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ABSTRACT: The X-ray structure of staphylococcal nuclease suggests octahedral coordination of the essential 
Ca2+, with Asp-21, Asp-40, and Thr-41 of the enzyme providing three of the six ligands [Cotton, F. A., 
Hazen, E. E., Jr., & Legg, M. J. (1979) Proc. Natl .  Acad. Sci. U.S.A.  76,2551-25551. The Asp-40 codon 
was mutated to Gly-40 on the gene that had been cloned into Escherichia coli, and the mutant (D40G) 
and wild-type enzymes were both purified from E .  coli by a simple procedure. The D40G mutant forms 
a (5 f 2)-fold weaker binary complex with Ca2+ as found by kinetic analysis and by Ca2+ binding studies 
in competition with Mn2+, a linear competitive inhibitor. Similarly, as found by electron paramagnetic 
resonance (EPR), Mn2+ binds to the D40G mutant with a 3-fold greater KD than that found with the wild-type 
enzyme. These differences in K D  are increased by saturation of staphylococcal nuclease with the D N A  
substrate such that KmCa is 10-fold greater and KIM” is 15-fold greater for the mutant than for the wild-type 
enzyme, although KMDNA is only 1.5-fold greater in the mutant. The six dissociation constants of the ternary 
enzyme-Mn2+-nucleotide complexes of 3’,5’-pdTp and 5’-TMP were determined by EPR and by paramagnetic 
effects on 1 / T, of water protons, and the dissociation constants of the corresponding Ca2+ complexes were 
determined by competition with Mn2+. Only small differences between the mutant and wild-type enzymes 
are noted in K,, the dissociation constant of the nucleotides from their respective ternary complexes. 3’,5’-pdTp 
raises the affinities of both wild-type and mutant enzymes for Mn2+ by factors of 47 and 3 1, respectively, 
while 5’-TMP raises the affinities of the enzymes for Mn2+ by smaller factors of 6.8 and 4.4, respectively. 
Conversely, Mn2+ raises the affinities of both wild-type and mutant enzymes for the nucleotides by 1-2 
orders of magnitude. Analogous effects are observed in the ternary Ca2+ complexes. Dissociation constants 
of Ca2+ and Mn2+ from binary and ternary complexes, measured by direct binding studies, show reasonable 
agreement with those obtained by kinetic analysis. Structural differences in the ternary metal complexes 
of the D40G mutant are revealed by a 3 1 -fold decrease in V,,, with Ca2+ and by 1.4-3.1 -fold decreases 
in the enhancement of l / T 1  of water protons with Mn2+. The frequency dependence of 1 /T ,  indicatesd 
shorter correlation time in the mutant. resulting from a decrease in the symmetry and rigidity of the ligands 
of Mn2+. 

staphylococcal nuclease [ribonucleate (deoxyribonucleate) 
3’-nucleotidohydrolase, EC 3.1.4.71 is an extracellular 5’- 
phosphodiesterase of Staphylococcus aureus that can hydro- 
lyze either DNA or RNA to yield 3’-mono- and dinucleotides 
(Tucker et al., 1978). Its relative simplicity, and its stability 
despite the absence of covalent cross-linkages, made the en- 
zyme attractive for protein structure and enzyme function 
studies including X-ray crystallography. Staphylococcal nu- 
clease is one of a small number of enzymes the structure of 
which has been determined at 1.5-A resolution (Cotton et al., 
1979). Although much structural information exists, the 
details of its catalytic mechanism remain unclear. The hy- 
drolysis of DNA and RNA by staphylococcal nuclease appears 
to be completely dependent on the presence of CaZ+. The 
hydrolysis of DNA, but not RNA, may occur with Sr2+ and 
to a much lesser degree with Fe2+ and Cu2+. Though not 
activators, Mg2+ increases the velocity of the Ca2+ activated 
enzyme and Mn2+ has been shown to inhibit the Ca2+-activated 
reaction, although the type of activation and inhibition, re- 
spectively, have not been elucidated (Cuatrecasas et al., 1967). 
The X-ray structure of a ternary enzyme-Caz+-3’,5’pdTp 
complex reveals the metal to be in an octahedral environment, 
receiving three cis ligands from the protein, Asp-21, Asp-40, 
and Thr-41, as well as the 5’-phosphate of the competitive 
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inhibitor, 3’3’pdTp. The remaining two ligands may be water 
molecules (Figure 1) (Cotton et al., 1979). No such structural 
information exists on the binary enzyme-Ca2+ complex. 

The availability of site-specific mutants (Shortle, 1983; 
Shortle & Lin, 1985) and the extensive structural information 
available on staphylococcal nuclease led us to study the binding 
of Ca2+ and Mn2+ to the enzyme by employing EPR, NMR, 
and kinetic methods. The interactions of Ca2+, Mn2+, and 
nucleotides with both the wild-type and the mutant enzyme 
D40G, in which one of the metal binding residues, Asp-40, 
is replaced by glycine, are here investigated. Our results show 
significant differences in the metal binding properties of 
wild-type enzyme and D40G and, in addition, marked re- 
duction in the maximal velocity of the mutant enzyme. For 
these studies, a simple purification procedure for staphylococcal 
nuclease from overproducing strains of Escherichia coli is here 
reported. A preliminary report of this work has been published 
(Serpersu et al., 1985). 

EXPERIMENTAL PROCEDURES 

Materials 
The nucleotides 5’-TMP and 3’-TMP were purchased from 

Sigma and 3’,5’-pdTp was obtained from P-L Biochemicals. 
Before use, buffer and nucleotide solutions were passed over 
Chelex 100 resin to remove trace metals. Highly polymerized 
salmon sperm DNA and calf thymus DNA were purchased 
from Sigma, and all DNA used in the enzyme assays was 
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Table I: Purification of Wild-Type and Mutant (D40G) Staphylococcal Nuclease 
vol [protein] total protein sp act. total yield purification 

enzyme step (mL) (mg/mL) (mg) (units/mg)" units (%I (x-fold) 
wild type extract 38 0.84 31.9 466 14852 100 1 

Bio-Rex 70 7.3 1.26 9.21 644 6155 41.4 1.43 
dialysis 10.0 0.63 6.30 618 427 1 28.8 1.46 
lyophilized 5.90 672b 3965 26.7 1.44 

D40G extract 50 0.87 43.5 12.4 539 100 1 
Bio-Rex 70 7.5 1.25 9.4 23.5 220.9 40.9 1.89 
dialysis 10.0 0.64 6.4 22.7 145.3 26.9 1.83 
lyophilized 5.9 23.0' 135.7 25.2 1.85 

'Determined in 40 mM Tris-HCI, pH 7.4. Was 2700 units/mg in 40 mM sodium borate buffer, pH 8.8. Was 37 units/mg in 40 mM sodium 
borate buffer, pH 8.8. 

' 0  
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\ 

FIGURE 1 : Ligands of Ca2+ at the active site of staphylococcal nuclease, 
on the basis of the 1.5-8, structure of the ternary enzyme-Ca2+-pdTp 
complex (Cotton et al., 1979). In the absence of pdTp, a third water 
ligand probably occupies the position of the phosphate ester. 

denatured by heating for 30 min at 100 OC, followed by rapid 
cooling on ice (Cuatrecasas et al., 1967). 

Methods 
Enzyme Assay. The enzyme activity was measured by 

observing the absorbance change at  260 nm (Cuatrecasas et 
al., 1967). One unit of enzymatic activity is defined as the 
amount of the enzyme causing a change of 1.0 absorbance unit 
per minute at 260 nm in a 1-cm cell. Protein concentrations 
were determined by absorbance at  280 nm (cy22 = 0.93 at  
neutral pH) (Dunn et al., 1973; Tucker et al., 1978). The 
assay mixture consisted of the indicated amounts of DNA and 
Ca2+ in 40 mM Tris-HC1,' pH 7.4, in a volume of 1.0 mL at 
23.5 OC. To this mixture, either 0.08-0.1 pg of wild-type 
enzyme or 1.8-2.3 pg of D40G was added to start the reaction. 
Velocity was determined from the linear portions of the re- 
corder trace and expressed as absorbancy per minute per 
microgram of protein. Enzyme activities were linear with the 
amount of protein used in the assays. In the kinetic experi- 
ments with Mn2+ as inhibitor, the concentration of free Mn2+ 
was estimated by assuming 0.38 f 0.04 Mn2+ binding sites 
per DNA phosphorus with a dissociation constant of 68 pM 
(Slater et al., 1972). 

Isolation of Wild-Type and Mutant D40G Staphylococcal 
Nuclease. The structural genes of the wild-type and mutant 
(D40G) forms of staphylococcal nuclease were isolated and 
expressed in E .  coli as previously described (Shortle & Lin, 
1985). The engineered strain of E.  coli carrying the plasmid 
pFOG405 for both the wild-type form and the D40G mutation 

Abbreviations: 3',5'-epAp, 1 ,M-ethenoadenosine 3',5'-bisphosphate; 
Tris-HCI, tris(hydroxymethy1)aminomethane hydrochloride; MOPS, 
3-(N-morpholino)propanesulfonic acid; Tricine, N-[tris(hydroxy- 
methyl)methyl]glycine; EDTA, ethylenediaminetetraacetic acid; HEPES, 
4-(2-hydroxyethyl)- 1 -piperazineethanesulfonic acid; SDS-PAGE, sodium 
dcdecyl sulfate-polyacrylamide gel electrophoresis. 

was grown overnight in LB medium (10 g of Bacto tryptone 
+ 5 g of Bacto yeast extract + 10 g of NaCl in 1 L) containing 
50 pg/mL ampicillin at 37 OC. The cultures were then diluted 
50-fold into complete MOPS media, which consists of 200 mL 
of solution M (42 g of MOPS + 4 g of Tricine + 14.6 g of 
NaCl + 8 g of KOH + 2.55 g of NH4C1 in 1 L), 2 mL of 
solution 0 (26.8 g of MgC12.6H20 + 10 mL of a solution 
containing 8 mL of concentrated HC1, 5 g of FeC12.4H20, 184 
mg of CaC12.2H20, 64 mg of H3B03, 40 mg of MnCl2.4H20, 
18 mg of CoC12.6H20, 4 mg of CuCl2.2H20, 340 mg of ZnCl,, 
and 605 mg of Na2Mo04.2H20 taken to 1 L), 0.1 mL of 1 .O 
M KH2P04, 1.0 mL of 0.276 M K2S04, 20 mL of 20% glu- 
cose, 2 mL of 0.05% thiamine, 20 mL of 7.5% vitamin-free 
casein hydrolysate, and H 2 0  to 1 L. The cells containing the 
wild-type form were further incubated for 5 h and those 
containing D40G for 7 h at 37 OC with shaking. 

At the end of the incubations, the cells were pelleted by 
centrifugation at 9000g for 10 min and resuspended in 1/40 
the original volume of ice-cold 1 M Tris base (pH -10.5) 
containing 2.5 mM Na+EDTA. They were incubated on ice 
for 20 min with intermittent gentle swirling. Again the cells 
were pelleted, and the supernatant was removed carefully, 
without disturbing the cells. To the supernatant, 1/10 volume 
of 1 M HEPES (acid form) was added. This lowers the pH 
of the extract to approximately 9.2. The extract was then 
loaded onto a 1 X 20 cm Bio-Rex 70 column, which had been 
equilibrated with a buffer made of 10 parts of 1 M Tris base, 
containing 2.5 mM Na'EDTA, and 1 part of 1 M HEPES 
(acid form), the final pH of which was 9.2. Under these 
conditions, the Bio-Rex 70 (100-200 mesh) had a capacity 
of 2-5 mg of nuclease/mL of bed volume. The column was 
washed with 1-2 bed volumes of the same buffer, followed by 
5 bed volumes of 0.2 M Tris-HC1, pH 7.6. The enzyme was 
eluted in 1.5 bed volumes of 1 M Tris-HC1, pH 7.6, containing 
0.5 M NaC1. After exhaustive dialysis against 100 volumes 
of 2 mM Tris-HC1, pH 7.4, with four changes, the enzymes 
were lyophilized and stored at -70 OC. 

Both the wild-type and D40G enzymes were homogeneous 
as judged by their migration as single bands on SDS-PAGE. 
The final specific activity of the wild-type enzyme was 644 
f 9 units/mg at  pH 7.4, in agreement with that found for a 
pure preparation from Worthington Biochemicals (641 f 15 
units/mg), while the specific activity of pure D40G was 16.7 
f 1.6 units/mg under these conditions. When assayed in 40 
mM sodium borate buffer, pH 8.8, the specific activity of the 
wild-type enzyme was 2700 units/mg, which is somewhat 
greater than the value of 2000 units/mg previously reported 
for the pure enzyme (Cuatrecasas et al., 1967). The specific 
activity of the D40G mutant under these conditions was 37 
units/mg. Table I summarizes the purification of the wild-type 
and mutant enzymes, respectively. 

Magnetic Resonance Measurements. The longitudinal re- 
laxation rate of water protons was measured with a Nuclear 
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Table 11: Kinetic Parameters of Wild-Type and Mutant (D40G) Staphvlococcal Nuclease' 

wild type 110 f 20 3.5 f 0.8 460 f 60 17.9 f 0.7 6.8 f 4.2 0.714 f1).0= 
mutant 1130 f 70 4.65 f 1.25 3440 f 360 27.8 f 3.4 105 f 15 0.024 f 0.002 

'From Figures 2-4. KMCa is the Michaelis constant of Ca2+ at saturating [DNA], KMDNA is the Michaelis constant of DNA at saturating [Ca2+], 
KAc" is the KM of Ca2+ extrapolated to zero [DNA], and KSDNA is the KM of DNA extrapolated to zero [Ca2+]. 

Magnetic Resonance Specialties PS-60W pulsed NMR 
spectrometer at 24.3 MHz as described previously (Mildvan 
& Engle, 1972) by using the 18Oo-~-9O0 pulse sequence 
method of Carr & Purcell (1954; Mildvan & Engle, 1972). 
The observed enhancement of relaxation rate is defined as t* 

= ( l /Gp) / ( l /T Ip ) ,  where l / T l p  is the paramagnetic contri- 
bution to the relaxation rate in the presence (*) and absence 
of the enzyme (Mildvan & Engle, 1972). 

The concentration of free Mn2+ in a mixture of free and 
bound Mn2+ was determined by electron paramagnetic reso- 
nance (Cohn & Townsend, 1954) with a Varian E-4 EPR 
spectrometer. The EPR and NMR data were analyzed as 
previously described (Mildvan & Cohn, 1963, 1966; Mildvan 
& Engle, 1972) to determine the stoichiometry (n )  of MnZ+ 
ions bound to each enzyme, the dissociation constant ( K D ) ,  
and the enhancement (eb) of the binary enzyme-Mn2+ com- 
plex. Titrations of the binary enzyme-Mn2+ complex with 
nucleotides were analyzed by computer as previously described 
(Reed et al., 1970; Mildvan & Engle, 1972) to yield disso- 
ciation constants and enhancement values of ternary com- 
plexes. In addition, the binding of MnZ+ to enzyme-nucleotide 
complexes was monitored by EPR and by changes in 1 / Gp 
of water protons, providing independent measurements of the 
dissociation constants of MnZ+ from ternary enzyme- 
Mn2+-nucleotide complexes. The correlation time ( T,) for 
dipolar interaction of enzyme-bound Mn2+ with water protons 
was determined from the frequency dependence of l /T lp  
(Reuben & Cohn, 1970). 

Fluorescence Measurements. The dissociation constants of 
the binary complexes of staphylococcal nuclease with 3',5'- 
pdTp were determined by competition with 3',5'-qAp, on the 
basis of the quenching of the epAp fluorescence by the enzyme. 
Solutions containing 61 pM wild-type enzyme with 118 pM 
tpAp or 138 pM D40G enzyme with 104 pM cpAp in 40 mM 
Tris-HC1, pH 7.4, were titrated with 3',5'-pdTp. The increase 
in fluorescence at 408 nm upon excitation at 307 nm was 
measured in an Aminco Bowman spectrofluorometer ther- 
mostated at 23 OC. Double-reciprocal plots of the changes 
in fluorescence intensity vs. pdTp concentration were fit by 
linear least-squares analysis. 

RESULTS 
Kinetics of Activation by Ca2+. Staphylococcal nuclease 

has a broad pH optimum in the range of 8.6-10.3, which 
depends on the concentration of Ca2+ (Tucker et al., 1978). 
Since the mutant enzyme D40G has enzymatic activity, we 
have determined the kinetic parameters of both enzymes at 
pH 7.4 at which Mn2+ binding studies can be performed, since 
MnZ+ precipitates at higher pH values. Figures 2 and 3 show 
detailed kinetic analyses of the activation by Ca2+ at varying 
levels of DNA of both the wild-type and mutant enzymes at 
pH 7.4. A comparison of the kinetic parameters (Table 11) 
indicates that at saturating levels of DNA the mutant enzyme 
shows a 10-fold higher KM value and a 31-fold lower maximum 
velocity than the wild-type enzyme. Extrapolation to zero 
DNA concentration yields activator constants for Ca2+ indi- 
cating a 7.5-fold weaker binding of Ca2+ to the mutant enzyme 
than to the wild-type enzyme in the binary enzyme-Ca2+ 
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FIGURE 2: Kinetics of activation of wild-type staphylococcal nuclease 
by Ca2+. (A) Double-reciprocal plot of initial velocity vs. Ca2+ 
concentration. DNA (salmon sperm) concentrations were (from top 
to bottom) 7 (W), 10 (A), 15 (0), 20 (V), 25 (O) ,  and 40 pg/mL (0). 
The assay medium also contained 40 mM Tris-HC1, pH 7.4. The 
reaction in a total volume of 1.0 mL at 23.5 "C was started by the 
addition of 0.08 fig of the enzyme. The velocity of the reaction was 
defined as the absorbance change at  260 nm per microgram of enzyme 
per minute. (B) Secondary plot of reciprocal of extrapolated apparent 
KMca (KCaaPP) values, obtained from the intercepts on the abscissa 
in (A), against DNA concentration. Extrapolation to zero DNA 
concentration yielded the activator constant of Ca2+ (KAca) as 0.46 
mM. (C) Secondary plot of extrapolated apparent V,,, at infinite 
Ca2+ concentration ( VmaxaPP), against the DNA concentrations in 
double-reciprocal form. From the intercept on the abscissa, KMDNA 
= 3.5 pg/mL was obtained. (D) Double-reciprocal plot of initial 
velocity against DNA concentration. Ca2+ concentrations were (from 
top to bottom) 0.2 (0), 0.3 (O), 0.4 (m), 0.8 (A), 1.0 (O) ,  and 1.5 
m M i r ) .  (E) Secondary plot of reciprocal of extrapolated apparent 
KhlD A (KDNA") values, obtained from the intercepts on the abscissa 
in (D), against Ca2+ concentration. Extrapolation to zero Ca2+ 
concentration yielded the dissociation constant of DNA (KsDNA) as 
17.9 pg/mL (or 12.8 pM, see Table V).  (F) Secondary plot of 
extrapolated a arent V , ,  at infinite DNA concentration ( VmxaPP), 
against the Cay' concentration in double-reciprocal form. Intercept 
on the abscissa yielded KMCa = 0.1 1 mM. In (A) and (D), the data 
points are shown together with the lines computed by a weighted 
least-squares analysis (Cleland, 1979). In (B), (C), (E), and (F), 
the lines are computed by a linear least-squares analysis. 



G E N E T I C  A L T E R A T I O N  O F  A C A 2 +  L I G A N D  I N  S .  

B 

, 
0 2 0 4 0 6 0 8 0  1 

-06 -04 -02 0 02 0 4  06 OB 10 12 

l / [Co] ] ,  mM" 

E 

l /[DNA] ipq/mLT'  

FIGURE 3: Kinetics of activation of the D40G mutant of staphylococcal 
nuclease by Ca2+. (A) Double-reciprocal plot of initial velocity against 
Ca2+ concentration. DNA (salmon sperm) concentrations were 15 
(A), 20 (0), 25 (W), 40 (O), and 75 pg/mL (V). The assay conditions 
were otherwise as described in Figure 2 except that 1.8 pg of the D40G 
mutant enzyme per assay was used. (B) Secondary plot of the re- 
ciprocal of the extrapolated apparent KM of Ca2+ (KCaaPP) values, 
obtained from the intercepts on the abscissa in (A), against the DNA 
concentration. Extrapolation to zero DNA concentration yielded the 
activator constant of Ca2+ (KAca) as 3.44 mM. (C Secondary plot 

(V,BPP), against the DNA concentration in double-reciprocal form. 
The intercept on the abscissa yielded KMDNA = 4.65 pg/mL. (D) 
Double-reciprocal plot of the initial velocity against DNA concen- 
tration. Ca2+ concentrations were (from top to bottom) 1 .O (O), 1.25 
(v), 1.5 (O), 2.0 (W), 3.75 (0), and 6.25 mM (A). (E) Secondary 
plot of the reciprocal of the extrapolated apparent KMDNA ( K ~ ~ q " p p )  
values, obtained from the intercepts on the abscissa in (D), against 
the Ca2+ concentration. Extrapolation to zero Ca2+ concentration 
yielded the dissociation constant of DNA (KsDNA) as 27.8 gg/mL 
(or 19.9 pM, see Table V). (F) Secondary plot of the extrapolated 
apparent V,, at infinite DNA concentration ( Vma2PP), against the 
Ca2+ concentration in double-reciprocal form. The intercept on the 
abscissa yielded KMCa = 1.33 mM. In (A) and (D), the data points 
are shown together with the lines computed by a weighted least-squares 
analysis. In (B), (C), (E), and (F), linear least-squares analyses were 
used. 

complex. Extrapolation to infinite DNA yields a 10-fold 
greater KM of Ca2+ in the mutan t  enzyme, indicating weaker 
Ca2+ binding in the ternary complex as well. T h e  large effect 
on V, , ,  of the  mutant  was unaffected by the  addition of 100 
mM sodium formate in an a t tempt  to replace t h e  missing 

of the extrapolated apparent V , ,  at infinite Ca 2+ concentration 
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FIGURE 4: Kinetics of inhibition by Mn2+ of the wild-type enzyme 
and the D40G mutant of staphylococcal nuclease. (A) Double-re- 
ciprocal plot of initial velocity against Ca2+ and Mn2+ concentrations 
with the wild-type enzyme. Free Mn2+ concentrations were 0.0 (O), 
14.8 ( 0 ) ,  20.2 (O), 31.5 (A), and 44.5 pM (V). The assay medium 
contained 40 mM Tris-HC1, pH 7.4, and 50 pg/mL of calf thymus 
DNA. The reaction in a total volume of 1 .O mL was started by the 
addition of 0.1 pg of the wild-ty 

= 6.8 pM. (B) Doublereciprocal plot of initial velocity against Ca2+ 
and Mn2+ concentrations with the D40G mutant. Free Mn2+ con- 
centrations were 0.0 (0), 31.5 (A), 95 (0), and 164 pM (0). The 
assay conditions were otherwise as in (A) except that the reaction 
was started by the addition of 2.1 pg of the D40G mutant enzyme. 
Inset shows the secondary lot of slopes against free Mn2+ concen- 
trations, which yielded Kid = 105 pM. In (A) and (B), free Mn2+ 
was estimated as described under Experimental Procedures, and the 
data points are shown together with the lines computed by a weighted 
least-squares analysis. In both insets, linear least--squares analyses 
were used. 

enzyme. Inset shows the secondar 
plot of slopes against free Mnrconcentration, which yielded K1 h 2  

carboxylate group. The KM values of the DNA substrates from 
Figures 2 and 3, and as measured independently, indicated only 
(1.4 f 0.1)-fold weaker substrate binding to the mutant  than  
to the  wild-type enzyme. 

Kinetic Effects of Mn2+. No activation by Mn2+ was de- 
tected over the range 3.0-50 HM MnCl, a t  p H  7.4 with either 
the  wild-type (5 p g / m L )  or mutan t  enzymes (173 p g / m L ) .  
From the  error levels of these measurements,  activation by 
Mn2+ is less than 0.017% of that  produced by Ca2+, in accord 
with previous studies a t  high pH (Cuatrecasas et  al., 1967). 
Mn2+ is, however, a linear competitive inhibitor with respect 
to Ca2+ of both the  wild-type and mutan t  enzymes (Figure 
4) with KI values of 6.8 and 105 p M ,  respectively (Table 11). 
Thus, the DNA complex of the  wild-type enzyme binds Mn2+ 
15-fold more tightly than  does t h a t  of the  mutant .  

Mn2+ Binding Studies. To study the binary enzyme-Mn2+ 
complexes, both the wild-type enzyme and the  D40G mutant  
of staphylococcal nuclease were titrated with Mn2+. A t  each 
point of the  titration, the  free  M n Z +  concentration was mea-  
sured by EPR spectroscopy, and the enhancement (€*) of I/Tlp 
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Table 111: Dissociation Constants of Binary Complexes of Mn2+ and 
CaZt and Enhancement Factors of MnZC Complexes 

KDca or KICa KDMn or KIM'' 

wild type 0.95 f 0.03" 416 f 22" 510 f 70' 

mutant 0.98 f 0.07" 1250 f 170" 1660 f 300' 

5'-TMP 1.06 f 0.05" 4130 f 200" 1.54 f 0.09 5100 f 2500d 

"Determined by EPR, as in Figure 5A. bDetermined by l / c p  of 
water protons. 'Determined by competition with Mn2+ measuring 1 /  cp of water protons (Figure 6A). dDetermined by competition with 
Mnzt measuring free [Mn2+] by EPR. e n  is the stoichiometry of metal 
binding, KD is the dissociation constant of the binary enzyme-metal 
complex, and K ,  is the dissociation constant of the binary metal-nu- 
cleotide complex. 

ligand ne (PM)' €b (PMY 

1 .OO f 0.05b 460 f 63b 8.4 f 0.7 

(D40G) 0.83 f 0.03b 1012 f 15b 3.8 f 0.5 

3',5'-pdTp 1.6 f 0.2" 474 f 50" 1.7 f 0.1 1200 f 700d 

of water protons was determined by pulsed NMR. With the 
values for the fraction of free and bound Mn2+ determined 
by EPR spectroscopy, the data were analyzed by a Scatchard 
plot (Figure 5A), which could be fit by assuming one Mn2+ 
binding site for both the wild-type enzyme and the D40G 
mutant (Table 111) with dissociation constants of 0.416 f 0.022 
and 1.25 f 0.17 mM, respectively (Table 111). 

The enhancement of l / T I p  of water protons (eb) resulting 
from Mn2+ binding to staphylococcal nuclease in the absence 
of nucleotides or substrates was found to be 8.4 f 0.7 for the 
wild-type enzyme and significantly lower (3.8 f 0.5) for D40G 
(Table 111), indicating a structural difference in the coordi- 
nation sphere of Mn2+. The relaxation data were used inde- 
pendently to determine the stoichiometries and dissociation 
constants of Mn2+ from the wild-type and mutant enzymes. 
Within experimental error (Table 111), the results agreed with 
those determined by EPR. The dissociation constants of the 
binary enzyme-Mn2+ complexes are significantly greater than 
the respective Kl values of Mn2+ (Table IV), indicating that 
the presence of DNA in the kinetic experiments raises the 
affinity of the wild-type and mutant enzymes for Mn2+ by 
factors of 61 and 12, respectively. Such tightening will be 
confirmed by studies of the binding of Mn2+ to enzyme-nu- 
cleotide complexes in a later section. 

Displacement of Mn2+ from the Binary Enzyme-Mn2+ 
Complex by ea2+. The addition of Ca2+ to the binary Mn2+ 
complex of the wild-type and mutant enzymes decreased the 
observed enhancement, suggesting that Ca2+ displaces Mn2+ 
from both enzymes (Figure 6A). This point was established 
by EPR measurements, which detected the appearance of free 
Mn2+. At high levels of Ca2+, essentially all of the Mn2+ was 
displaced. From the amount of Ca2+ required to displace half 
of the bound Mn2+ and the measured dissociation constants 
of the enzyme-Mn2+ complexes (Table 111), binary CaZ+- 
enzyme dissociation constants of 0.51 f 0.07 and 1.7 f 0.3 
mM for the wild-type enzyme and D40G, respectively, were 
estimated (Table 111). These values are in reasonable 
agreement with the activator constants of 0.46 f 0.06 and 3.4 
f 0.4 mM, respectively, obtained by the kinetic experiments 
(Table 11). 

Ternary Mn2+ Complexes of Wild-Type and D40G En- 
zymes with Nucleotide Substrate Analogues. ( A )  Titrations 
with Mn2+. The thermodynamics of a ternary system of en- 
zyme, Mn2+, and nucleotide is described by six equilibrium 
constants, which are defined in Table IV. The dissociation 
constant of the binary Mn2+ complexes ( K , )  of 3',5'-pdTp and 
5'-TMP and those of the binary Mn2+-enzyme complexes (KD)  
were determined by EPR (Table 111). To determine KA', the 
dissociation constant of Mn2+ from ternary enzyme-Mn2+- 
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FIGURE 5 :  Scatchard plots of Mn2+ binding to the wild-type and D40G 
mutant of staphylococcal nuclease in the absence or in the presence 
of nucleotides. (A) Titration of wild-type enzyme and the D40G 
mutant of the staphylococcal nuclease with Mn2+. The solution 
contained either 179 p M  wild-type (0) or 235 pM D40G mutant (a) 
enzyme and 40 mM Tris-HC1, pH 7.4. (B) Titration of wild-ty e 
enzyme and the D40G mutant of staphylococcal nuclease with Mr$+ 
in the presence of 3',5/-pdTp. Solutions contained 85 pM 3',5'-pdTp, 
either 85 pM wild-type (0) or 84 p M  D40G mutant enzyme (a), 
and 40 mM Tris-HC1, pH 7.4. (C) Titration of the wild-type enzyme 
and the D40G mutant of staphylococcal nuclease with MnZ+ in the 
presence of 5'-TMP. Solutions contained 102 pM Y-TMP, either 
107 pM wild-type (0) or 104 p M  D40G mutant enzyme (O) ,  and 
40 mM Tris-HC1, pH 7.4. In (A)-(C), the free Mn2+ concentration 
was determined by EPR spectroscopy, and the lines represent linear 
least-squares fits to the data points. The symbols [Mn],, [MnIf, and 
[E], represent bound Mnzf, free Mn2+, and the total enzyme con- 
centrations, respectively. 

nucleotide complexes, staphylococcal nuclease was titrated with 
Mn2+ in the presence of either 3',5'-pdTp or 5'-TMP, meas- 
uring the free Mn2+ by EPR and the effects of the bound Mn2+ 
on 1 f T ,  of water protons. 

From Scatchard plots of the EPR data (Figure 5B), KA' of 
Mn2+ from the ternary pdTp complex of the mutant enzyme 
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FIGURE 6: Displacement of MnZ+ by Ca2+ in complexes of the 
wild-type enzyme and the D40G mutant of staphylococcal nuclease 
detected by changes in the enhancement (e*) of the effects of Mn2+ 
on l/T1 of water protons. (A) Displacement of Mn2+ by CaZ+ from 
the binary Mn2+ complex of the wild-type or the D40G mutant 
enzyme. Solutions contained either 179 pM wild-type enzyme with 
332 pM Mn2+ (0) or 210 pM D40G mutant with 331 pM MnZ+ (0) 
as well as 40 mM Tris-HCI, pH 7.4. From the concentration of free 
CaZ+ at the midpoint of the titration, [Ca2+],,2, K cs was calculated 
with the relationship KDCa = [CaZ+]1/2/(1 + [ M ~ + ] / K D ~ ~ ) ,  where 
KDMn is the dissociation constant of Mn2+ from the binary enzyme- 
MnZ+ complex (Table 111). (B) Displacement of Mn2+ by Ca2+ from 
the ternary enzyme-Mn2+-pdTp complexes of the wild-type or the 
D40G mutant staphylococcal nuclease. Solutions contained 85 pM 
3’,5/-pdTp and either 85 pM wild-type enz me with 60 pM Mn2+ 

of Mn2+ by Ca2+ from ternary enzyme-MnZ+-5’-TMP complexes of 
the wild-type enzyme and the D40G mutant of staphylococcal nuclease. 
The solutions contained 210 pM 5’-TMP and either 154 pM wild-type 
enzyme with 158 pM Mn2+ (0) or 218 pM D40G mutant enzyme 
with 169 pM Mnz+ (0). In (A)-(C), Ca2+ additions were done from 
concentrated stock solutions, which also contained all of the com- 
ponents of the titration solutions at the same final concentrations. 
Temperature was 23.5 OC. In (B) and (C) from the concentration 
of free Ca2+ at the midpoint of the titration, [Ca2+], z, KAlCa was 
calculated with the relationship KAfCa = [Ca2+lI,2/(i + [MnZ+l/ 
KATM”), where KArMn represents the dissociation constant of MnZ+ from 
the ternary enzyme-metal-nucleotide complex (Table IV). 

(0) or 84 pM D40G mutant with 60 pM Mn Z Y  (0). (C) Displacement 

(25.1 f 2.9 pM; Table IV) is only 2.3-fold greater than that 
of the wild-type enzyme (11.1 f 0.6 pM; Table IV). 
Scatchard analysis of the 1 / T I  data (not shown) yielded sim- 
ilar values of KA’ (Table IV). The KA’ values measured in 
the binding studies with enzyme and 3’,5’-pdTp (Table IV) 
are comparable to the K I  values of Mn2+ determined kineti- 
cally, at saturating levels of DNA (Table 11). By comparing 
the KD and KA’ values, it is concluded that 3’,5’-pdTp tightens 
the binding of Mn2+ to the mutant and wild-type enzymes by 
factors of 31 and 47, respectively (Tables I11 and IV). From 
MnZ+ titrations of the enzymes in the presence of 5’-TMP 
(Figure 5C), it is clear that Mn2+ binds more weakly in the 
ternary complexes of 5’-TMP than of pdTp, but a 5-fold 
greater KA’ value is noted for the mutant than for the wild-type 
enzyme (Table IV). 5-TMP raises the affinities of wild-type 
and mutant enzymes for Mn2+ by factors of 6.8 and 4.4, 
respectively (Tables I11 and IV). 

( B )  Titrations with Nucleotides. The most direct way of 
determining K3, the dissociation constant of the nucleotide from 
the ternary enzyme-Mnz+-nucleotide complex, is by titration 
of solutions of enzyme and MnZ+ with nucleotides, measuring 
changes in the enhancement of l / T I p  of water protons 
(Mildvan & Engle, 1972). Such titrations, fit by computed 
curves (Figure 7), yielded the average K3 values given in Table 
IV. Little effect of the mutation on the K3 values of the 
nucleotides is seen (Table IV), in accord with the small dif- 
ference in the KM of DNA with the D40G and wild-type 
enzymes as detected kinetically (Table 11). 

The computer fitting of the nucleotide titrations (Figure 7) 
required values for Ks, the dissociation constants for the binary 
enzyme-nucleotide complexes. These are found by trial and 
error and can therefore be considered only as approximations. 
Nevertheless, independent measurements of the Ks of 3’,5’- 
pdTp by its competitive displacement of ~pAp,  monitoring the 
increase in fluorescence of the latter nucleotide, yielded Ks 
values in good agreement with those obtained by computer 
analysis and reveal little difference between the wild-type and 
mutant enzymes (Table IV). The Ks of pdTp, which we have 
measured for the wild-type enzyme (95 f 30 pM), is in rea- 
sonable agreement with that found by equilibrium dialysis 
under somewhat different conditions (38 f 10 pM; Dunn & 
Chaiken, 1975). Independent measurements of Ks could not 
be made with 5’-TMP since the high concentrations required 
of this weaker binding nucleotide obscured the fluorescence 
of epAp by the inner filter effect. Hence, little significance 
is attached to the apparent difference in the Ks values of 
5’-TMP for the wild-type and mutant enzymes. 

Comparisons of K3 and Ks (Table IV) reveal that Mn2+ 
raises the affinities of both wild-type and mutant enzymes for 
nucleotides, by 1 or 2 orders of magnitude at pH 7.4. Larger 
effects of Ca2+ on nucleotide binding to the wild-type enzyme 
have been detected at pH 8.8 (Cuatrecasas et al., 1967). 

Table V compares the dissociation constants of various 
enzyme complexes measured in binding studies with those 
obtained by kinetic analysis. In general, the agreement is 
satisfactory. While the D40G mutation lowers the affinity 
of staphylococcal nuclease for metals, it does not greatly alter 
the affinity of the enzyme for its substrate DNA, or for nu- 
cleotide analogues. 

The dissociation constant of the metal-nucleotide from the 
ternary complex ( K z )  is derived from the relationship Kz = 
K3KD/K1  (Table IV). While little difference in the Kz of the 
enzyme-Mn2+-pdTp complex between mutant and wild-type 
enzymes is seen, a (4.3 f 1.7)-fold greater K2 of the en- 
zyme-Mn2+-TMP complex is seen with the D40G enzyme. 
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Table IV: Dissociation Constants (pM) and Enhancement Factors of I /  TI, in Ternary Enzyme-MnZC-Nucleotide Complexes of Staphylococcal 
Niicleane” 

KA! KS K3 KZ 
enzyme nucleotide EPR l/Tl,b fluorescenceC l/T,,d 1 /TI; 1 / T,,d CTd 

wild type 3’,5’-pdTp 11.1 f 0.6 17 f 2 95 f 22 94 f 38 2.5 f 1.0 2.2 f 0.9 24.8 f 0.4 
5‘-TMP 38.0 f 3.6 64 f 8 191 f 66 17.4 f 6.3 1.76 f 0.60 18.0 f 0.8 

mutant (D40G) 3’,5’-pdTp 25.1 f 2.9 22.6 f 2.6 60 f 35 61 f 30 1.2 f 0.6 3.2 f 1.7 8.1 f 0.6 
5’-TMP 218 f 34 259 f 22 827 f 169 25.1 f 5.8 7.6 f 1.7 13.1 f 1.5 

“The dissociation constants of the ternary and relevant binary complexes of enzyme (E), metal (M), and ligands (L), are defined as follows: K ,  

Note that K1K2 = K3KD = KA‘K,. *Determined by l/cp of water protons in Mn2+ titrations. ‘Measured from titrations monitoring the increase in 
fluorescence of 3’,5’-cpAp when it was displaced by 3’,5’-pdTp, using the measured Ks values of 3’,5’-epAp of 70 f 36 and 60 f 40 pM for the 
wild-tvDe and mutant enzvmes. resoectivelv. dDetermined bv computer analysis of nucleotide titrations (Reed et al., 1970; Mildvan & Enale. 1972). 

= [M][L]/[M-L]; K ,  = [E][M]/[E-MI; Kz = [E][M-L]/[E-M-L]; KA’= [E-L][M]/[E-M-L]; K3 = [E-M][L]/[E-M-L]; Ks = [E][L]/[E-L]. 
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FIGURE 7: Nucleotide binding studies to MnZ+ complexes of wild-type 
enzyme and the D40G mutant of staphylococcal nuclease, measuring 
the changes in the enhancement (e*) of the paramagnetic effects of 
MnZ+ on l/Ti of water protons. (A) Titrations of Mn2+ complexes 
of the wild-type and D40G mutant enzymes with 3’,5’-pdTp. Solutions 
contained either 488 pM wild-type enzyme with 106 pM Mn2+ (0) 
or 391 pM D40G mutant enzyme with 100 pM Mn2+ (0). (B) 
Titrations of Mn2+ complexes of the wild-type and D40G mutant 
enzymes with 5’-TMP. Solutions contained 95 pM wild-type enzyme 
with 24 pM Mn2+ (O), 95 pM wild-type enzyme with 61 pM Mn2+ 
(O), 83 pM D40G mutant enzyme with 24 pM MnZ+ (A), and 83 
pM D40G mutant enzyme with 49 pM MnZ+ (U). In (A) and (B), 
nucleotides were added from concentrated stock solutions, which also 
contained the other components of the titration at the same final 
concentrations. Other components and conditions were as described 
in Figure 6 .  In both (A) and (B), the data points are shown together 
with curves computed, using the parameters given in Tables 111 and 
IV. 
Significant decreases in E ~ ,  the enhancement of the ternary 
complexes, are found with the mutant enzyme in both the pdTp 
and the 5’-TMP complexes (Table IV), indicating structural 
differences in the Mn2+ coordination sphere on the mutant 
enzyme. 

Ternary ea2+ Complexes of Wild- Type and D40G Enzymes 
with Nucleotide Substrate Analogues. Titrations of ternary 
enzyme-Mn2+-nucleotide complexes with eaZ+ were carried 

out by measuring the decrease in l /TIp of water protons 
(Figure 6 ) .  This decrease resulted from the displacement of 
Mn2+ by Ca2+ as independently established by EPR, which 
showed the appearance of free Mn2+. Analysis of these ti- 
trations yielded dissociation constants (KA’) of Ca2+ from the 
ternary E-Ca2+-5’-TMP and E-Ca2+-3’,5’-pdTp complexes 
of both the wild-type and D40G enzymes. The KA’ values were 
3-4-fold weaker in the mutant enzyme (Table VI). These 
KA’ values, together with those of KD (Table 111) and Ks 
(Table IV), yielded K3 values for the ternary Ca2+ complexes 
that were (3 f 1)-fold weaker for the 5’-TMP complex of the 
mutant. The mutations did not significantly alter the K ,  of 
3’,5’-pdTp (Table VI). 

Completion of the analysis of the thermodynamics of the 
ternary complexes of Ca2+ required values of the dissociation 
constants (K , )  of the binary Ca2+-nucleotide complexes. These 
were determined by EPR measurements in competition with 
Mn2+ (Table 111). The values of K ,  together with those of 
KA’ and Ks yielded equilibrium constants (K2)  for the disso- 
ciation of Ca2+-5‘-TMP and Ca2+-3‘,5‘-pdTp from their re- 
spective ternary complexes (Table VI). The K2 values, which 
measures the combined effects of the mutation on both metal 
binding and nucleotide binding, is 12-fold greater in the mutant 
for Ca2+-5’-TMP and 2.3-fold greater in the mutant for 
Ca2+-3’,5’-pdTp, although the latter difference may not be 
significant due to the propagation of errors in the calculation 
of K2 (Table VI). It is of interest that even smaller effects 
of the D40G mutation on K2 are noted with the inhibitory 
metal, Mn2+ (Table IV). 

Frequency Dependence of l /T ip  of Water Protons with 
Binary and Ternary Mn2+ Complexes of Staphylococcal 
Nuclease. The 31-fold decrease in V , , ,  of the D40G mutant 
of staphylococcal nuclease as compared to the wild-type en- 
zyme (Table 11) indicates a significant structural differences 
in the metal complex of the mutant enzyme. Evidence for such 
a structural difference in the coordination sphere of the metal 
in the binary and ternary Mn2+ complexes is manifested by 
significantly lower enhancement values with the mutant en- 
zyme, as compared to the wild-type enzyme (Tables I11 and 
IV).  An analysis of the frequency dependence of l /TIp of 
water protons was carried out to determine the basis for the 
lower relaxivity of Mn2+ when bound to the mutant enzyme 
(Table VII). The most consistent difference between the 
Mn2+ complexes of wild-type and mutant enzymes is a shorter 
correlation time in the mutant, resulting primarily from an 
increase in B, the zero-field splitting parameter, indicating a 
decreased symmetry in the ligand field a t  Mn2+ when bound 
to the mutant enzyme. This is consistent with the X-ray 
structure, which shows a pseudo 3-fold axis of symmetry about 
the metal in the wild-type enzyme due to three cis ligands 
donated by the protein (Figure 1) (Cotton et al., 1979). This 
symmetry would be lost in the D40G mutant, in which the 
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Table VI: Dissociation Constants (pM)' of Ternary 
Enzyme-Ca2+-Nucleotide Complexes of Staphylococcal Nuclease 

enzyme nucleotide KA' K3 K2 
wild type 3',5'-pdTp 71 f 8 13 .1  f 5.8 5.6 f 1.9 

5'-TMP 324 f 35 121 f 47 12.1 f 7.4 
mutant (D40G) 3',5'-pdTp 259 f 33 9.5 f 5.1 1 3  f 7 

5'-TMP 910 * 149 433 f 144 148 f 82 
'The dissociation constants of the ternary and relevant binary com- 

plexes of enzyme, metal, and ligands are defined in Table IV.  The K, 
values are given in Table 111, and the Ks values are given in Table IV.  

Asp-40 ligand is presumably replaced by a water ligand. 
Another difference between the Mn2+ complexes of the 
wild-type and mutant enzymes is a decrease in T,, a time 
constant for motion of the water ligands of the metal (Blo- 
embergen & Morgan, 1961; Friedman, 1977), suggesting less 
steric hindrance and greater mobility of the coordination sphere 
in the mutant. Estimates of q, the coordination number for 
fast-exchanging water ligands on bound Mn2+ in the various 
enzyme-Mn2+ complexes (Table VII), are significantly lower 
than predicted from the X-ray structure (Figure 1) except in 
the case of the ternary pdTp complex of the wild-type enzyme. 
These findings suggest that one to three water ligands on 
enzyme-bound MnZ+, including the additional water ligand 
on Mn2+ in the complexes of D40G, exchange slowly with the 
bulk solvent. 
DISCUSSION 

The observed thermodynamic effects of mutating Asp-40 
of staphylococcal nuclease to Gly are in accord with the X-ray 
structure of this enzyme (Cotton et al., 1979). Thus the loss 
of one of the three cis ligands donated by the protein to the 
essential metal activator Ca2+ results in a ( 5  f 2)-fold lower 
affinity of the enzyme for Ca2+ as detected either kinetically 
as the activator constant KAca (Table 11) or nonkinetically in 
binding studies as KDCa (Table 111). Similarly, the mutant 
enzyme binds the competitive inhibitor Mn2+ 3 times weaker 
than does the wild-type enzyme as detected by two independent 
binding studies (Table 111). The binding of the substrate DNA 
amplifies these differences in metal affinity between the en- 
zymes since KMca is 10-fold greater and KIM" is 15-fold greater 
in the mutant as compared to the wild-type enzyme (Table 
11). This amplification results from the fact that DNA tightens 
the binding of metals to the wild-type enzyme by somewhat 
larger factors than to the mutant enzyme. The simple nu- 
cleotide competitive inhibitors 3',5'-pdTp and 5'-TMP do not 
amplify the difference in metal affinities between the mutant 
and wild-type enzymes, as may be seen by comparing the 
corresponding KA' values (Tables I11 and IV), although they 
do significantly raise the affinities of both enzymes for Ca2+ 
and Mn2+. This is because for a given metal and nucleotide 
equal effects are exerted on the affinities of the mutant and 
wild-type enzymes for metals. The D40G mutation has little 
effect on the affinity of staphylococcal nuclease for the DNA 
substrate or for nucleotide substrate analogues as may be seen 
by comparing the Ks values of the various binary complexes 
(Tables I1 and IV) and the K3 values of the ternary complexes 
(Tables 11, IV, and VI). These results are also consistent with 
the X-ray structure, which shows Asp-40 to interact with the 
metal but not with 3',5'-pdTp (Figure 1). As summarized in 
Table V, dissociation constants of Ca2+ and Mn2+ from their 
respective binary and ternary complexes, obtained by kinetic 
analyses, show reasonable agreement with those measured in 
direct binding studies. The DNA substrate binds to staphy- 
lococcal nuclease and to its metal complexes more tightly than 
do simple nucleotides at pH 7.4 (Table V), probably due to 
a greater number of interactions with the protein, as has 
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Table VII: Analysis of Frequency Dependence of Longitudinal Relaxation Rates of Water Protons in the Presence of Mn2+ Complexes of 
Staphylococcal Nuclease“ 

frequency (MHz) 
80 100 250 250 

80 100 250 - _ _ _ ~ -  
l / W , p )  l /WIP) l / W l J  1/W2J - - - 
(X10“ (XIOd (XIO” (XIOd T~ (X109 T~ (X109 T~ (X109 E (X10-2’ T, (X1013 

complex s-I j s-I) s-1) S-l)b S )  S )  s) S-2)  s) 4 
wild type-Mn2+ 0.728 0.687 0.347 22.1 0.693 0.707 0.900 0.95 3.15 0.8 f 0.1 
wild type- 2.84 2.03 0.737 18.6 1.07 1.07 1.16 1.13 1.67 2.2 f 0.5 

wild type-Mn2+-5’-TMP 1.63 1.27 0.472 14.3 1 .oo 1 .oo 1.05 1.70 1.19 1.3 f 0.3 
D40G-Mn2+ 0.514 0.477 0.265 8.52 0.659 0.659 0.777 1.26 2.51 0.6 f 0.1 
D40G-Mn2+-3’,5’-pdTp 2.03 1.61 0.519 13.5 1.26 1.26 1.31 1.51 1.06 1.5 f 0.2 
D40G-Mn2+-5’-TMP 0.949 0.624 0.304 9.19 0.792 0.793 0.817 2.54 1.00 0.9 f 0.2 

“The normalized longitudinal relaxation rates of water protons [I/lfTlp)] as a function of the precession frequencies of protons (oI) and unpaired 
electrons (os) were analyzed according to the following equations (Mildvan & Gupta, 1978): 1 / W I p )  = q(C/r)6([3~c(l + o 1 2 T 2 )  + 7rC/(1 + 
WS~T?)] and I / T ~  - 1 / ~ ~  = E[T,/(~ + ~ ~ ~ 7 . 2 )  + 4~ , / (1  + ws2r,2)], where q is the number of fast exchanging water ligands, Cis a product of physical 
constants equal to 812 A/sl‘’ for Mn2+-proton interactions, T ,  is the dipolar correlation time, T~ is the longitudinal electron spin relaxation time, E 
is the zero-field splitting parameter, and is a time constant for motion of the water ligands that modulates E.  bl/CfT2,) is the normalized 
transverse relaxation rate of water protons. 

Mn2+-3’,5’-pdTp 

previously been shown by kinetic studies at pH 8.8 (Cuatre- 
casas et al., 1968). 

Our kinetic and binding studies reveal that Mn2+ competes 
linearly with the activating Ca2+ ion, shows lower affinity for 
the D40G mutant as does Ca2+, and exerts qualitatively similar 
effects as Ca2+ on nucleotide binding, indicating that Mn2+ 
occupies the Ca2+ site. Despite these similarities, Mn2+ is at 
least 6000 times less effective in activating the enzyme and 
may well not activate at all. Possible reasons are the smaller 
radius of Mn2+ (Cotton & Wilkinson, 1980), its greater 
electrophilicity (Sillen & Martell, 1964), and slower ligand 
exchange rates (Eigen & Wilkins, 1965), rendering it more 
difficult for the phosphodiester substrate to enter the inner 
coordination sphere of the Mn2+. Second-sphere Mn2+-nu- 
cleotide complexes on the enzyme are suggested by the un- 
altered q values in the ternary enzyme-Mn2+-nucleotide 
complexes (Table VII) and by preliminary distance mea- 
surements with 31P NMR.2 Alternatively, Mn2+, upon 
binding, may distort the enzyme to an inactive conformation. 

An unexpected finding in these studies was the 31-fold lower 
maximal velocity of the D40G mutant enzyme, at saturating 
levels of both Ca2+ and DNA. The addition of formate to the 
D40G assay medium did not restore activity, suggesting an 
explanation other than the simple loss of a negative charge 
near the Ca2+. Removal of one of the three cis ligands donated 
to Ca2+ by the protein has very likely altered the structure of 
the active ternary enzyme-Ca2+-DNA complex. A clue to 
the nature of this structural alteration is provided by the 
frequency dependences of the effects of the Mn2+-enzymes 
on ] / T I P  of water protons (Table VII), which reveal a decrease 
in the correlation time for the Mn2+-H20 dipolar inter- 
action. This decrease in 7, results from a decrease in both the 
symmetry ( B )  and rigidity (7,) of the ligands of Mn2+. The 
decrease in the symmetry of the ligands around the metal in 
the complexes of the mutant enzyme presumably results from 
the loss of the pseudo 3-fold symmetry axis (Figure 1). Such 
a loss of symmetry in the enzyme-Ca2+-DNA complex could 
decrease the activity in several ways. Alteration in the position 
of Ca2+, increasing its distance from the phosphodiester group 
of the substrate, could weaken this important interaction. An 
increase in the distance of Ca2+ from Glu-43, which may act 
as a general base (Cotton et al., 1979),3 could weaken the 
binding of the attacking water molecule. The alignment of 

* E. H. Serpersu, D. Shortle, and A. S. Mildvan, unpublished obser- 
vations. 

J. A. Gerlt, personal communichtion. 

reactants or the overall geometry of the active site could also 
be perturbed by a change in the position of the CaZ+. A 
decrease in the rigidity at the active site resulting from the 
loss of an enzymatic ligand to CaZ+ could slow the catalytic 
rate by raising the entropy barrier to the reaction (Mildvan, 
1974). Further studies are in progress to examine these 
possibilities in greater detail. 
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31P NMR Saturation Transfer Measurements of Phosphorus Exchange Reactions 
in Rat Heart and Kidney in Situt 
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ABSTRACT: 31P N M R  spectra of rat kidney and heart, in situ, were obtained at  97.2 MHz by using chronically 
implanted radio-frequency coils. Previous investigators have used magnetization transfer techniques to study 
phosphorus exchange in perfused kidney and heart. In the current experiments, saturation transfer techniques 
were used to measure the steady-state rate of exchange between inorganic phosphate (Pi) and the y-phosphate 
of ATP (./ATP) in kidney, and between phosphocreatine (PCr) and yATP, catalyzed by creatine kinase, 
in heart. The rate constant for the exchange detected between Pi and yATP in kidney, presumably catalyzed 
by oxidative phosphorylation, was 0.12 f 0.03 s-l. This corresponds to an  ATP synthesis rate of 12 pmol 
min-' (g wet weight)-'. Comparison of previously published O2 consumption and Na' reabsorption rates 
for the intact kidney with the NMR-derived rate for ATP synthesis gave flux ratios of JATp/JO2 = 1.6-3.3 
and JNa+/JATp = 4-10. The rate constants for the creatine kinase reaction, assuming a simple two-site 
exchange, were found to be 0.57 f 0.12 s-l for the forward direction (PCr - ATP) and 0.50 f 0.16 s-l 
for the reverse direction (ATP - PCr). The forward rate (0.78 f 0.18 intensity unit/s) was significantly 
larger (p < 0.05) than the reverse rate (0.50 f 0.16 intensity unit/s). This difference between the forward 
and reverse rates of creatine kinase has been previously noted in the perfused heart. The difference has 
been attributed to participation of ATP in other reactions. To test this possibility, the reverse rate was 
measured by saturating both PCr and the @-phosphate of ATP. The rate obtained in this manner was not 
significantly different from that derived by assuming a two-site exchange. These results suggest the possibility 
that compartmentation of ATP might be responsible for the difference in rates. 

A detailed understanding of the regulation and control of 
metabolic pathways requires an estimiate of the rates of each 
individual reaction. For the case of the generation of ATP 
by oxidative phosphorylation and utilization for various work 
functions (e.g., Na' transport and muscle contraction), most 
kinetic information comes from in vitro studies of isolated 
subcellular systems (Hansford, 1980). However, functioning 
of regulatory mechanisms in vivo may be altered in vitro. 
Physiologic experiments performed on intact tissue have 
produced information concerning the coupling of oxidative 
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metabolism to work demands (Mandel & Balaban, 1981). 
These studies have had to rely on assumptions concerning 
detailed reaction mechanisms, such as the stoichiometry of 
ATP formation from oxidative phosphorylation. To bridge 
the gap between in vitro studies of isolated mitochondria and 
physiologic studies, it is important to know the rate of meta- 
bolic reactions, such as ATP formation and utilization, in vivo. 

NMR techniques can be used to measure the rates of en- 
zyme reactions in vivo (Brown et al., 1977; Gupta, 1979). In 
particular, by use of 31P NMR magnetization transfer tech- 
niques, the rate of the creatine kinase reaction has been 
measured in perfused heart (Brown et al., 1977; Matthews et 
al., 1982; Nunally & Hollis, 1979), isolated muscle (Brown 
et al., 1979; Gadian et al., 1981), and rat and turtle brain in 
situ (Balaban et al., 1983; Shoubridge et al., 1982; Wemmer 
et al., 1982). Additionally, the rate of ATP synthesis has been 
measured in the perfused heart and kidney (Freeman et al., 
1983; Matthews et al., 1981; Yahaya et al., 1984) as well as 
the rat brain (Shoubridge et al., 1982) and maize root tips 
(Roberts et al., 1984). 

Techniques have been developed in this laboratory which 
allow 31P NMR spectra to be obtained from rat kidney, heart, 
and liver in situ (Weiner et al., 1980; Koretsky et al., 1982, 
1983). The stability of the animals and the high metabolic 
rates which occur in these organs in situ offer advantages over 
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