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INTRODUCTION 

We have long been in te res ted in t h e m e c h ­
anisms of enzyme-ca ta lyzed reac t ions of 
ATP, and N M R has been especially useful 
in s tudy ing these m e c h a n i s m s ( 1 , 2 ) . T h e 
c o m b i n e d use of pa ramagne t i c effects o n 
T j t o measure meta l -nuc leus d is tance (3 ) , 
and t h e nuclear Overhauser effect t o 
measure i n t e r p r o t o n d is tances (4-9) , has 
provided detai led in fo rma t ion o n t h e 
loca t ions , c o n f o r m a t i o n s , and a r r angemen t 
of e n z y m e - b o u n d me ta l -ATP and o t h e r 
subs t ra tes . Act ive site b ind ing of subs t ra tes 
in N M R e x p e r i m e n t s has been es tabl ished 
b y quan t i t a t ive s tudies of t h e d i sp lacement 
of subs t ra tes b y compe t i t ive inh ib i tors , by 
m e a s u r e m e n t s o f subs t ra te exchange ra tes 
at equ i l ib r ium, and b y compar ing these 
resul ts wi th t hose of k ine t i c s tudies of t h e 
e n z y m e in ac t ion (2) . This pape r will 
review o u r N M R studies of th ree enzymes , 
cAMP-dependen t p ro t e in k inase , adeny la t e 
k inase , and D N A po lymerase I. 

cAMP-dependent protein kinase 

The ca ta ly t ic subun i t of cAMP-dependen t 
p ro t e in kinase cata lyzes t h e phosphory l a ­
t ion o f Ser and Thr res idues b y MgATP 
in pep t i de s such as Leu-Arg-Arg-Ala-Ser-
Leu-Gly and similar sequences in p ro te ins . 
Such p h o s p h o r y l a t i o n act ivates some 
e n z y m e s and inhib i t s o the r s , t h e r e b y 
cont ro l l ing t h e ra tes of en t i re m e t a b o l i c 
p a t h w a y s . 

Based o n d is tances from M n 2 + b o u n d 
at an inh ib i to ry site of p ro te in kinase t o 

C o 3 + ( N H 3 ) 4 ATP , and i n t e r p r o t o n d is tances 
in MgATP, t h e e n z y m e - b o u n d me ta l -ATP 
subs t ra te has a high-anti glycosyl tors ional 
angle (x = 81 ± 1 3 ° ) and a r ibose pucke r 
which is e i ther 0 1 ' e n d o , o r an in te rcon-
vert ing m i x t u r e of C-2' o r C-3 ' e n d o (10 , 
11) (F igure 1). T h e act ivat ing me ta l is 
coo rd ina t ed by t h e p and y p h o s p h o r y l 
g roups of A T P b u t n o t by t h e p ro te in . The 
chiral (3-P shows t h e A-configurat ion (12) . 

T h e e n z y m e - b o u n d p e n t a p e p t i d e (Arg-
Arg-Ala-Ser-Leu) and h e p t a p e p t i d e (Leu-
Arg-Arg-Ala-Ser-Leu-Gly) subs t ra tes exist 
in highly e x t e n d e d coil con fo rma t ions , 
wi th n o in ternal h y d r o g e n b o n d s , as de­
t e rmined b y a to ta l of 31 d is tances from 
the inh ib i to ry M n 2 + and from C r 3 + A T P 
t o p r o t o n s of the pep t ides , inc luding back­
b o n e Ca and amide N H p r o t o n s (13-15) 
(Figure 2) . The reac t ion coo rd ina t e d i s tance 
b e t w e e n the serine h y d r o x y l oxygen and 
the 7-P of MgATP, e s t ima ted as 5.3 ± 0.7 
A from the in t e r subs t ra t e d is tances (16 ) 
would al low r o o m for an i n t e rmed ia t e 
(2 , 17) . Hence the N M R da t a suggest 
e i ther a dissociative mechan i sm wi th a 
m e t a p h o s p h a t e i n t e r m e d i a t e o r an as­
sociative mechan i sm wi th a highly elongat­
ed b ipy ramida l t rans i t ion s ta te (2 , 16, 17). 

Adenylate kinase 

Adeny la t e kinase catalyzes t h e p h o s p h o ­
ry la t ion of AMP b y MgATP, each subs t ra te 
b ind ing at a separa te and specific site (18-
21) . On rabbi t musc le adeny la t e kinase 
( 1 9 4 a m i n o acids) , and o n a 45 a m i n o acid 
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Fig. 1: Comparison of the conformations of C O ( N H 3 ) 4 ATP bound to the catalytic subunit of protein kinase deter­
mined by the paramagnetic probe Tj method (A,B or C,D) and the NOE method (E,F) (10, 11). A,B and C,D are 
alternative fits based on measured distances from Mn 2 * bound at the inhibitory site. 

N 

Fig. 2: Coil conformation of the enzyme-bound hepta-
peptide substrate of protein kinase consistent with 
distances from M n J + and C r 3 + to peptide protons ( 1 3 , 1 4 ) 
and with the kinetic properties of N-methylated peptides 
(15). 

f ragment of this e n z y m e (residues 1-45) 
wh ich b inds me ta l -ATP wi th comparab l e 
affinity, MgATP has a glycosyl angle 
X = 6 3 ± 1 2 ° and a 3 ' -endo r ibose pucke r 
(22) . 2D NMR, CD, and F T I R spectros­
copy indicate this pep t i de t o be s t ruc tu red 
in so lu t ion w i th regions of a-hel ix and 
(3-sheet, very similar t o t h e X-ray s t ruc tu re 
of this p o r t i o n of the e n z y m e (23) . On 
b o t h t h e e n z y m e and t h e p e p t i d e , b o u n d 
MgATP in te rac t s wi th t w o h y d r o p h o b i c 
res idues , p robab ly H e 28 and Leu 3 7 , as 
de t ec t ed b y in t e rmolecu la r NOE ' s , and 
t h e C r 3 + of b o u n d C r 3 + A T P is - 1 3 A 
from b o t h His 30 and His 3 6 , as de te rmin­
ed by pa ramagne t i c effects o n T i (22) . 
These and o t h e r d is tances and in t e rac t ions 
p e r m i t t e d t h e pos i t ion ing or ' dock ing ' 
of t h e p rope r c o n f o r m a t i o n of MgATP 
i n t o t h e X-ray s t ruc tu re of t h e e n z y m e 
(22 ) (F igure 3) . 

T h e c o n f o r m a t i o n of e n z y m e - b o u n d 
AMP, based on in te r subs t ra t e d is tances 
from C r 3 + A M P P C P and o n i n t e r p r o t o n 
N O E ' s wi th in AMP, is s o m e w h a t s t ra ined , 
w i th a very high ant i -glycosyl angle (x = 
110 ± 10o) and a 3 ' - endo /2 ' - exo r ibose 
p u c k e r (24 ) (Figure 4 ) . Such s t ra ined 
c o n f o r m a t i o n s of b o u n d n u c l eo t i d e sub-
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Fig. 3: Representation of the crystal structure of the 
entire adenylate kinase molecule showing the location 
of bound MgATP and AMP as determined by NMR 
docking. The stippling shows regions of amino acid 
homology with other nucleotide binding enzymes (22, 
24). 

s t ra tes corre la te wi th high subs t ra t e specif­
icity (17) . T h e in t e r subs t r a t e d is tances , as 
well as in t e rmolecu la r N O E ' s from t h e 
e n z y m e t o AMP were used to pos i t ion 
AMP in to t h e X-ray s t ruc tu re of adeny la t e 
kinase (24 ) (Figures 3 , 5) . F r o m t h e 
pos i t ions of t h e e n z y m e - b o u n d subs t ra tes , 

Fig. 4: Conformation of metal-ATP and of AMP on 
adenylate kinase, showing intersubstrate distances and 
interproton distances in angstrom units (22 , 24). Also 
shown is the lower limit reaction coordinate distance 
( > 3 A) based on model building (24). 

Fig. 5: Molecular details of the binding sites of AMP and 
MgATP on adenylate kinase as determined by NMR 
docking (22, 24). 

a reac t ion coo rd ina t e d is tance of 3 + 1 A 
is es t imated b e t w e e n the -y-P of MgATP 
and t h e p h o s p h a t e oxygen of AMP (24) , 
which is cons i s ten t wi th an associative 
nuc leophi l ic subs t i tu t ion at p h o s p h o r u s 
(2 , 17). 

Large fragment of DNA polymerase I 

D N A po lymerase cata lyzes t h e cent ra l 
r eac t ion in t h e repl ica t ion of D N A , a 
nuc leophi l i c subs t i t u t ion o n t h e a-P of 
d e o x y n u c l e o s i d e t r i phospha t e s wi th t h e 
d i sp lacement of p y r o p h o s p h a t e as the 
leaving g r o u p ( 2 5 , 26) . The e n z y m e uti l izes 
four d e o x y n u c l e o t i d e subs t ra tes , b ind ing 
o n e at a t ime (27 , 28 ) , and e longates t h e 
growing D N A chain or pr imer in a m a n n e r 
cons is ten t wi th Watson-Crick base pair ing 
be tween t h e incoming subs t ra te and t h e 
t emp la t e . In add i t ion to t h e po lymerase 
reac t ion , D N A po lymerase I f rom E. coli 
(pol I) ca ta lyzes a 3 ' -5 ' exonuc lease reac­
t ion which c o n t r i b u t e s t o t h e fidelity of 
t e m p l a t e copying . Pol I also cata lyzes a 
5 ' -3 ' exonuclease reac t ion on a site located 
o n a 3 5 , 0 0 0 molecu la r weight d o m a i n at 
t h e N- te rminus of t h e e n z y m e which can 
be removed b y pro teo lys i s (25) . The re­
main ing large fragment o r K lenow fragment 
of molecu la r weight 6 8 , 0 0 0 , re ta ins t h e 
po lymerase and 3 ' -5 ' exonuc lease activit ies. 
This s impler e n z y m e has been cloned (29) , 
crystal l ized, and an X-ray s t ruc tu re has 
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been r epo r t ed (30 ) , which shows t h e m o ­
lecule t o have a claw-like s t ruc tu re sui table 
for b ind ing doub le - s t r anded DNA. The 
subs t ra te b ind ing site has n o t been clearly 
loca ted in t h e crystal s t ruc tu re . 

We have used N M R t o s tudy t h e con­
fo rma t ions of t h e b o u n d subs t ra tes , b o u n d 
t empla t e s , and t h e in te rac t ions o f b o t h 
t h e subs t ra tes and t e m p l a t e s wi th t h e 
e n z y m e ( 2 8 , 31 ) . T o avoid hydro lys i s b y 
t h e 3 ' , 5 ' exonuc lease we have used oligo-
r ibonuc l eo t ide t empla t e s . 

On t h e large f ragment of D N A poly­
merase I, t h e subs t ra tes MgdATP and MgTTP 
and t h e subs t ra t e analog AMPCPP have 
an t i gWcosyl tors ional angles (x = 50 ± 1 5 ° ) 
and Oi' e n d o d e o x y r i b o s e pucke r s (6 = 9 8 
± 12o) , a p p r o p r i a t e for nuc l eo t ide res idues 
of B-DNA. Templa t e s and p r imers do n o t 
great ly a l ter these con fo rma t ions . In 
con t ras t , e n z y m e - b o u n d d G T P exists in at 
least t w o c o n f o r m a t i o n s in the absence of 
t e m p l a t e , 60% ant i (x = 3 2 ± 10o, 3 ' -
e n d o ) and 40it. syn (x = 2 2 2 ± 10<\ 
2 ' - endo) . T h e c o m p l i m e n t a r y t e m p l a t e 
( r C ) 3 0 and the n o n - c o m p l i m e n t a r y t e m p l a t e 
( r U ) 4 3 simplify t h e c o n f o r m a t i o n s of 
b o u n d d e o x y g u a n i n e nuc l eo t ide subs t ra tes 
t o a single anti-species, suggesting base-

pair ing wi th t h e t e m p l a t e ( 3 1 , 32 ) . In t h e 
case of ( r U ) 4 3 a G-U w o b b l e base pair m a y 
form. T h e e n z y m e - b o u n d t e m p l a t e s ( r U ) S 4 

and ( r A ) s o are part ia l ly immobi l i zed , and 
are held in a c o n f o r m a t i o n such t h a t their 
average nuc leo t ides are m o r e B-like t h a n A-
or Z-like (31 ) . 

I n t e rmo lecu l a r NOE ' s ind ica te t h a t the 
e n z y m e b inds subs t ra tes near at least t w o 
h y d r o p h o b i c res idues including He, and 
an a roma t i c res idue, p r o b a b l y T y r ( 2 8 , 31 ) . 
These N M R resul ts are cons i s ten t wi th 
pho toa f f in i ty labeling of t h e e n z y m e wi th 
the subs t ra te analog 8-azido d A T P which 
modif ies T y r 7 6 6 in the sequence Leu-Ile-
T y r (33) . In t e rmolecu la r N O E ' s from the 
e n z y m e t o t h e t emp la t e s ( r U ) s 4 and ( r A ) 5 0 

indicate the p r o x i m i t y of ca t ion ic Arg 
a n d / o r Lys res idues and a h y d r o p h o b i c 
residue. These NMR resul ts are cons is ten t 
wi th the observa t ion t ha t the po l A 6 
m u t a n t , which b inds t e m p l a t e s less t ight ly , 
resul ts f rom t h e convers ion of Arg 6 9 0 to 
His ( 3 4 ) . T h e ho ld ing of subs t ra tes and 
t e m p l a t e s in a B-like c o n f o r m a t i o n m a y 
c o n t r i b u t e t o the high fidelity of t e m p l a t e 
repl ica t ion b y pol I. A s tepwise m e c h a n i s m 
of ac t ion for po l I cons is ten t w i th t h e N M R 
da ta is shown in Figure 6. 

Fig. 6: Interactions of substrate, template and primer with DNA polymerase I based on NMR studies (2, 28, 31, 35). 
A. Initial monodentate substrate complex. B. Base-paired and bidentate substrate complex and mechanism of reaction. 
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