3

LabelCC:

End Sub

""** inputbox: specify mass range, high

Sub MassHigh_Change 0

Beep

'*** accept high mass limit fiom user

MsHighLimit = Val(MassI-ligh.Text)

End Sub

'*** inputbox: specify mass range, low

Sub MassLow_Change 0

Beep

'*** accept high mass limit from user
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MsLowLimit = Val(MassLow. Text)

End Sub

'*** inputbox: define N-terminal modification by mass

Sub N__modify_Change O

Beep

Nmodify = Val(N_modify.Text)

End Sub

'*** pull down menu of Help: a note from programmer

Sub Note_Click ()

Beep: Forml.Cls: For I = 1 To 12: Forml.Print : Next I

Forml.Print " I have tried to make this program easy to use."

Forml.Print " However, I am not a professional programmer."

Forml.Print " Ifyou find any difficulty to use it, or any"

Forml.Print " bugs which cause troubles, please contact me"

Forml.Print " by phone or mail. I will be more than"

Forml.Print " happy to try to help or solve troubles."

Forml.Print

Forml.Print " Pao-Chi Liao"

Forml.Print " (517) 353-0612"

Forml.Print " Mass Spectrometry Facility, Biochemistry "

Forml.Print " Michigan State University"

Forml.Print " East Lansing, Michigan 48824"

MsgBOX mo, 0’ mo

Forml.Cls

End Sub

'*** pull down menu: open sequence file browser

Sub OpenFile_Click 0

Beep

'activate file bar

Drivel.Enabled = l: Dirl.Enabled = 1: Filel.Enabled = l: Drivel.Visible = 1: Dirl.Visible = l:

File1.Visible = 1

'inactivate menu

Macfile.Enabled = 0: PrintSeq.Enabled = 0

Ca1Frag.Enabled = 0: PrinterCalFrag.Enabled = 0: FileCalFrag.Enabled = 0: ScreenCalFrag.Enabled = 0

SrchMass.Enabled = 0: SrchSeq.Enabled = O

'temptrial

ValSrcth = 2000: RngSrcth = 2: MsLowLimit = Val(MassLow.Text): MsHighLimit =

ValMassI-IighText)

End Sub

'*** pull down menu: print calculation results to printer

Sub PrinterCalFrag_Click 0

Beep

'***print out amino acid seqence and termini modifications to printer

Printer.Print "Protein/Peptide : "; peptide_name$

Printer.Print " l ";

For I = 1 To NumberAA

Printer.Print AA$(I);

If(I -Irlt(I/50) "‘ 50) = OThen

Printer.Print

Printer.Print I + 1;
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ElseIf(I - Int(I/ 10) * 10) = 0 Then

Printer.Prin " ";

End If

Next I

Printer.Print

Printer.Print "total number ofamino acid = "; NumberAA

Printer.Print "peptide molecular weight (MH+) '= "; PepMW

Printer.Print "N-terminal modification = "; Nmodify

Printer.Print "C-terminal modification = "; Cmodify

'***print out cut positions and phosphorylation sites considered to printer

Printer.Print "Cleave at: "; Tab(12); "N-terminal of ";

For I = 1 To CAANum

If CutCN$(1) = "Before" Then

Printer.Print CutAA_$(I);

End If

Next I

Printer.Print

Printer.Print Tab(12); "C-terminal of ";

For I = 1 To CAANum

If CutCN$(I) = "Alter" Then

Printer.Print CutAA_$(I);

End If

Next I

Printer.Print

Printer.Print "Phosphorylation at: "; pSer$; pThr$; pTyr$;

prSer$ = "" And pThr$ = "" And pTyr$ = ”" Then

Printer.Print "none"

Else

Printer.Print

End If

'***print out mass range considered to printer

Printer.Print "mass range considered: "; MsLowLimit; " - "; MSI-IighLimit

“"'“print out fragments to printer

Printer.Print

Printer.Print "total # of unphosphorylated fiagments fiom this protein=", FrNuml

Printer.Print "cal'd # of unphosphorylated fragments within this mass range= ", FrNum2 - pFrNum

Printer.Print "cal'd # of phosphorylated fragments within this mass range= ", pFrNum

Printer.Print "cal'd # offi'agments within this mass range= ", FrNum2

 

Printer.Print

Printer.Print Tab(3); "[M+H]+, m/z"; Tab(24); "peptide"

Printer.Print Tab(l); "--------"; Tab(18); " "

For I = 1 To FrNum2

Printer.Print Tab(3); Format(FrMs(MsIdx(I)), "0.00"); Tab(20), pNum(MsIdx(I)); "p,"; FrL2(MsIdx(I))

+ l; " - "; FrR2(MsIdx(I))

If(I-Int(1/10)*10)=0Then

Printer.Print " "

End If

Next I

Printer.Print Tab(l); "------"; Tab(18); " "

Printer.EndDoc

End Sub

 

....“ pull down menu: print protein sequence and molecular weight

Sub PrintSeq_Clicl< O
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Beep

'***print out amino acid seqence and termini modifications to printer

Printer.Print "Protein/Peptide : ”; peptide_name$

Printer.Print " l ";

For I = 1 To NumberAA

Printer.Print AA$(I);

If(I- IntO/SO) * 50) =0 Then

Printer.Print

Printer.Print I + 1;

ElseIf(I - Int(I I 10) * 10) = 0 Then

Printer.Print " ";

End If

Next I

Printer.Print

Printer.Print "total number of amino acid = "; NumberAA

Printer.Print "peptide molecular weight (MI-1+) = "; PepMW

Printer.Print "N-terminal modification = "', Nmodify

Printer.Print "C-terminal modification = "; Cmodify

Printer.EndDoc

End Sub

'*** pull down menu: print calculation results on screen

Sub ScreenCalFrag_Click 0

Beep .

'***print sorted (by mass) Fragments on screen

Forml.Print

Forml.Cls

For I = 1 To FrNum2

Forml.Print " [M+H]+,m/z="; Format(FrMs(MsIdx(I)), "0.00"); Tab(24); " -- "; Tab(29);

PNum(MsldX(I)); "1),"; FrL2(MsIdX(D) + 1; " - ”; FrR2(MsIdX(I))

If(I-Int(I/40)*40)=0Then

MsgBox ("Continuel")

Forml.Cls

ElseIf(I - Int(I/ 10) * 10) = 0 Then

Forml.Print " "

End If

Next I

End Sub

'*** menu: Search

Sub Search_Click 0

'inactivate file dir box

Drivel.Enabled = 0: Dirl.Enabled = 0: Filel.Enabled = O: : Drivel.Visible = 0: Dir1.Visible = 0:

Filel.Visible = 0

Drive2.Enabled = 0: Dir2.Enabled = 0: CommandOK.Enabled = 0: Drive2.Visible = 0: Dir2.Visible = 0:

CommandOK.ViSible = 0

End Sub

'*** check box: if phosphorylation on serine is considered

Sub Ser_Clicl< 0

Beep

'***accept checkbox from user if considering phosphorylation on serine

If Ser.Value Then

pSer$ = "S"



Else

pSer$ = "II

End If

End Sub

'*** pull down menu: search possible peptide sequence for certain mass range, regardless specific

cleavage

Sub SrchMass_Click 0

Beep

CountL = 1: CountR = Int(ValSrcth / 200): SrcthTemp = NINETEEN: CountMtch = 0

For I = 1 To CountR

SrcthTemp = SrcthTemp + AmsAA(I)

Next I

Do While CountR < NumberAA

Do While (ValSrcth - SrcthTerrlp) > RngSrcth

CountR = CountR + 1

If CountR = NumberAA Then

SrcthTemp = SrcthTemp + AmsAA(CountR)

Exit Do

End If

SrcthTemp = SrcthTemp + AmsAA(CountR)

Loop

If CountR = NumberAA Then

Exit Do

End If

Do While Abs(SrcthTemp - ValSrcth) < RngSrcth

CountMtch = CountMtch + l: MsSrchMtch(CountMtch) = SrcthTemp

LSrchMtch(CountMtch) = CountL: RSrchMtch(CountMtch) = CountR

CountR = CountR + 1: SrcthTemp = SrcthTemp + AmsAA(CountR)

Loop

SrcthTemp = SrcthTemp - AmsAA(CountL): CountL = CountL + 1

Do While (ValSrcth - SrcthTemp) < RngSrcth

SrcthTemp = SrcthTemp - AmsAA(CountR): CountR = CountR - 1

Loop

Loop

Do While ValSrcth - SrcthTemp < RngSrcth

If Abs(ValSrcth - SrcthTemp) < RngSrcth Then

CountMtch = CountMtch + l: MsSrchMtch(CountMtch) = SrcthTemp

LSrchMtch(CountMtch) = CountL: RSrchMtch(CountMtch) = CountR

End If

SrcthTemp = SrcthTemp - AmsAA(CountL): CountL = CountL + 1

Forml.Print "*****"

Looo

'print search results on screen

Forml.Cls

For I = 1 To CountMtch

Forml.Print "m/z= "; Tab(10); Fomat(MsSrchMtch(I), "0.00"); Tab(20); " - "; Tab(24); "(";

AA$(LSrchMtch(I) - l); ")"; Str$(LSrchMtch(I)); AA$(LSrchMtch(I))', " -"; Str$(RSrchMtch(I));

AA$(RSrchMtch(I)); " ("; AA$(RSrchMtch(I) + l); ")"

If(I -Int(I/40) * 40) = 0 Then

MsgBox ("Continuel")

Forml.Cls

ElseIf(I - Int(I/10)* 10) = 0 Then

Forml.Prin " "
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End If

Next I

If CountMtch = 0 Then

Forml.Print "There is no match."

Else

'print to printer

TempStr$ = lnputBox$("Print to printer?", , "Y'es.")

IfTempStr$ = "Yes." Then

Printer.Print "Protein/Peptide : "; peptide_name$

Printer.Print " 1 ";

For I = 1 To NumberAA

Printer.Print AA$(I);

If(I-IntO/SO) "' 50)=0Then

Printer.Print

Printer.Print I + l;

ElseIfO - Int(1/10)* 10)= 0 Then

Printer.Print " ";

End If

Next I

Printer.Print

Printer.Print "total number ofamino acid = "; NumberAA

Printer.Print "peptide molecular weight (MH+) = ”; PepMW

Printer.Print "N-terminal modification = "; Nmodify

Printer.Print "C-terminal modification = "; Cmodify

Printer.Print

Printer.Print "Peptide sequences with m/z of [M+H]+ between "; Format(ValSrcth - RngSrcth,

"0.00"); " and "; Format(ValSrcth + RngSrcth, "0.00"); " are:"

For I = 1 To CountMtch

Printer.Print "m/z= "; Tab(] 1); Format(MsSrchMtcha), "0.00"); Tab(21); " - "; Tab(25); "(";

AA$(LSrchMtch(I) - 1); ")”; Str$(LSrchMtch(I)); AA$(LSrchMtch(I)); " -"; Str$(RSrchMtch(I));

AA$(RSrchMtch(I)); " ("; AA$(RSrchMtch(I) + 1); ")"

Next I

Printer.EndDoc

End If

End If

End Sub

'*** inputbox: specify mass range for search

Sub SrcthRng_Change 0

Beep

'*** accept mass range for search

RngSrcth = Val(SrcthRng.Text)

End Sub

'*** inputbox: specify mass value for search

Sub SrcthVal_Change ()

Beep

'*"'* accept mass value for search

ValSrcth = Val(SrcthVal.Text)

End Sub

'*** pull down menu: search for certain peptide sequence("?", for any amino acid), regardless specific

cleavage

Sub SrchSeq_C1ick 0
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Boop

Dim Lseq As Integer, Temp2 As Integer

ReDim Seq$(20)

Dim There_is_match As Integer

There_is_match = O

Lseq = Len(Seanrch$)

For I = 1 To Lseq

ch$(I) = Mid$(Seanrch$, I, 1)

Next I

Forml.Cls

For I = 1 To NumberAA - Lseq +1

Temp2 = O

For J = 1 To Lseq

If AA$(I + J - l) = Seq$(J) Or Seq$(J) = "7" Then

Temp2 = Temp2 + l '

End If

Next I

IfTemp2 = Lseq Then

There_is_match = l

Forml.Print Tab(3); I; " -"; I + Lseq - l; ", "; Tab(17); "--"; Tab(20);

ForK = I To I + Lseq - 1: Forml.Print AA$(K); : Next K

Forml.Print

End If

Next I

If There_is_match = 0 Then

Forml.Print "There is no match."

Else

'print to printer

TcmpStr$ = InputBox$("Print to printer?", , "Yes.")

IfTempStr$ = ”Yes." Then

Printer.Print "Protein/Peptide : "; peptide_name$

Printer.Print " l ";

For I = 1 To NumberAA

Printer.Print AASG);

If(I-Int(I/50) * 50)=0Then

Printer.Print

Printer.Print I + l;

ElseIf(I - Int(I/ 10) * 10) = 0 Then

Printer.Print " ";

End If

Next I

Printer.Print

Printer.Print "total number ofamino acid = ”; NumberAA

Printer.Print "peptide molecular weight (MI-1+) = "; PepMW

Printer.Print "N-terminal modification = "', Nmodify

Printer.Print "C-terminal modification = "; Cmodify

Printer.Print

Printer.Print "Peptides with consensus sequence, "; SeanrchS; ", arez"

ForI=1ToNumberAA-Lseq+ 1

Temp2 = O

For J = 1 To Lseq

IfAA$(I + J - l) = Seq$(J) Or Seq$(J) = "'.7" Then

Temp2 = Temp2 + 1

End If
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Next J

If Temp2 = Lseq Then

Printer.Print Tab(3); I; " -"; I + Lseq - 1; ", "; Tab(l7); "--"; Tab(20),

For K = I To I + Lseq - l: Printer.Print AA$(K); : Next K

Printer.Print

End If

Next I

Printer.EndDoc

End If

End If

End Sub

'*** inputbox: specify amino acid sequence for search, "?", for any amino acid

Sub SrchSeqn_Change 0

Beep

'*** accept mass sequence for search

Seanrch$ = SrchSeqn.Text

End Sub

'*** check box: if phosphorylation on threonine is considered

Sub Thr_C1ick 0

'***accept checkbox from user if considering phosphorylation on threonine

IfThr.Value Then

pThrs = ”T"

Else

p'I'hrs = I".

End If

End Sub

'*** check box: ifphosphorylation on tyrosine is considered

Sub Tyr_Click 0

Beep

"*‘accept checkbox from user if considering phosphorylation on tyrosine

If'I‘yr.Value Then

pm = ”Y”

Else

p'IVyIs = "I!

End If

End Sub

'*** layouts of form , menu, and objects

Begin Form Forml

BackColor = &HO0FFFFFF&

Caption = "MSU MassMap v.1.1"

ClientHeight = 7140

ClientLefi = 105

ClientTop = 1710

ClientWidth = 11700

Height = 7830

Icon = MSUVllD.FRX:OOOO

Lefi = 45

LinkMode = 1 'Source

LinkTopic = "Forml”
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ScaleHeight = 7140

ScaleWidth = 11700

Top = 1080

Width = 11820

Begin TextBox SrchSeqn

Height = 360

Left = 7800

TabIndex = 28

Text = "R78"

Top = 2535

Width = 3540

End

Begin TextBox SrcthRng

Height = 360

Left = 8460

TabIndex = 26

Text = "2"

Top = 2160

Width = 1110

End '

Begin TextBox SrcthVal

Height = 360

Left = 6360

TabIndex = 24

Text = "2000”

Top = 2160

Width = 1140

End

Begin CheckBox Tyr

Caption = "Tyrosine"

Height = 225

Left = 9240

TabIndex = 7

Top = 1530

Width = 1185

End

Begin CheckBox Thr

Caption = "Threonine"

Height = 210

Lefi = 8040

TabIndex = 8

Top = 1530

Width = 1200

End

Begin CheckBox Ser

Caption = "Serine"

Height = 255

Left = 7080

TabIndex = 6

Top = 1500

Width = 855

End

Begin TextBox C_modify

Height = 360
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Left = 9240

TabIndex = 18

Text = ”0"

Top = 1170

Width = 510

End

Begin TextBox N_modify

Height = 360

Left = 7560

TabIndex = 17

Text = "0"

Top = 1200

Width = 495

End

Begin TextBox MassHigh

Height = 360

Left = 8160

TabIndex = 11

Text = ”3000"

Top = 810

Width = 900

End

Begin TextBox MassLow

Height = 360

Left = 6780

TabIndex = 10

Text = ”0"

Top = 810

Width = 885

End

Begin OptionButton After

Caption = "Cleave at C-terrninus ofz"

Height = 255

Left = 6240

TabIndex = 2

Top = 480

Value = -1 'True

Width = 2340

End

Begin CommandButton Commandl

Caption = ”CLEAR"

Height = 255

Left = 4920

TabIndex = 31

Top = 510

Width = 675

End

Begin DirListBox Dir2

Height = 1605

Left = 360

TabIndex = 30

Top = 480

Width = 2775

End
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Begin DirListBox Dirl

Height = 1605

Left = 120

TabIndex = 21

Top = 480

Width = 2535

End

Begin TextBox CutAA

Height = 360

Left = 5760

TabIndex = 0

Top = 345

Width = 330

End

Begin OptionButton Before

BackColor = &HO0FFFFFF&

Caption = ”Cleave at N-terminusofz"

Height = 240

Left = 6240

TabIndex = 1

Top = 270

Width = 2325

End

Begin CommandButton CommandOK

Caption = "OK"

Height = 375

Left = 2640

TabIndex = 32

Top = 120

Width = 495

End

Begin DriveListBox Drive2

Height = 315

Left = 360

TabIndex = 29

Top = 120

Width = 2175

End

Begin DriveListBox Drivel

Height = 315

Left = 120

TabIndex = 20

Top = 120

Width = 2535

End

Begin FileListBox Filel

Height = 1950

Left = 2640

TabIndex = 22

Top = 120

Width = 1575

End

Begin Line LinelO

X1 = 6480
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X2 = 11400

Y1 = 2040

Y2 = 2040

End

Begin Line Line9

X1 = 11400

X2 = 11400

Y1 = 2880

Y2 = 2040

End

Begin Line Line8

X1 = 4320

X2 = 11400

Y1 = 2880

Y2 = 2880

End

Begin Line Line7

X1 = 4320

X2 = 4320

Y1 = 2040

Y2 = 2880

End

Begin Line Line6

X1 = 4320

X2 = 4680

Y1 = 2040

Y2 = 2040

End

Begin Label Labe15

AutoSize = -1 'True

Caption = "Search Parameters"

Height = 195 ~

Left = 4800

TabIndex = 34

Top = 1920

Width = 1620

End

Begin Line Line5

X1 = 7680

X2 = 11400

Y1 = 120

Y2 = 120

End

Begin Line Line4

X1 = 4320

X2 = 4680

Y1 = 120

Y2 = 120

End

Begin Label Labe12

AutoSize = -1 'True

Caption = "Specific Degradation Parameters"

Height = 195

Left = 4800
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TabIndex = 33

Top = 0

Width = 2805

End

Begin Line Line3

X1 = 4320

X2 = 4320

Y1 = 120

Y2 = 1800

End

Begin Line Line2

BorderColor = &H00000000&

X1 = 11400

X2 = 11400

Y1 = 120

Y2 = 1800

End

Begin Line Linel

X1 = 4320

X2 = 11400

Y1 = 1800

Y2 = 1800

End

Begin Label Labell3

AutoSize = --1 'True

Caption = "Search for : (a) mass ="

Height = 195

Left = 4380

TabIndex = 23

Top = 2280

Width = 1950

End

Begin Label Label7

AutoSize = -1 'True

Caption = "Calculate for Mass Rangez"

Height = 225

Left = 4440

TabIndex = 12

Top = 840

Width = 2310

End >

Begin Label Labe112

AutoSize = -1 'True

BackColor = &HO0COC000&

BorderStyle = 1 'Fixed Single

Caption = " Sorting . It maybeslow!"

FontBold = -1 "True

FontItalic == -1 'True

FontName = "MS Sans Serif"

FontSize = 17.25

FontStrikethru = 0 'False

FontUnderline = 0 'False

ForeColor = &H000000C0&

Height = 465
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Left = 6960

TabIndex = 19

Top = 3000

Width = 4530

End

Begin Label Labe115

AutoSize = -1 'True

Caption = "(b) consensus sequence ="

Height = 195

Left = 5460

TabIndex = 27

Top = 2640

Width = 2250

End

Begin Label Labe114

AutoSize = -1 'True

Caption = ", range ="

Height = 195

Left = 7620

TabIndex = 25

Top = 2280

Width = 780

End

Begin Label Label6

AutoSize = -1 'True

Caption = "Possible Phosphorylations at:"

Height = 195

Left = 4440

TabIndex = 9

Top = 1530

Width = 2505

End

Begin Label LabellO

AutoSize = -1 'True

Caption = "C-terminus:"

Height = 195

Left = 8220

TabIndex = 15

Top = 1200

Width = 960

End

Begin Label Labelll

AutoSize = -1 'True

Caption = "N-terminusz"

Height = 195

Left = 6540

TabIndex = 16

Top = 1200

Width = 975

End

Begin Label Label9

AutoSize = -1 'True

Caption = "Terminal Modificationsz"

Height = 195



Left = 4440

TabIndex = 14

Top = 1200

Width = 1980

End

Begin Label Labe18

AutoSize = -1 'True

Caption = "To"

Height = 195

Left = 7800

TabIndex = 13

Top = 840

Width = 240

End

Begin Label Label4

Height = 225

Left = 8640

TabIndex = 5

Top = 510

Width = 2250

End

Begin Label Label3

Height = 210

Left = 8640

TabIndex = 4

Top = 300

Width = 2205

End

Begin Label Labell

AutoSize = -1 'True

Caption = "Enter Residuez"

Height = 195

Left = 4425

TabIndex = 3

Top = 315

Width = 1275

End

Begin Menu File

Caption = "&File"

Begin Menu CD

Caption = "&Change Current Directory"

End

Begin Menu OpenFile

Caption = "&Open Sequence File"

End

Begin Menu PrintSeq

Caption = "&Print Protein Sequence"

End

Begin Menu Macfile

Caption = "Convert to MacProMass Format/via Comlink"

End

End

Begin Menu Degradation

Caption = "Specific &Degradation"
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Begin Menu CalFrag

Caption = "&Calculate Fragments"

End

Begin Menu ScreenCalFrag

Caption = "Display Fragments on &Screen"

End

Begin Menu PrinterCalFrag

Caption = "&Print Calculate Result to Printer"

End

Begin Menu FileCalFrag

Caption = "Print Calculate Result to a *.txt File"

End

End

Begin Menu Search

Caption = "&Search"

Begin Menu SrchMass

Caption = "Sequence of certain &Mass"

End

Begin Menu SrchSeq

Caption = ”&Consensus Sequence"

End

End

Begin Menu Help

Caption = "&Help"

Begin Menu note

Caption = "A note from programmer"

End

Begin Menu about

Caption = "About this program"

End

Begin Menu How

Caption = "How to build protein sequence file"

End

Begin Menu How2

Caption = "How to export a MacProMass fileformat"

End

End

End
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Appendix VII - Instruction for the use ofMSU MassMap v.1.1

June 13, 1994

The text of this instruction is contained in the file 'readme.txt' in the sent floppy disk. You may use

Microsoft Word to read it. It is saved in the text format.

Installation of this program:

To install MSU MassMap v.1.l, please run (in Windows) the file 'Setup.exe' which is in the sent

floppy disk. Follow instructions. Two files, 'msuvll.exe' and 'bcasein.0rt' will be generated in the

c:\msuv11 directory (or, as you specify.) A MSU MassMap v. 1.1 icon will be generated in the Windows.

Run this icon._ There are some information in HELP to assist you in the use of this program. If the

window layout of this program does not fit your monitor screen, go to 'Windows Setup', 'change system

setting’, 'Display’, change the setting to 'Super VGA (800x600, 16 colors, small fonts)’.

What does this program do?

This program was written by Pao-Chi Liao at the Mass Spectrometry Facility, Michigan State

University, to calculate the average masses of possible peptide fragments and phosphopeptide fiagments

from specific enzymatic or chemical degradation of a protein, and the m/z values of the mass spectral

peaks for the corresponding [M+H]+ ions. In this program, 'degradation' merely means hydrolysis. The

average masses were used instead of monoisotopic masses to make the program suitable for the mass

mapping analyses for MALDI-TOF-MS measurements of proteins or peptides. The program computes

masses for peptides from not only complete but also partial digestion. For a detailed discussion on how to

locate phosphorylation sites in a phosphoprotein using MALDI-TOF-MS and mass mapping, see P.-C.

Liao, J. Ieykam, P. Andrews, D. Gage and J. Allison, ANALYTICAL BIOCHEMISTRY, 219, 9-20

(1994).

This program allows you define the rules of specific degradation. You may define the specific

cleavage sites are either at the N-tenninus or the C-terminus of some residues. The program applies the

rules defined by you to a protein sequence and generates all the possible peptides fi'om complete and

partial digestion. The calculation also includes possible phosphorylation at serine, threonine or tyrosine,

if you specify. In the next step, all the corresponding masses of generated peptides and phosphopeptides

are calculated, and their corresponding m/z values of [M+H]+ are reported. A list which contains

generated peptides sorted according to their masses will be reported. To avoid a lengthy list, you may

specify the high and low mass limit. Only peptides with the masses within the specified mass range will

be generated. You may also define an N-terminus or C-terminus modification to a protein sequence.

You may also search a peptide sequence of certain mass or consensus sequence within a protein

sequence. In this case, no specific degradation is considered. The program searches all possible peptide

sequences along the protein sequence. You may also export a protein sequence to a file which can be

converted to Macintosh file format, so you can utilize the flmctions in MacProMass software (by Terry Lee

and Sunil Vemuri, Beckman Research Institute ofthe City of Hope, Durate, CA).
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Run this program:

1. First, you need a protein sequence. This program does not have the function to manually input a

protein sequence and build a protein sequence file, because this can be easily done by a word processor

(e.g. Microsoft Word) or a text editor.

The file which contains the protein sequence has to be the format as follows, so it can be Opened by

this program. A demo file with filename bcasein.0rt should be sent to you with this program.

(name of protein)[CR,L]

(any # ofamino acid sequence)[CR,L]

(any # ofamino acid sequence)[CR,L]

[CR,L]

(anything beyond this point will not be read)"

[CR,L] denotes carriage return (code 13) and line feed (code 10), two successive [CR,L] denote

end of amino acid sequence.

For example: the sequence of angiotensin I from salmon is NRVYVHPFNL"

angiotensin I, salmon[CRL]

NRWVH[CRL]

PFNL[CR,L]

[CR,L]

Frequently, you may trim an existing file which contains a protein sequence from other source.

2. Run 'MSU MassMap v.1.l' icon in Windows. Use 'Open' in 'File' menu to open the protein

sequence file which you have built or the demo file, 'bcasein.0<t', which lists the sequence of bovine beta-

casein. Click the filename to Open it Once the protein sequence file is opened, it is displayed on the

screen. Ifyou fail to open the protein sequence file which you have built, check the file format again.

3. Specify/change the parameters listed in ' Specific Degradation Parameters' box You may enter

multiple amino acid residues at which either their N-terminus or C-terminus will be specifically

hydrolyzed. Use 'CLEAR' buttom to start with new amino acid residues. Specify mass range. Only

peptides with the masses within the specified mass range will be generated. You may also define an N-

terminus or C—terminus modification, if nay, to a protein sequence. The number in box corresponds to the

mass change from this modification. For example, a number '42.04' in the N-terminus box will give

acetylation at the N-terminus. You may check the box for serine, threonine and tyrosine to include the

possible phosphorylations on these amino acid residues.

4. Now you may calculate the specific degradation fiagrnents for the parameters which you have

specified, using 'Calculate Fragments' in 'Specific Degradation' menu. The number of generated

fi'agrnents will be displayed on the screen. Because I only use a simple bubble sort routine, the sorting

may be slow if the number offiagments is large.

5. Using the same menu, you may display the calculated results on the screen, or print them out. It is

also possible to export the results to a file, so you may do further manipulations on them.

6. Using the 'Search' menu, you may also search a peptide sequence of certain mass or consensus

sequence within a protein sequence. In this case, no specific degradation is considered. The program
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searches all possible peptide sequences along the protein sequence. Specify the parameters in the 'Search

Parameters' box on the screen.

7. You may also export a protein sequence to a file which can be converted to Macintosh file format,

so you can utilize the fimctions in MacProMass software (by Terry Lee and Sunil Vemuri, Beckman

Research Institute of the City of Hope, Durate, CA). See the 'HELP' menu for a detailed instruction
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Appendix VIII - An example of the program output of MSU MassMap v.1.l

Peptide Name: KRPSQRHGSKY, used as an example in Figure 5.1

l KRPSQRHGSK Y

Number of Amino Acid = 11

Peptide Molecular Weight (MIT) = 1344.5191

N-terminal modification = 0

C-terminal modification = 0

Cleave at: N-terminal of :

N-terminal ofRK

Phosphorylation at: S,T,Y

mass range considered: 0 - 3000

total # of unphosphorylated fiagments from this protein = 15

calculated # of unphosphorylated fragments within this mass range = 15

calculated # of phosphorylated fiagments within this mass range = 22

calculated # of fragments within this mass range = 37

 
  

[M+H]+, m/z # ofphosphorylation sites peptide

147.20 0 p 1 - 1

175.21 0 p 2 - 2

182.20 0 p 11 - 11

262.18 1 p 11 - 11

303.38 0 p 1 - 2

428.47 0 p 7 - 10

487.54 0 p 3 - 6

508.45 1 p 7 - 10

567.52 1 p 3 - 6

591.64 0 p 7 - 11

643.72 0 p 2 - 6

671.62 1 p 7 - 11

723.70 1 p 2 - 6

751.60 2 p 7 - 11

771.90 0 p 1 - 6

851.88 1 p 1 - 6

896.98 0 p 3 - 10

976.96 1 p 3 - 10

1053.17 0 p 2 - 10

1056.94 2 p 3 - 10

1060.16 0 p 3 - 11

1133.15 1 p 2 - 10

1140.14 1 p 3 - 11

1181.34 0 p 1 - 10

1213.13 2 p 2 -10



1216.35

1220.12

1261.32

1296.32

1300.10

1341.30

1344.52

1376.30

1424.50

1456.28

1504.48

1584.46

 

148

 

2-11

3-11

1-10

2-11

3-11

1-10

1-11

2-11

1-11

2-11

1-11

1-11
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