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NMR Studies of the Backbone Protons and Secondary Structure of 
Pentapeptide and Heptapeptide Substrates Bound to Bovine Heart Protein 
Kinase? 
Paul R. Rosevear, David C. Fry, Albert S .  Mildvan,* Michael Doughty, Catherine O'Brian, and E. T. Kaiser 

ABSTRACT: The conformations of enzyme-bound pentapeptide 
(Arg-Arg-Ala-Ser-Leu) and heptapeptide (Leu-Arg-Arg- 
Ala-Ser-Leu-Gly) substrates of protein kinase have been 
studied by NMR in quaternary complexes of the type 

pept ide - emyme-AMPPCP-Co(NH3 l4 
\ /  

Mn2+,nh 

Paramagnetic effects of Mn2+ bound at the inhibitory site of 
the catalytic subunit on the longitudinal relaxation rates of 
backbone C, protons, as well as on side-chain protons of the 
bound pentapeptide and heptapeptide substrates, have been 
used to determine Mn2+ to proton distances which range from 
8.2 to 12.4 A. A combination of the paramagnetic probe-T, 
method with the Redfield 2-1-4-1-2 pulse sequence for 
suppression of the water signal has been used to measure 
distances from Mn2+ to all of the backbone amide (NH) 
protons of the bound pentapeptide and heptapeptide substrates, 

Adenos ine  cyclic 3',5'-monophosphate (CAMP)' dependent 
protein kinase plays a major role in the regulation of certain 
enzymes through selective phosphorylations (Krebs & Beavo, 
1979). Dissociation of the regulatory subunit from the cata- 

which range from 6.8 to 1 1 .I A. Paramagnetic effects on the 
transverse relaxation rates yield rate constants for peptide 
exchange, indicating that the complexes studied by NMR 
dissociate rapidly enough to participate in catalysis. Mod- 
el-building studies based on the Mn2+-proton distances, as well 
as on previously determined distances from Cr3+-AMPPCP 
to side-chain protons [Granot, J., Mildvan, A. S . ,  Bramson, 
H. N., & Kaiser, E. T. (1981) Biochemistry 20, 6021, rule 
out &-helical, @-sheet, @-bulge, and all possible @-turn con- 
formations within the bound pentapeptide and heptapeptide 
substrates. The distances are fit only by extended coil con- 
formations for the bound peptide substrates with a minor 
difference between the pentapeptides and heptapeptides in the 
4 torsional angle at Arg,C, and in rC, at Arg,C,. An extended 
coil conformation, which minimizes the number of interactions 
within the substrate, would facilitate enzyme-substrate in- 
teraction and could thereby contribute to the specificity of 
protein kinase. 

lytic subunit, a process mediated by CAMP, has been shown 
to activate the catalytic subunit by allowing the binding of 
peptide or protein substrates (Granot et al., 1980a). 
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Abbreviations: CAMP, adenosine cyclic 3',5'-phosphate; Co- 
(",),ATP, tetraammine(aden0sine triphosphate-f@,P)cobalt(III); 
Co(NH3),AMPPCP, tetraammine(aden0sine P,y-methylenetri- 
phosphate-P@,P')cobalt(III); CrAMPPCP P,y-bidentate, Cr3+-@:y- 
methylene-ATP DTT, dithiothreitol; DSS, sodium 4,4-dimethyl-4-sila- 
pentane- 1 -sulfonate; MES, 2-(N-rnorpholino)ethanesulfonic acid; Tris, 
tris(hydroxymethy1)methylamine; MOPS, 3-(N-morpholino)propane- 
sulfonic acid; pH*, meter reading in 2H20; Ser-pentapeptide, Arg-Arg- 
Ala-Ser-Leu; Ser-heptapeptide, Leu-Arg-Arg-Ala-Ser-Leu-Gly; Tyr- 
heptapeptide, Leu-Arg-Arg-Tyr-Ser-Leu-Gly; Ala-heptapeptide, Leu- 
Arg-Arg-Ala-Ala-Leu-Gly; A/D, analogue to digital; FID, free induction 
decay. 
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0-bulge, and all of the eight possible @-turn conformations. 
The distances are consistent only with an extended coil 
structure for the conformation of the enzyme-bound peptide 
substrates. 

Experimental Procedures 
Materials. The catalytic subunit of CAMP-dependent 

protein kinase from bovine heart muscle was prepared by the 
method of Demaille et al. (1977), with modifications as pre- 
viously described (Armstrong et al., 1979; Bramson et al., 
1982). The @,y-bidentate complex of Co(NH,)&MPPCP was 
prepared at its isoionic pH as previously described (Cornelius 
et al., 1977) and characterized by IH NMR. No impurities 
were detected by thin-layer chromatography on PEI-cellulose 
plates developed in 1 M LiCl. Deuterated Tris base was 
obtained from Stohler. Dowex 50-X2 (100-200 mesh) and 
Chelex-100 were obtained from Bio-Rad. [ T - ~ ~ P ] A T P  was 
purchased from New England Nuclear. Immersible CX-10 
concentrators were purchased from Millipore. PEI-cellulose 
plates were purchased from J. T. Baker. Poly(L-arginine)- 
hydrochloride ( M ,  -44 000) and adenosine 5’-(p,y- 
methylenetriphosphate) were obtained from Sigma. All other 
chemicals were of the highest purity commercially available. 

The Ser-heptapeptide was prepared as described previously 
(Armstrong et al., 1979), and the Ser-pentapeptide was syn- 
thesized similarly. Satisfactory analytical data, including 
amino acid analyses, were obtained for the peptides. 

Methods. The concentration of the catalytic subunit was 
determined spectrophotometrically by using A’”/”2so = 14.9, 
assuming a molecular weight of 40000 (Demaille et al., 1977). 
The activity of the catalytic subunit was assayed by using the 
synthetic Ser-heptapeptide substrate Leu-Arg-Arg-Ala-Ser- 
Leu-Gly as previously described (Witt & Roskoski, 1975; 
Armstrong et al., 1979). Concentrations of Co- 
(NH,),AMPPCP were determined spectrophotometrically by 
using €257 = 16.9 X lo3 M-’ cm-I. All solutions used for NMR 
studies were passed through Chelex- 100 to remove trace metal 
impurities. When necessary, enzyme solutions were deuterated 
by repeated concentration and dilution by vacuum filtration 
using Millipore immersible CX- 10 concentrators. NMR ex- 
periments observing carbon-bound protons of the peptide 
substrates were performed at 25 OC. The samples contained 
98-114 pM catalytic subunit, 10.0 mM peptide substrate, 
2.2-2.8 mM CO(NH~)~AMPPCP, 0-154 pM MnCl,, 10 mM 
deuterated Tis-HC1 buffer, pH 7.50.15 M KCl, and 0.1 mM 
DTT in 2H20. 

NMR experiments in H 2 0  designed to observe the ex- 
changeable amide protons of the Ser-pentapeptide and Ser- 
heptapeptide were performed at 10 “C  and pH 5.8 to render 
the N H  resonances visible. Due to the irreversible denatu- 
ration and precipitation of the catalytic subunit of protein 
kinase at low pH, a pH of 5.8 was chosen for measuring the 
paramagnetic effects of Mn2+, bound at the inhibitory site of 
the enzyme, on the relaxation rates of the amide protons of 
the Ser-peptide substrates in H20.  This pH was found to be 
high enough for high enzyme activity and prolonged stability 
and low enough such that the amide proton resonances were 
well resolved, and their exchange rates with H 2 0  contributed 
negligibly to the paramagnetic effects on the longitudinal 
relaxation rates. 

To prevent denaturation and precipitation of the catalytic 
subunit of protein kinase when the pH was lowered from 7.0 
to 5.8 for the NMR experiments, it was found necessary first 
to dilute the enzyme to I 1  .O mg/mL and then rapidly to lower 
the pH to 5.8. When the following procedure was used, 195% 
of the total protein was consistently recovered with 2 8 1 %  of 

The kinetic and structural properties of bovine heart 
CAMP-dependent protein kinase have been studied by mag- 
netic resonance methods (Granot et al., 1980b; Rosevear et 
al., 1983). The binding of metal complexes of the substrates 
ATP, ADP, and ATP analogues to the catalytic subunit were 
shown to induce the appearance of an additional binding site 
for a divalent cation which partially inhibited the phosphoryl 
transfer reaction (Armstrong et al., 1979).2 The conformation 
of enzyme-bound Co(NH3),ATP was determined by using 
Mn2+ at this inhibitory site as a paramagnetic reference point 
(Granot et al., 1980b) and independently using intramolecular 
nuclear Overhauser effects (Rosevear et al., 1983). 

Heretofore, much less was known about the conformation 
of enzyme-bound peptide or protein substrates. Kinetic studies 
with synthetic peptides in which the peptide sequence was 
systematically varied have established the amino acid sequence 
Arg-Arg-X-Ser-Y, in which X is any one of several amino 
acids and Y is a hydrophobic residue other than Pro, as optimal 
for binding and phosphorylation (Krebs & Beavo, 1979; 
Carlson et al., 1979; Granot et al., 1981). Since structural 
properties beyond the primary sequence may well play a de- 
termining role in the substrate specificity of protein kinase, 
Granot et al. (1981) studied the conformations of enzyme- 
bound peptide substrates using the paramagnetic probe-TI 
method. Distances were measured from Mn2+ at the inhibitory 
site or from the Cr3+ at the activating site, as in @,y-bidentate 
CrAMPPCP, to protons of the Ser-heptapeptide’ and Tyr- 
heptapeptide substrates and the Ala-heptapeptide substrate 
analogue. Assuming the three heptapeptides to have the same 
conformation when bound, the measured distances were found 
to be incompatible with the a-helical or @-pleated sheet con- 
formations (Granot et al., 1981). However, the magnetic 
resonance data could not eliminate any of the eight possible 
/3 turns within the heptapeptides3 (Granot et al., 1981). The 
complexity of the ‘H NMR spectra of the heptapeptides at 
magnetic field strengths necessary to observe measurable 
paramagnetic effects precluded distance measurements to 
many of the protons, including the important backbone atoms. 
Only the two terminal C,-H resonances could be individually 
resolved, and lower limit distances were obtained. In order 
to better define the conformation of the enzyme-bound peptide, 
the present magnetic resonance studies were undertaken with 
a Ser-pentapeptide substrate, Arg-Arg-Ala-Ser-Leu. By use 
of this simpler substrate, distances from the inhibitory Mn2+ 
to all of the five backbone C, protons as well as to eight 
carbon-bound protons of side chains could be determined. To 
further define the backbone conformation of the Ser-penta- 
peptide and the Ser-heptapeptide, distances from the inhibitory 
Mn2+ to the exchangeable amide (NH) protons were deter- 
mined in H 2 0  by using a combination of the paramagnetic 
probe-T, method (Mildvan & Gupta, 1978) and the Redfield 
2-1-4-1-2 pulse sequence to suppress the strong solvent signal 
(Redfield et al., 1975). Nineteen new distances from the 
inhibitory Mn2+, including 15 backbone distances, were ob- 
tained on the Ser-pentapeptide and Ser-heptapeptide sub- 
strates. Model-building studies using the Mn2+ to proton 
distances measured on both the Ser-pentapeptide and Ser- 
heptapeptide substrates exclude a-helical, @-pleated-sheet, 

* The metal bound at the inhibitory site on protein kinase in the 
presence of a nucleotide bridges the enzyme and the triphosphate chain 
of the bound nucleotide (Armstrong et al., 1979; Granot et al., 1979). 

/ /  
pepfade - E - A T P  -M,,t 

M,”h 

Two types of &turn, type I and type 11, at each of four positions are 
possible within a heptapeptide. 
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the initial specific activity. All components were kept at 2 OC. 
The stock catalytic subunit (-4 mg/mL) stored in 25 mM 
MOPS buffer, pH 7.0, 0.15 M KCL, and 1.0 mM DTT was 
diluted to 1.0 mg/mL protein with 0.15 M KCl and 0.1 mM 
DTT. The diluted enzyme was then added in small aliquots 
to an equal volume of 50 mM MES buffer, pH 5.8, 0.15 M 
KCl, and 0.1 mM DTT, maintaining the pH at 5.8 by 1-2-pL 
additions of 200 mM MES acid, pH 4.1. The catalytic subunit 
at pH 5.8 was then concentrated by vacuum filtration using 
immersible CX- 10 concentrators. Concentrated catalytic 
subunit was then diluted 3-fold with 5 mM MES buffer, pH 
5.8, 0.15 M KC1, and 0.1 mM DTT and again concentrated 
by vacuum filtration. These dilution and concentration steps 
were repeated two additional times to raise the enzyme con- 
centration, to remove the residual MOPS buffer, and to lower 
the concentration of MES buffer to 5 mM in the NMR sam- 
ple. 

The stability of the catalytic subunit of protein kinase (1 
mg/mL or 25 pM) at 10 OC in 5 mM MES buffer, pH 5.8, 
0.15 M KCl, and 0.1 mM DTT was monitored over a 27-h 
period. No detectable loss of protein or specific activity oc- 
curred during this period. A temperature of 10 OC was chosen 
to help stabilize the enzyme and to further slow the amide 
proton exchange rates at pH 5.8. The components present in 
the final NMR samples were 77-102 pM catalytic subunit, 
5-7.5 mM Ser-pentapeptide or heptapeptide substrate, 0.9-1.1 
mM CO(NH~)~AMPPCP,  0-131 pM MnC12, 5 mM MES 
buffer, pH 5.8, 0.15 M KC1, 0.1 mM DTT, and 10% 2 H 2 0  
in water to permit field/frequency locking. At the end of 
prolonged NMR studies which lasted up to 30 h, 60-91% of 
the initial enzymatic activity was retained. 

NMR Measurements. 'H NMR spectra were obtained on 
a Bruker WM 250 NMR spectrometer using 16-bit A/D 
conversion and quadrature phase detection. Chemical shifts 
are relative to external DSS. Longitudinal relaxation rates 
(1 /TI) of the carbon-bound protons were determined by using 
the nonselective saturation recovery method (Markley et al., 
1971). Transverse relaxation rates ( 1/T2) were calculated 
from line-width measurements at half-height (Av) using the 
relation 1/T2 = T A U .  

Two-dimensional correlated spectroscopy (COSY) was used 
to determine the J coupling connectivities among the car- 
bon-bound protons of the Ser-pentapeptide. The COSY 
spectra were obtained by using the pulse sequence [RD- 
90°-tl-900-t2-observation pulse], where RD is the relaxation 
delay, tl the period in which the various magnetization com- 
ponents are labeled with their characteristic frequencies, t2 is 
the time for exchange of magnetization between J-coupled spin 
systems, and n is the number of scans required for the desired 
signal to noise (Wagner et al., 1981). 

The 2-1-4-1-2 pulse sequence (Redfield et al., 1975) used 
as the observation pulse when amide protons in H 2 0  are ob- 
served, permits a full 90' observation pulse to be given to the 
downfield region of the spectrum without producing a strong 
H 2 0  signal. Longitudinal relaxation rates of the amide protons 
were measured by a selective saturation recovery method 
(Tropp & Redfield, 1981). The pulse sequence used for se- 
lective saturation was [ (t,wA)-T-observation pulse-RD],, 
where t is the time required for saturation of resonance A, wA 
is its frequency, T is the variable delay between the saturation 
pulse and the 2-1-4-1-2 observation pulse, and RD is the 
relaxation delay to allow magnetic equilibration (5 TI%). The 
decoupler was routinely used for the saturation pulse. Typ- 
ically, the saturation pulse was set at 26 dB below 0.2 W for 
t = 0.15 s. 

The transfer of saturation from water to each of the amide 
(NH) protons of the Ser-pentapeptide and heptapeptide was 
measured by using the following pulse sequence: 

( [RD-preirradiate(t,wH,o)-observation 
pulse]4-[RD-preirradiate(t,~off~res)-observation pulse],), 

where RD is the relaxation delay, t is the duration of preir- 
radiation, wHz0 is the frequency of the H,O resonance, uoff.res 
is a control frequency, and n is the number of times the se- 
quence is repeated to obtain the desired signal to noise. The 
observation pulse used was the 2-1-4-1-2 pulse sequence of 
Redfield et al. (1975). The pulse sequence was set up in such 
a way that the FID's following the irradiation at wHZO and 
woff-res were collected in separate blocks. The proton decoupler 
was utilized to produce the selective preirradiation pulses. 
Typically, greater than 95% of the H 2 0  resonance could be 
saturated for a time ( t )  of 3.0 s by using a preirradiation pulse 
power of 18 dB below 0.2 W. The residual magnetization (M) 
of each of the amide (NH) resonances following saturation 
transfer from water was measured relative to its respective 
control magnetization (Mo) by the ratio of peak heights in the 
Fourier transformed spectra obtained from the FID(uH,o) and 
the FID(woff-ns). The exchange rates (1/rex) of the amide 
(NH) protons were measured by using eq 1 where 1 / Tl,app is 

l/Tex = (l/TI,app)(l - M/Mo)  (1) 

the selective longitudinal relaxation rate of the amide (NH) 
proton (Waelder & Redfield, 1977; Waelder et al., 1975). The 
use of eq 1 assumes complete saturation of the H,O resonance 
and negligible solvent intermolecular relaxation (Waelder et 
al., 1975). 

The longitudinal (1/ T I )  and transverse (1/ T,) relaxation 
rates of the peptide protons were measured in titrations with 
MnC1, in the presence of CO(NH~)~AMPPCP and catalytic 
subunit. Under these conditions, Mn2+ is known to bind at 
the inhibitory site of the catalytic subunit, which bridges the 
enzyme to the triphosphate chain of the Co(II1)-nucleotide 
complex (Granot et al., 1980b). The paramagnetic contri- 
butions to the longitudinal (1 /TIP) and transverse (1 / T2p) 
relaxation rates were calculated as the difference in rates 
measured in the presence and absence of Mn2+. The para- 
magnetic contributions to the longitudinal and transverse re- 
laxation rates were corrected for the residual outer sphere 
paramagnetic effects observed after the addition of saturating 
polyarginine, a competitive inhibitor (Demaille et al., 1977; 
Granot et al., 1981). Paramagnetic contributions to the re- 
laxation rates were then used to obtain Mn2+ to proton dis- 
tances and lower limit peptide exchange rates by using the 
general theory reviewed elsewhere (Mildvan & Gupta, 1978; 
Mildvan et al., 1980, 1983). 

Results 

Assignment of the Carbon-Bound Proton Resonances of the 
Ser-Pentapeptide. The 250-MHz 'H NMR spectrum in 2H20 
of the Ser-pentapeptide is given in Figure 1. The resonance 
assignments (Table I) were made by several methods. These 
included selective homonuclear decoupling, comparison with 
available chemical shift and spin-coupling data on amino acids 
and peptides (Wuthrich, 1976), and comparison with previous 
assignments for peptide substrates of protein kinase (Granot 
et al., 198 1). In addition two-dimensional correlated spec- 
troscopy, COSY, a useful technique for displaying the spin- 
coupling connectivities in biological molecules, was employed 
(Aue et al., 1976; Kumar et al., 1981; Wagner et al., 1981). 
A contour plot of the COSY 'H NMR spectrum at 250 MHz 
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FIGURE 1: Proton NMR spectrum of the carbon-bound protons of the Ser-pentapeptide. The sample contained 15 mM Ser-pentapeptide 
(Arg-Arg-Ala-Ser-Leu) in 2H20 at pH* 6.0. The 250-MHz proton NMR spectrum was obtained with 16-bit A/D conversion using 32 transients 
each with 8192 data points, an acquisition time of 1.4 s. a relaxation delay of 5.0 s, a spectral width of 3012 Hz, quadrature phase correction, 
and a 90' pulse. T = 25 'C. 

Table I: Proton Chemical Shifts and Spin-Spin Coupling 
Constants for the Ser-Pentapeptide (Arg,-Arg3-Ala4-SerS-Leu6)" 

"The numbers of the amino acid residues in the Ser-pentapeptide 
have been numbered so as to correspond to those in the Ser- 
heptapeptide. Proton chemical shifts and spinspin coupling constants 
for carbon-bound proton resonances were obtained at pH* 6.0 and 
25 OC. Proton chemical shifts and spinspin coupling constants for 
the amide proton resonances were obtained at pH 3.8 and 25 'C. 
bChemical Shifts are accurate to within f0.03 ppm. cCoupling 
constants measured directly from the spectra are accurate to within 
10.5 Hz. dThe guanidinium NH resonances of the arginine residues 
are numbered as follows: -C(6)H2-N(1)H-C(c)-[N(2)H2l2. 'The 
chemical shift is sensitive to pH. Increasing the pH shifts the res- 
onance upfield. fDue to complex spin-spin coupling chemical shifts 
are accurate to only fO.l ppm. 

of the Ser-pentapeptide is shown in Figure 2. Contours that 
correspond to peaks in the normal one-dimensional spectrum 
(Figure 1) appear on the diagonal, with spin-coupling con- 
nectivities appearing as symmetrical cross peaks with respect 
to the diagonal. Spin-coupling connectivities are connected 
by solid lines. For example, spin-coupling between Ser(C,H) 
at 4.46 ppm and Ser(CBH2) at  3.88 pprn is manifested by 
symmetrical cross peaks between these two resonances (Figure 
2). All of the resonance assignments made by selective ho- 

- *- 

N 
N- 

W 

P 
U a- 

U 
b- 

L- 

I 
i 

I I 1 I I 
4 6  318 30 2 2  14 0 6  

PPY 

FIGURE 2: Contour plot of the 250-MHz two-dimensional J-correlated 
(COSY) proton NMR spectrum of the carbon-bound protons of the 
Ser-pentapeptide. The sample contained 5.0 mM Ser-pentapeptide 
(Arg-Arg-Ala-Ser-Leu) in 2Hz0 at pH* 6.0. The spectrum was 
obtained with 16-bit A/D conversion, a spectral width of 2000 Hz 
in both dimensions, 1024 data points in both dimensions, a relaxation 
delay of 2.9 s, t ,  and t2 initial values of 500 ps, and 32 transients for 
each value of t l .  After acquisition, the data were multiplied by a 
sinebell function and the 2-D transform processed to give a magnitude 
spectrum. T = 25 'C. 

monuclear decoupling (Table I) were confirmed by inspection 
of the contour plots obtained from the COSY experiments. 
The assignment of the C,H resonance of the amino-terminal 
Arg, residue was confirmed by its upfield shift with increasing 
pH* from a value of 4.09 ppm at pH* 6.0 to 3.53 ppm at pH* 
7.5.  Use of the simpler pentapeptide substrate permitted 
resolution and assignment of all five of the C,H backbone 
protons. In contrast, 'H NMR studies of the Ser-heptapeptide 
at 360 MHz could resolve only the C,H proton resonances 
of the two terminal residues (Granot et al., 1981). A total 
of 13 carbon-bound proton resonanm of the Ser-pentapeptide 
could be resolved and assigned as compared to only 7 in the 
Ser-heptapeptide (Granot et al., 1981). 
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FIGURE 3: NMR spectra of the exchangeable NH protons of the 
Ser-pentapeptide and Ser-heptapeptide. (A) The 250-MHz NMR 
spectrum of the exchangeable NH protons of 5.0 mM Ser-pentapeptide 
(Arg-Arg-Ala-Ser-Leu) taken in H20 at pH 3.8. Assignments are 
as given in Table I. (B) The 250-MHz NMR spectrum of the 
exchangeable NH protons of 5.0 mM Ser-heptapeptide (Leu-Arg- 
ArgAla-Ser-Leu-Gly) taken in H20 at pH 3.8. Assignments are as 
given in Table 11. Spectra were obtained with the 2-1-4-1-2 pulse 
sequence (Redfield et al., 1975) and 16-bit A/D conversion using 256 
transients each with 16K data points, an acquisition time of 1.6 s, 
a spectral width of 5000 Hz, and a relaxation delay of 2.0 s. A line 
broadening of 1.0 Hz was used in the processing of the data. T = 
25 'C. 

Assignment of the Exchangeable NH Proton Resonances 
of the Ser-Pentapeptide and the Ser-He~tapept ide .~  Para- 
magnetic effects of Mn2+ bound at the inhibitory site of protein 
kinase on T1 values of the exchangeable amide N H  protons 
were determined by using selective T ,  measurements and the 
2-1-4-1-2 pulse sequence (Redfield et al., 1976). Assign- 
ments of the amide N H  proton resonances were initially made 
at pH 3.8 and 25 OC by first assigning the C,H region in 2H20 
using selective homonuclear decoupling as previously described 
and then in H20 sequentially decoupling the C,H resonances 
from the respective amide proton resonances which were ob- 
served by using the 2-1-4-1-2 pulse sequence. By use of such 
specific homonuclear decoupling of the C,H resonances, all 
four of the visible amide N H  proton resonances could be 
assigned (Figure 3A; Table I). The -NH3+ resonance of the 
amino-terminal Arg was undetectable, presumably due to 
exchange broadening under all conditions studied. The 
guanidinium N(  l)H resonances of both arginine residues, 
assigned by their chemical shifts (Klevan & Crothers, 1979) 
and by decoupling them from C6H2 (Figure 3A; Table I), were 
not separately resolved. The remaining exchangeable proton 

~ ~ ~ ~~~~~~~ ~ 

For ease in comparing amino acid positions corresponding to those 
of the heptapeptide, the pentapeptide residues are numbered as Arg,- 
Arg3-Ala4-Ser5-Leu6. 

Table 11: Amide Proton Chemical Shifts and Spin-Spin 
Coupling Constants for the Ser-Heptapeptide 
( Leu,-Arg2-Arg,-Ala4-SerS-Leu6-Gly7)" 

spin-spin 
chemical coupling 

shiftb constantsC 
(PPm 'Jn~,nc 

amino acid resonance from DSS) (Hz) 
Argd") 8.76 6.4 
Arg3(") 8.56 6.5 

Leu6(") 8.32 8.5 
Sers(NH) 8.29 6.1 
GlY7(") 7.94 5.6 
Arg2,3[N(1 )HId 7.19 
Arg2,3 [N(2)H21d 6.69 
" Amide proton chemical shifts and spin-spin coupling constants 

obtained at pH 3.8 and 25 "C. bChemical shifts are accurate to 
within f0.03 ppm. CCoupling constants are accurate to within f0.5 
Hz. dThe guanidinium NH resonances of the arginine residues are 
numbered as follows: -C(b)H,-N( 1)H-C(t)-[N(2)H212. 

Table 111: Steady-State Kinetic Parameters of the Ser-Peptides 
under Conditions of the NMR Experiments" 
conditions Ser-pentapeptide Ser- heptapeptide 

Ala,(") 8.50 5.7 

temp KM vMax bmol/ vMax [pmol/ 
("c) pH (pM) (mpmln)] K M  (pM) (mgmin)] 
10 5.8 90 f 7 0.42 & 0.07 23 2 0.68 & 0.05 
25 7.5 37 f 4 1.71 f 0.06 10.7 f 0.5 2.40 f 0.06 
"The experiments at pH 5.8 and 10 'C contained 5 mM MES 

buffer, pH 5.8,  0.15 M KC1, 0.1 mM DTT, 0.5 mg/mL BSA, 100 
pM MnCl,, 50 pM ATP, and 12 peptide concentrations over the 
range 5-200 pM. Those at pH 7.5 and 25 OC contained 10 mM 
Tris-HC1. DH 7.5. instead of MES but were otherwise identical. 

resonances were assigned to the overlapping guanidinium 
N(2)H2 groups of both arginines (Figure 3A; Table I) on the 
basis of their chemical shifts and the detection of magnetic 
nonequivalence of the E and Z positions at 0 "C. 

All of the exchangeable amide and guanidinium protons of 
the Ser-heptapeptide substrate were also assigned by specific 
homonuclear decoupling of the C,H and C6H2 resonances, 
respectively, and by comparison with the exchangeable proton 
region of the Ser-pentapeptide substrate (Figure 3B; Table 
11). Again, the NH3+ resonance of the amino-terminal Leu 
was undetectable under all conditions studied. 

Steady-State Kinetic Studies of the Ser-Peptides. For 
comparison with the NMR studies, the kinetic parameters of 
the two Ser-peptides were determined under conditions closely 
approximating those of the NMR experiments (Table 111). 
The pentapeptide is seen to have a (3.9 f 0.7)-fold greater 
KM and (1.6 f 0.5)-fold lower V,,, than those of the hepta- 
peptide. Such small differences in kinetic parameters have 
previously been found in the interaction of similar penta- and 
heptapeptides with the CAMP-dependent protein kinase from 
rat liver (Zetterqvist et al., 1976). Changing the temperature 
and pH (Table 111) is also seen to have relatively small effects 
on the kinetic constants. 

Relaxation Rates of Carbon-Bound Protons of the Ser- 
Pentapeptide in the Peptide-En~yrne-Co(NH~)~AMPPCP- 
Mn2' Complex. Nuclear relaxation studies were carried out 
by using saturating levels of CO(NH~)~AMPPCP to create the 
inhibitory Mn2+ site on protein kinase.2 This nucleotide was 
used rather than C O ( N H ~ ) ~ A T P  to avoid the slow phospho- 
rylation of the peptide substrates (Granot et al., 1980c, 1981). 
The longitudinal (1 / T, )  and transverse (1 / T2) relaxation rates 
of the carbon-bound protons of the Ser-pentapeptide (10 mM) 
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were measured at 250 MHz in the presence of enzyme (100 
pM), Co(NH,),AMPPCP (2.2 mM), and varying amounts 
of Mn2+ (0-154 pM). The relaxation rates in the absence of 
MnZ+ served as diamagnetic controls. The paramagnetic ef- 
fects of Mn2+ at the inhibitory site on l /T1  of the carbon- 
bound protons of the Ser-pentapeptide in two separate ex- 
periments are given in Table IV. From the dissociation 
constants of the binary enzyme-Co(NH,),AMPPCP and 
ternary ~~~~~ ~ - C O ( N H , ) ~ A MPPCP-M~~+ complexes 
(Granot et al., 1980b) it could be shown that the catalytic 
subunit was >90% saturated with nucleotide under the ex- 
perimental conditions. Making the reasonable assumption that 
the enzyme was also saturated with the Ser-pentapeptide at 
the high concentrations used, the concentration of the penta- 
peptide-enzyme-Co(NH3),AMPPCP-Mn2+ complex was 
calculated by using the dissociation constant of Mn2+ from 
the inhibitory site in the presence of enzyme and Co- 
(NH,),AMPPCP (172 pM; Granot et al., 1980b).5 From 
the concentration of enzyme-bound Mn2+, the normalized 
paramagnetic effects on the longitudinal relaxation rates 
[ I / ( f T l p ) J  were calculated (Table IV). 

To establish active site binding of the Ser-pentapeptide in 
the NMR experiments and to estimate the outer sphere con- 
tributions to l/(fTlp) (Granot et al., 1981; Mildvan et al., 
1980, 1983), displacement of the Ser-pentapeptide was carried 
out with the tight binding competitive inhibitor polyarginine 
(KI = 0.76 pM; Demaille et al., 1977) (Table IV). From the 
KI of polyarginine and the dissociation constants of hepta- 
peptide substrates and inhibitors (0.2-0.5 mM; Feramisco & 
Krebs, 1978; Feramisco, 1979) displacement of -90% of the 
Ser-pentapeptide by polyarginine would be expected under 
these conditions. The significant decreases in the paramagnetic 
effects on l /T l  after the addition of polyarginine (Table IV) 
indicate active site binding of the Ser-pentapeptide in the 
NMR experiment. The residual paramagnetic effects were 
found to be insensitive to further increases of the polyarginine 
concentrations over the range 21 5-423 pM, indicating no 
further displacement by polyarginine and an outer-sphere 
contribution to l/cfTlp) as previously found (Granot et al., 
1981). These residual effects on 1/T, at maximal levels of 
polyarginine were used to correct for the outer-sphere con- 
tributions to the l/cfTlp) values (Table V). The presence of 
polyarginine obscured some resonances of the Ser-penta- 
peptide, precluding measurement of the outer-sphere contri- 
bution to their rates. In such cases, the average of the residual 
paramagnetic effects on the observed resonances was used to 
correct the l/cfTlp) values (Table V). The ultimate effect 
of such corrections was to increase the Mn-proton distances 
by only 12 f 6%. 

The normalized paramagnetic effects on the transverse 
relaxation rates [l/cfTzp)J of the Ala(CsH3) and Ser(CsH,) 
protons were calculated in a manner entirely analogous to those 
of 1/cfT,,). Their values, corrected for the measured outer- 
sphere contribution (1 8%), are given in Table V. Complex 
spinspin coupling precluded accurate 1 / T2 measurements of 
the other carbon-bound proton signals by the line-broadening 
met hod. 

We have previously shown that the binding of the regulatory subunit, 
which occupies the peptide binding site of the catalytic subunit, does not 
significantly alter the affinity of the catalytic subunit-ADP complex for 
Mn2+ at the inhibitory site (Granot et al., 1980a). Kinetic data indicate 
that the analogue AMPPCP does not alter the affinity of the enzyme for 
the Ser-heptapeptide (Whitehouse & Walsh, 1983; Whitehouse et al., 
1983). Hence, it is reasonable to assume that small peptides would have 
little effect on the dissociation constant of MnZ+ or nucleotide from the 
enzyme-Co(NH,),AMPPCP complex. 

In the absence of enzyme, negligible paramagnetic effects 
of Mn2+ on 1/ TI and 1 / T2 of the carbon-bound protons of the 
Ser-heptapeptide were detected under these conditions (Granot 
et al., 1981). Hence, no further corrections to l/(fTlp) or to 
1/(fT2p) for the weak binary Mn2+-peptide interaction were 
necessary. 

Determination of Distances from Mn2+ Bound at the In- 
hibitory Site of Protein Kinase to the Carbon-Bound Protons 
of the Ser-Pentapeptide. From the corrected 1 /wlp) values 
(Table V) the distances ( r )  between the Mn2+ bound at the 
inhibitory site and the carbon-bound protons of the Ser- 
pentapeptide on the enzyme may be calculated by using the 
relations 

where 7 M  is the lifetime of the peptide-enzyme-co- 
(NH3),AMPPCP-Mn2+ complex, T I M  is the relaxation time 
of a peptide proton within this complex, q is the relative 
stoichiometry of bound Mn2+ and bound Ser-pentapeptide, 7, 

is the correlation time for the Mn*+-proton dipolar interaction, 
wI and os are the nuclear and electron precession frequencies, 
and C is a constant, numerically equal to 812 A/s‘13 for 
Mn2+-proton interactions. Peptide (Feramisco & Krebs 1978; 
Feramisco et al., 1979) and Mn2+ binding studies (Armstrong 
et al., 1979; Granot et al., 1980b, 1981) indicate a relative 
stoichiometry, q, of 1. As discussed elsewhere (Mildvan et 
al., 1980), the largest value of 1 / v 2 p )  sets a lower limit on 
the rate of dissociation (1 /rM) of a ligand from a paramagnetic 
complex. In the present case, since the measured l/(fT2p) 
value of the Ser(CsHz) protons exceeds by at least an order 
of magnitude all of the l/(jTlp) values (Table V), it can be 
concluded that 7 M  contributes little toj”,,. Hence, the 1/ 
cfTlp) values are dominated by 1 /TIM and can therefore be 
used in eq 3 to calculate distances. The correlation time (7c) 

for the Mn2+-proton dipolar interaction in protein kinase 
complexes was previously determined for the Ala-hepta- 
peptide-enzyme-Co(NH3),ATP-MnZ+ system as (1.7 f 1.2) 
X s at 360 MHz on the basis of the frequency dependence 
of l/cfTlp) of the protons of the Ala-heptapeptide over the 
frequency range 100-360 MHz (Granot et al., 1981). This 
7, value, which represents the average of the frequency-in- 
dependent and frequency-dependent correlation times (Bean 
et al., 1977), agrees closely with that of the enzyme-Co- 
(NH3)4AMPPCP-Mn2+ complex [(1.9 f 1.2) X s; 
Granot et al., 1980b1, indicating that 7c is not very sensitive 
to the precise nature of the nucleotide or to the presence or 
nature of the bound peptide. At 250 MHz, the frequency- 
independent and frequency-dependent correlation times, 
calculated from the previously determined frequency depen- 
dence of l/(fl”lp) (Granot et al., 1981), are 0.7 X lo-’ and 
1.3 X lo4 s, respectively. The average of these limiting values 
[( 1.0 f 0.3) X s] yields an average value of the correlation 
function, defined as the terms in parentheses of eq 3, of (8.6 
f 1.1) X s at 250 MHz. This value was used in eq 3 
to calculate the distances from the enzyme-bound Mn2+ to the 
carbon-bound protons of the Ser-pentapeptide (Table V). The 
errors in the absolute distances (Table V) reflect those in both 
l / V l p )  and inf(7,). 

Relaxation Rates of the Exchangeable Amide Protons of 
the Ser-Pentapeptide in the Peptide-Enzyme-Co- 
(NH3)4AMPPCP-Mn2+ Complex. The 250-MHz ‘H NMR 
spectrum of the Ser-pentapeptide (7.5 mM) in H 2 0  in the 
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Table V: Paramagnetic Bound State Proton Relaxation Rates and Metal-Proton Distances from Mn2+ Bound at the Inhibitory Site of 
Protein Kinase to the Ser-Pentapeptide and Ser-Heptapeptide Substrate9 

Ser-pentapeptide Ser. heptapeptide 
amino acidC resonance I / ( / T I J b  (s-l) 1/(/T2p) (s-l) r (A) 1/wlp) (s-9 1/W2p) (0 r (A) 

2600 f 350 
240 f 60 
280 f 120 
200 f 80 

810 f 250 
300 f 40 
250 f 40 
220 f 40 
260 f 40 

380 f 30 
5240 

280 f 40 
130 f 60' 
110 f 4 6  
350 f 30 

5160 

70 f 40' 
130 f 6 6  

11500 f 4700 
8000 f 3500 
7800 f 3500 

3800 f 1200' 
6000 f I 0 0 6  
9900 f 2000 

6.8 f 0.6 
10.1 f 0.7 
9.8 f 0.9 

10.3 f 1.6 

8.2 f 0.6 
9.7 f 0.4 

10.0 f 0.5 
10.2 f 0.5 
9.9 f 0.4 

9.3 f 0.3 
210.0 

9.8 f 1.0 
11.1 f 1.2e 
11.4 f 1 . 6  
9.4 f 0.3 

210.8 

12.4 f 1.4' 
11.1 f 1.Y 

550 f 170 
160 f 70 
130 f 40 
130 f 40 
180 f 60 
170 f 40 

1600 f 600 

1900 f 400 

220 f IO' 2000 f 300' 

100 f 4OC 

8.7 f 0.9 
10.8 f 1.2 
11.1 f 0.8 
11.1 f 0.8 
10.6 f 1.2 
10.7 f 0.7 

>13d 

>13d 
>13d 

>12d 
10.2 f 0.9' 
10.4 f 1.6d 
9.1 f 1.3d 

11.8 f 1.0' 
10.8 f 1.6d 

"Paramagnetic effects and distances to amide proton (NH) resonances were measured at pH 5.8 and 10 "C. All other measurements were 
made at pH 7.5 and 25 O C .  Distances to Ala(CBH3) and Leu(C,H,) were measured at both pH 5.8 and 10 OC and pH 7.5 and 25 O C  for 
comparison. Bound state proton relaxation rates were corrected by subtracting the residual normalized paramagnetic effects in the presence 
of saturating polyarginine from the average normalized paramagnetic effects. cAmino acid resonances are labeled by using the nomenclature 
for the Ser-heptapeptide (Leul-Arg2-Arg2-Ala4-SerS-Leu6-Gly,). The Ser-pentapeptide is thus labeled Arg2-Arg3-Ala6-Ser5-Leu6 for ease of 
comparison with the Ser-heptapeptide. dDi~tances from Mn2+ bound at the inhibitory site of protein kinase to amino acid resonances of the 
Ser-heptapeptide taken from Granot et al. (1981). 'Measured at pH 5.8 and 10 OC. 'Measured at pH 7.5 and 25 O C .  

presence of protein kinase (77 pM) and Co(NH,),AMPPCP 
(1 .O mM) at pH 5.8 and 10 "C is shown in Figure 4A, and 
the assignments of the exchangeable N H  protons are given 
in Table I. At the lower temperature and pH all four of the 
amide (NH) resonances are clearly resolved. Since the KM 
of the pentapeptide increased only 2.4-fold under these con- 
ditions (Table 111), the enzyme may be assumed to have similar 
affinities for the pentapeptide and the heptapeptide. At the 
high pentapeptide concentrations used, it is therefore reason- 
able to assume that the enzyme is saturated with the penta- 
peptide. The adenine H2 and H8 resonances of Co- 
(NH,),AMPPCP are also visible at 8.10 and 8.32 ppm, re- 
spectively (Figure 4A). Higher concentrations of Co- 
(NH3),AMPPCP were avoided since the adenine H8 reso- 
nance appears on the shoulder of the Ser5(NH) re~onance.~ 
These lower concentrations of Co(NH,),AMPPCP resulted 
in 8244% of the binding seen at saturation of the enzyme with 
the nucleotide, which needed to be taken into consideration 
in calculating the normalized paramagnetic effects of Mn2+ 
on the relaxation rates. The paramagnetic effects of Mn2+ 
at the inhibitory site of protein kinase on 1 / T ,  of the amide 
(NH), Ala4(CBH3), and Leu6(CsH3) protons of the Ser- 
pentapeptide from two experiments are summarized in Table 
VI. Because of the subsaturating level of Co(NH3),AMPPCP 
present, simultaneous equations based on the dissociation 
constants of Co(NH3),AMPPCP from the enzyme (281 pM) 
and of Mn2+ from the enzyme-Co(NH,),AMPPCP complex 
(172 pM) at pH 7.5 (Granot et al., 1980b) were used to 
calculate the concentration of the peptide-enzyme-co- 
(NH3)4AMPPCP-Mn2+ complex and the normalized relax- 
ation rates (Tables V and VI).s This correction resulted in 
a small (-3%) decrease in the distances, well within their 

errors. As described above, the outer-sphere contributions to 
the relaxation rates were evaluated by the addition of a high 
level of the competitive inhibitor polyarginine (370 pM) which 
significantly reduced the paramagnetic effects on 1 / T1 by 
33-100% (Table VI). The l/cfTlp) and 1/cfT2,) values, 
corrected for outer-sphere relaxation, are summarized in Table 
V. 

In a separate experiment, negligible paramagnetic effects 
of MnC12 (0-338 pM) on l / T 1  or 1/T2 of the amide (NH) 
protons of the Ser-pentapeptide (5.1 mM) were detected in 
the absence of protein kinase and Co(NH,),AMPPCP. 
Hence, as previously found for the carbon-bound protons of 
the Ser-heptapeptide in the presence of Mn2+ (Granot et al., 
1981), no corrections for such binary interactions were nec- 
essary in the present case. 

To examine the possibility that the paramagnetic effects of 
Mn2+ on l /T1 of the amide (NH) protons might result from 
chemical exchange with more rapidly relaxing water protons, 
rather than by a direct dipolar effect, the exchange rates of 
the (NH) protons of the pentapeptide with H,O were mea- 
sured by the transfer of saturation from water under the 
conditions of the NMR experiment. Three of the four amide 
protons, those of Ala,, Ser5, and Leu6, exchanged protons with 
water at rates <0.2 s-, while that of Arg, exchanged at 8.5 
f 1 .O s-I. All of these exchange rates constitute negligible 
contributions to l/cfTlp) well below the errors in this param- 
eter (Tables V and VI). 

Since the largest 1 /(fT2,) value, that of Ala,(") at  pH 
5.8 and 10 OC, exceeds by at least an order of magnitude the 
l/vlp) values of the Ala,("), Ser5(NH), Leu6("), 
Ala4(CBH3), and Lek(C6H3) protons (Table V), these 1/cfTlp) 
values are not limited by the rate of chemical exchange be- 
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FIGURE 4: NMR spectra of the amide (NH) protons of the Ser- 
pentapeptide and Ser-heptapeptide in the presence of the catalytic 
subunit of protein kinase and Co((NH&AMPPCP. (A) The 250- 
MHz NMR spectrum of 7.5 mM Ser-pentapeptide (Arg-Arg-Ala- 
Ser-Leu) in the presence of 77 pM catalytic subunit of protein kinase, 
1.1 mM CO(NH~)~AMPPCP, 5 mM MES buffer, pH 5.8, 0.15 M 
KCl, and 0.1 mM DTT in H20. (B) The 250-MHz NMR spectrum 
of 5.0 mM Ser-heptapeptide (Leu-Arg-Arg-Ala-Ser-Leu-Gly) in the 
presence of 100 pM catalytic subunit of protein kinase, 1.0 mM 
Co(NH3),AMPPCP, 5 mM MES buffer, pH 5.8,0.15 M KC1, and 
0.1 mM DTT in H20. The spectra were obtained by using the 
2-1-4-1-2 pulse sequence (Redfield et al., 1975) and 16-bit A/D 
conversion using 32 transients for spectrum A and 64 transients for 
spectrum B each with 16K data points, an acquisition time of 1.6 s, 
a spectral width of 5000 Hz, and a relaxation delay of 1.0 s. A line 
broadening of 1 .O Hz was used in processing all data. T = 10 OC. 

tween free and bound peptide (1 / T ~ )  and can be utilized in 
eq 3 for the calculation of distances. By use of the correlation 
time at  250 MHz I(1.0 f 0.3) X SI, calculated from the 
l/(fT,,) values measured as a function of frequency (Granot 
et al., 1981), distances were calculated by using eq 3. The 
errors in the reported distances reflect those in both 1 / w l P )  
and the correlation time (Table V). The lower limit of the 
largest observed l/(fTZP) value, 6.8 X lo3 s-l (Table V), sets 
a lower limit to 1 /rM which exceeds the observed 1 /flip) value 
for the Arg,(NH) by only 2.6-fold. Thus, the l/(fT,,) value 
of Arg,(NH) may be partially limited by the exchange rate 
of free and bound peptide. By use of eq 2 and the lower limit 
value of 1 / ~ ~ ,  an upper limit l /TIM value of 4200 s-l is 
calculated. The resulting uncertainty of the 1/TIM value for 
the Arg,(NH) proton (2600-4200 s-l) is reflected in the 
somewhat larger error in the Mn2+ to Arg,(NH) distance 
(Table V). 

Paramagnetic Effects of Mn2+ at the Inhibitory Site of 
Protein Kinase on the Exchangeable Amide Protons of the 
Ser-Heptapeptide. The 250-MHz 'H NMR spectrum of the 

Ser-heptapeptide (5.0 mM ) at pH 5.8 and 10 OC in the 
presence of protein kinase (100 pM) and Co(NH3),AMPPCP 
(1 .O mM) is shown in Figure 4B. All six of the amide (NH) 
protons resonances of the Ser-heptapeptide are resolved. 
Under these conditions, the adenine H2 resonance of the 
Co(NH3),AMPPCP was clearly visible at  8.10 ppm (Figure 
4B). However, the adenine H8 resonance of Co- 
(NH3)4AMPPCP was not resolved and found to be under the 
Leu,(") resonance. To prevent the adenine H8 resonance 
from interfering with the measurement of the relaxation rates 
of the Leu,(") proton, the concentration of Co- 
(NH,),AMPPCP was kept at  1.0 mM (Table VI). Under 
these conditions 8244% of the nucleotide binding sites were 
occupied. Hence, simultaneous equations were used as de- 
scribed above to calculate the concentrations of bound Co- 
(NH,),AMPPCP and bound Mn2+. The effects of MnZf at 
the inhibitory site of protein kinase on l / T l  of the amide 
(NH), Ala,(C,H,), and Leu6(C6H3) protons of the Ser- 
heptapeptide, from two experiments, are given in Table VI. 
The average residual paramagnetic effect on l / w l , )  after 
the addition of saturating polyarginine was 33% (Table VI), 
indicating active site binding of the heptapeptide and a sig- 
nificant outer-sphere contribution to 1 /(fT!,). Residual 
paramagnetic effects on l/cfTlp) and 1 / w Z P )  in the presence 
of polyarginine were used, as described above, to obtain cor- 
rected 1 / w l P )  and 1 / w Z P )  values (Table V). 

As with the pentapeptide, the exchange rates of the amide 
(NH) protons of the heptapeptide with water were found, by 
transfer of saturation, to be negligible compared to their re- 
spective l/wlp) values. Thus, the amide protons of Arg,, 
Ala,, Ser5, Leu,, and Gly, exchanged with water protons at 
rates 10.1 s-' while that of Arg, exchanged at a rate of 7.5 
f 1.0 s-1. 

Since the maximal l/(fTzp) value (Table V) exceeds the 
l/(fTlp) values of Arg3(NH), Ala,("), Ser,(NH), Leu6- 
(NH), and Gly,(NH) by at least an order of magnitude, the 
1 / ~ , , )  values are not limited by chemical exchange and may 
be utilized in eq 3 for the calculation of Mn2+ to proton dis- 
tances (Table V). The lower limit to the exchange rate (1 / T ~  

2 1.7 X lo3 s-l), based on the lower limit of the maximum 
1 /w2 , )  value, exceeds the l/(fTlp) value of Arg,(NH), 550 
s-' (Table V), by only 3.1-fold. As described above, this lower 
limit to 1 / ~ ~  leads, from eq 2, to an upper limit of 810 s-l 
for 1 /TIM of Arg2(NH). The wide range of values of 1 /TIM 
for the Arg2(NH) proton (550-810 s-l) slightly increases the 
error in the Mn2+ to Arg2(NH) distance (Table V). 

Kinetic Properties of the Complexes Studied by NMR. The 
largest values of 1/cfT2,) set lower limits to the exchange rates 
of the Ser-peptides out of their respective enzyme complexes 
of -6.8 X lo3 s-l for the pentapeptide and -1.7 X lo3 s-l 
for the heptapeptide (Table V). These values exceed by at 
least 2 orders of magnitude the catalytic rate of protein kinase, 
indicating that the complexes studied by NMR are kinetically 
competent to participate in catalysis. The 4-fold greater lim- 
iting values for the exchange of the pentapeptide over that of 
the heptapeptide may reflect its greater rate of dissociation 
from and weaker binding to the enzyme. 

Discussion 
Previously determined distances from Mn2+ at the inhibitory 

site and from Cr3+ at  the activating site of protein kinase to 
carbon-bound protons of heptapeptide substrates and analogues 
were found to be incompatible with a-helical or 0-pleated-sheet 
conformations (Granot et al., 1981). However, no other classes 
of secondary structure could be ruled out by these distance 
measurements. The present studies of the simpler pentapeptide 
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substrate permitted distances to be measured to all five of the 
backbone C, protons and to all four of the backbone amide 
protons, as well as to eight side-chain protons. The combi- 
nation of the paramagnetic probe-TI method with the Redfield 
method for suppression of the water proton signal also per- 
mitted measurement of distances to all six of the backbone 
amide protons of the Ser-heptapeptide substrate. These 15 
new backbone distances and 4 new side-chain distances per- 
mitted a more precise determination of the secondary structure 
of the enzyme-bound peptide substrate. 

Our conclusions on the conformation of the enzyme-bound 
peptide substrate of protein kinase are applicable not only to 
the Ser-pentapeptide, based on the distances obtained with this 
substrate, but also to the heptapeptide substrate, using all of 
the available distances. The appropriateness of using distances 
measured with both the pentapeptide and heptapeptide sub- 
strates, and under two sets of experimental conditions, to derive 
the heptapeptide conformation may be shown as follows. With 
two minor exceptions discussed below, the distances from Mn2+ 
at the inhibitory site to corresponding protons of both the 
pentapeptide and heptapeptide substrates were in excellent 
agreement within their experimental errors (Table V), sug- 
gesting very similar conformations for the two bound sub- 
strates. Especially important is the agreement of the distances 
from Mn2+ to the Ser(CBH2) group which is directly bonded 
to the site of phosphorylation by ATP. These agreements are 
consistent with the similar kinetic properties of the two peptides 
(Table 111). The exceptional distances are those to Arg,(NH) 
and Arg2,3(CdH2), which are greater by 4.0 f 1.3 and 11.2 
A, respectively, in the heptapeptide. These differences may 
be due to the closer proximity of the Arg residues to the 
N-terminus in the pentapeptide. Moreover, in the heptapeptide 
the latter distance was estimated only as a lower limit (Granot 
et al., 1981). Changing the experimental conditions from pH 
7.5, 25 "C, to pH 5.8, 10 "C, produced no detectable changes 
in distances (Table V) in accord with the small differences 
in kinetic behavior of the peptides under these two sets of 
conditions (Table 111). 

To avoid the slow phosphorylation of the peptides during 
the NMR studies, the analogue CO(NH~)~AMPPCP rather 
than Co(NH,),ATP was used to create the inhibitory Mn2+ 
binding site on protein kinase. The possibility of structural 
differences between complexes of ATP analogues and those 
of ATP is raised by recent kinetic and binding studies with 
AMPPNP (Whitehouse & Walsh, 1983; Whitehouse et al., 
1983). While AMPPNP competes for the ATP binding site 
of protein kinase, unlike ATP the analogue does not raise the 
affinity of the enzyme for the Ser-heptapeptide substrate above 
that found in the absence of nucleotides. Our studies with both 
CO(NH,)~AMPPCP and CO(NH,)~ATP revealed no differ- 
ences in their binding properties (Granot et al., 1980b) and 
no differences in distances from Mn2+ to the carbon-bound 
protons of the Ser-heptapeptide, indicating no differences in 
the peptide conformation when either nucleotide was present 
(Granot et al., 1981). 
In model-building studies to derive the heptapeptide and 

pentapeptide conformations, the major classes of secondary 
structure found on the surfaces of proteins were considered: 
the a helix, the antiparallel &pleated sheet, p bulges, and @ 
turns. In each of these structures, specific and regular hy- 
drogen bonding patterns are observed between carbonyl oxy- 
gens and amide protons (Richardson, 198 1). Skeletal models 
of a heptapeptide of each of these classes were constructed and 
were fitted to several measured Mn2+ to proton distances 
(Table V) and to two measured Cr3+ to proton distances, 
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FIGURE 5 :  Alternative coil conformations for the enzyme-bound 
heptapeptide substrate of protein kinase. Models consistent with all 
of the measured distances were built with the Mn2+ and Cr3+ reference 
points either on the left (A) or on the right (B) of the peptide chain. 
For comparison, the models are shown in a similar orientation with 
respect to the metals, with the backbone bonds highlighted. 

setting the intermetal distance at 4.8 A (Granot et al., 1980b). 
Distances from Mn2+ and Cr3+ were then measured to other 
C H  and N H  protons in the model and compared with those 
determined by nuclear relaxation (Table V). The deviations, 
summarized in Table VII, clearly permit the exclusion not only 
of the a-helix and P-sheet conformations but also of both 0 
bulges and all of the eight possible p turns within the bound 
heptapeptide substrate. The distances determined by NMR 
are consistent only with extended coil structures as determined 
by building both skeletal and space-filling models. Two such 
coil structures, derived from the measured distances by pos- 
itioning the metals on either side of the heptapeptide chain, 
are shown in Figure 5 .  The differences in their C, backbone 
structures are more clearly shown in Figure 6 .  

The use of distances determined only with the pentapeptide 
also yields extended coils and permits the exclusion of all other 
major classes of secondary structure. Shortening the distance 
between Mn2+ and Arg, (NH) from that found in the hep- 
tapeptide to that found in the pentapeptide changes the tor- 
sional angles + at Arg, from -4OO to +60° and 4 at Arg, from 
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substrate on a protein kinase is of special interest since it is 
not the peptide backbone which is covalently modified by this 
class of enzymes but a seryl side chain which is phosphorylated. 
Two possible advantages of such a conformation may be 
considered. First, such a structure could allow flexibility of 
the bound substrate, permitting it to achieve an optimal ge- 
ometry for reaction. Second, when the number of interactions 
within the substrate is minimized, an extended coil confor- 
mation might permit greater interaction with the enzyme, 
thereby contributing to the specificity of the enzyme. 
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FIGURE 6: Comparison of the C, backbone structures of the alternative 
coils shown in Figure 5. The structure on the left corresponds to Figure 
5A and that on the right to Figure 5B. 

+22O to -130' but preserves the highly extended structure. 
The small decrease in distances from Mn2+ to Arg,,,(C,H,) 
found in the pentapeptide had no effect on the backbone 
conformation. No other structural differences were observed 
between the two peptide substrates. Our finding of an ex- 
tended coil structure for the bound peptide substrates of protein 
kinase may be compared with the predominantly extended 
conformations of bound peptide and protein substrates on other 
enzymes. The tripeptide glutathione, on glyoxalase I, is highly 
extended as determined by nuclear relaxation studies (Sellin 
et al., 1982); as is the conformation of oxidized glutathione 
on glutathione reductase based on X-ray crystallography 
(Schulz et al., 1978). Extended, predominantly coil confor- 
mations of the contact regions of bound polypeptide inhibitors 
are found by X-ray analysis on each of the four classes of 
proteases, serine proteases (Robertus et al., 1972; Ruhlmann 
et al., 1973; Segal et al., 1971; Sweet et al., 1975), thiol 
proteases (Drenth et al., 197 l) ,  metalloproteases (Matthews, 
1977; Rees & Lipscomb, 1982), and acid proteases (Bott et 
al., 1982; James et al., 1982). On serine proteases, the bound 
peptides contain a short and possibly distorted strand of p- 
pleated sheet, which is nevertheless highly extended (Segal et 
al., 1971). 

In contrast with protease-substrate complexes, the cyto- 
chrome c peroxidase-cytochrome c complex may involve, in 
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tioning of the two separately determined X-ray structures 
(Poulos & Kraut, 1980). Protein-protein interactions other 
than enzyme-substrate complexes such as intersubunit and 
interdomain contacts within individual proteins involve all types 
of secondary structure, with extended @-strand-@-strand in- 
teractions to form sheets predominating (Richardson, 198 1). 

The universality of highly extended substrate conformations 
on proteases is not surprising since these enzymes operate on 
the protein backbone, catalyzing cleavage at a specific amide 
bond after having recognized a local amino acid sequence. The 
present finding of an extended coil conformation for the bound 
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Side-Chain Motions in Peptides Bound to Elastase. NMR Relaxation 
Investigation on Carbon- 1 3 Specifically Enriched 
Trifluoroacetyl-Tripeptide Inhibitors? 
J. L. Dimicoli,* H. Lam-Tanh, F. Toma, and S .  Fermandjian 

ABSTRACT: Kinetic, 19F NMR, and recently X-ray data have 
shown that CF3CO-tripeptides and dipeptide anilides bind in 
a unique mode to elastase, the CF3C0 group interacting with 
a specific site on the enzyme. We report the results of an 
NMR study of the interaction with elastase of the two 
CF3CO-tripeptides, CF3CO-Ala3 and CF3CO-Lys-Ala2, in 
which the N-terminal residue has been uniformly enriched with 
13C. We first show that neglecting cross-relaxation and 
cross-correlation effects should lead at 25 and 50 MHz to small 
errors in 13C relaxation times TI  of uniformly enriched mol- 
ecules bound to elastase. Under these conditions, the mod- 
el-free analysis [Lipari, G., & Szabo, A. (1982) J .  Am. Chem. 
SOC. 104,4546-45591 of the 13C relaxation times of the two 
enzyme-inhibitor complexes obtained at two frequencies of 
observation by using the C, carbon as a probe of the protein 
motion provides estimations of the generalized order param- 

x e  peptide CF3CO-Lys-Ala-NH-C6H,-p-CF3 is a strong 
inhibitor of elastase. The structure of its complex with porcine 
pancreatic elastase has been recently determined at 2.5-A 
resolution by X-ray crystallography (Hughes et al., 1982). 
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eters Sz of each 13C atom. These estimations allow calculation 
with a good precision of the rotation angles yoi about each 
Ci-lCi bond, selecting restricted multiple rotation as a model 
for the side-chain motion and assuming that the lowest energy 
conformation of the lysine side chain in solution is trans as 
observed in the crystal. Angles Y~~ once obtained have then 
been used to estimate the correlation times T~ of rotation about 
each Ci-lCi bond, from a complete analysis of the experimental 
TI .  The results show that the C,H3 of [13C]Ala is still freely 
rotating in the complex. In contrast the side chain of [I3C]Lys 
is found to be highly immobilized. Furthermore, the difference 
of orientation of the Ala and Lys side chains is suggested by 
the different chemical shift behaviors of the C, of these amino 
acids during complexation. The similar affinity of both pep- 
tides is interpreted in light of these NMR data. 

This resolution is sufficient to observe close contacts between 
the peptide and the protein and to estimate the local mobilities 
through isotropic atomic temperature coefficients. On the 
other hand, enzyme kinetics and 19F NMR have shown that 
CF3CO-tripeptides and dipeptide anilides bind to the enzyme 
in a single mode involving the interaction of the trifluoroacetyl 
group at a specific site of the protein (Dimicoli et al., 1979, 
1980). Their affinity for elastase critically depends, however, 
on the nature of each amino acid and also on the substituents 
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