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Chemical Kinetic and Proton Magnetic Resonance Studies of 
5’-Adenosine Monophosphate Binding to Ribonuclease Ai  

Peter H. Haffner* and Jui H. Wangl 

ABSTRACT: The effects of 5’-AMP on the kinetics of ribonu- 
clease A catalyzed hydrolysis of cyclic CMP have been ana- 
lyzed. The results suggest the existence of the ternary complex, 
enzyme-cyclic CMP-5 ’-AMP, which breaks down to product 
approximately three times faster than the enzyme-cyclic 
CMP complex at pH 5.57. The pH profile for the binding 
constant of 5’-AMP to ribonuclease A has been determined 
in the pH range 4-8.5. The shape of this profile is very similar 
to that found previously for the binding of orthophosphate 
and 3’-pyrimidine nucleotides to the enzyme. The titration 
curves of the individual histidine residues of ribonuclease A 
have been determined by measuring the pD dependence of 
the proton magnetic resonance chemical shifts of the imidazole 
C-2 proton resonance for each histidine. The shapes of the 
His-12 and His-119 curves were found to be abnormal in the 
pH region 3-5.2. These results call into question the assign- 
ments of the His-I2 and His-I19 resonance lines, but a line- 
width analysis of these two resonances over the entire pD 
region has substantiated the originally proposed assignments. 
The abnormal shape of these two titration curves demon- 
strates a change in the environment of both His-I2 and His- 

B ovine pancreatic ribonuclease A catalyzes the hydrolysis 
of RNA and (3’,5’)-dinucleoside phosphate esters in two 
steps. The first step is an intramolecular transesterification to 
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119 which accompanies the titration to low pD. The effects 
of 5’-AMP binding on the aromatic region of the ribonuclease 
A nuclear magnetic resonance (nmr) spectrum have been ob- 
served over the pD range 3-8.5. 5’-AMP bindingperturbs the 
pK, values of His-12 and -119 from their free enzyme values 
of 6.2 and 6.06 to 7.6 and 6.3, respectively. In addition, the 
His-119 resonance is shifted upfield some 20 Hz at low pD. 
The presence of 5’-AMP has no observable effect on the 
large Phe-120 peak associated with the pyrimidine nucleotide 
binding pocket at the enzyme surface. The results demonstrate 
that the phosphate moiety of 5‘-AMP is bound at the same 
site on the enzyme surface at which the phosphate of 3’- 
pyrimidine nucleotide is bound. In contrast to the 3’-py- 
rimidine nucleotide case, there is only a very weak interaction 
between the phosphate of bound 5’-AMP and His-119. Like 
pyrimidine nucleotide, 5’-AMP phosphate has a strong acid 
stabilizing influence on His-12. The shielding effect on the 
fully protonated His-I19 resonance at low pD is consistent 
with a base stacking interaction between the adenine ring of 
bound 5’-AMP and the imidazole ring of His-119. 

a stable (2’,3’) cyclic phosphate intermediate which is, in 
turn, hydrolyzed to a 3’-nucleotide (Brown and Todd, 1953; 
Brocklehurst et al., 1967). Recently, X-ray crystallographic 
studies (Carlson, W. D., et ai., to be published) of ribonuclease 
S, a proteolytically modified derivative of ribonuclease A, 
have uncovered an adenosine nucleotide binding site at the 
enzyme surface. This site is directly adjacent to the site OC- 

cupied by bound pyrimidine nucleotide and presumably by 
poly- and (2’,3’) cyclic pyrimidine nucleotide substrates as 
well. Previously, substrate specificity studies had revealed 
that in the ribonuclease A catalyzed transesterification of 
(3’,5’)-dinucleoside phosphate esters, the enzyme exhibits a 
marked preference for purine, particularly adenosine, as the 
5’ alcohol (Witzel and Barnard, 1962; Gassen and Witzel, 



A M P  B I N D I N G  T O  R I B O N U C L E A S E  

1967). Also, Wieker and Witzel(l967) had found that adenine, 
adenosine, (3'3') cyclic AMP,' and (3 ',5')-adenosyladenosine 
all stimulate ribonuclease activity during (2',3') cyclic CMP1 
hydrolysis. 

Richards and Wyckoff (1971) have described the structures 
of several enzyme-inhibitor complexes. The complex which 
best simulates an actual enzyme-substrate complex is that 
with UpcA,' an inactive phosphonate analog of UpA.l The 
respective sites at the enzyme surface for UpcA binding have 
been designated as B1, R1, p1, Rz, and BZ for the uridine base, 
the uridine ribose, the phosphonate, the adenosine ribose, 
and the adenine base. In mononucleotide binding, 3'-CMP 
occupies BIRlpl, while 5'-AMP occupies plRzBz. The re- 
sults of the crystallographic studies to date suggest that the 
active-site conformation is different for different bound lig- 
ands (Richards and Wyckoff, 1971). This conformational 
change involves His-1 19, a residue suspected to play an im- 
portant role in catalysis. While the position of His-119 is not 
clearly defined in the free enzyme, there seem to be at least four 
positions, designated I ,  11, 111, and IV by Richards and 
Wyckoff, that His-119 may occupy. With UpcA or adenosine 
mononucleotide bound, His-1 19 seems to be stabilized in 
position IV in which the adenine ring is stacked on the His- 
119 with imidazole Na close enough to Asp-121 for possible 
interaction with the carboxyl. That position IV is a proper 
configuration for catalysis of transesterification is suggested 
by the strong similarity between UpcA and the real substrate. 

With 3'-CMP bound, position I11 seems to be somewhat 
stabilized. Position I11 is close to the Rz site, and there is little 
doubt that position 111 is catalytically abortive at least for 
catalysis of step I transesterification. 

Using chemical kinetic and proton magnetic resonance 
(pmr) techniques, we have attempted to uncover further detail 
about the adenosine binding site, the His-1 19 configurational 
equilibrium, and their relation to the activation of the enzyme 
by adenosine derivatives. Pmr has proven to be a powerful 
tool in elucidating structural details of the pyrimidine nu- 
cleotide binding site, BIRl (Meadows and Jardetsky, 1969; 
Meadows et al., 1969; Ruterjans and Witzel, 1969). The 
method has also uncovered interactions between amino acid 
residues at the active site of the free enzyme (Ruterjans and 
Witzel, 1969; Haffner, 1972; Schechter et al., 1973). We feel 
that the pmr results discussed below, particularly with regard 
to the interaction of His-1 19 with bound nucleotide, demon- 
strate that the pmr technique can be used in the light of X-ray 
crystallographic results to reveal subtle details of molecular 
interaction that neither technique can uncover when used 
separately. 

Experimental Section 

Materials. Ribonuclease A was purchased from Worthing- 
ton Biochemical Corporation in the phosphate free lyophilized 
form, lot OLA, and was stored at -20" over anhydrous cal- 
cium sulfate. 

Cytidine 2',3'-cyclic phosphate, lot 4OC-0200, and adeno- 
sine-5'-monophosphoric acid, lot 47B-7270, were purchased 
from Sigma Chemical Co. and were used without further 
purification. They were stored at 0-5' over Pz06. 

Adenosine 5'-methyl phosphate was synthesized from 5'- 

The abbreviations are: AMP, adenosine monophosphate; CMP, 
cytidine monophosphate; UpA, (3 ',5')-uridyladenosine; UpcA, a phos- 
phonate analog of Upa in which the 5 '  oxygen of adenosine is sub- 
stituted by a methylene group; MeAMP, methyl ester of AMP, 

AMP according to the method of Khorana and coworkers 
(Smith et al., 1958) with the following exception. The am- 
monium salt of the monomethyl ester was dried under vac- 
uum for 2 days over PzOs at room temperature. Elemental 
analysis of this ammonium salt corresponded to the mono- 
hydrate. Later, the ammonium salt of the monomethyl ester 
was converted to the sodium salt via a Dowex 50 ma+] col- 
umn. Descending paper chromatography with isopropyl al- 
cohol-concentrated NH40H-water (7: l : 2, v/v) showed no 
detectable 5'-AMP in the final product. 

Concentrations were determined spectrophotometrically 
using the following extinction coefficients : ribonuclease A, 
11,900 at 280 mp (Meadows et al., 1969); cyclic CMP, 8650 
at 268 mp (Wigler, 1968); 5'-AMP, 15,300 at 260 mp (Daw- 
son et al., 1969); methyl 5'-AMP, 15,300 at 260 mp (assumed 
to be the same as that of 5'-AMP). 
Kinetic Methods. The following buffer systems were used 

in the kinetic determinations : formic acid-sodium formate, 
pH 4.11; acetic acid-sodium acetate, pH 4.58 and 5.07; 
malonic acid-sodium malonate, pH 5.57 and 6.10; imidazole- 
imidazolium chloride, pH 6.37, 6.93, and 7.40; Tris-Tris- 
HCl, pH 7.80 and 8.30. All buffers are 0.1 M and all were 
brought to an ionic strength of 0.2 M with sodium chloride. 

Initial velocities of ribonuclease catalyzed cyclic CMP hy- 
drolysis were measured according to the assay of Crook et al. 
(1960) using a Gilford Model 2000 absorbance recorder 
equipped with a Beckman DU monochromator, and a Neslab 
temperature regulated bath and circulator. 

The reaction rate was followed by measuring the change in 
absorbance with time at wavelengths of 286, 292, and 294 
mp using rectangular quartz cells of 10, 2, and 1 mm path 
lengths. The monochromator was operated at a constant slit 
width of 0.40 mm. The change in extinction coefficient for 
cyclic CMP hydrolysis was measured, and the validity of 
Beer's law checked at  each pH and wavelength used in the 
assays. All initial velocities were determined at 32 f 0.5". The 
reaction mixture without enzyme was equilibrated with a 32" 
water bath for at least 12 min before the reaction was initiated. 
Measurement or the optical density change started from 10 
to 15 sec after addition of the enzyme. 

Each initial velocity corresponding to a particular pH, sub- 
strate, and modifier concentration was determined in triplicate. 

Nmr Methods. All spectra were recorded at 100 MHz with 
a Varian HA-100 spectrometer operated with an internal lock 
system and equipped with a Varian V-4315 digital readout 
frequency counter and a V-6040 variable temperature con- 
troller. The spectrometer was interfaced with a Varian C- 
1024 time averaging computer to improve the signal-to-noise 
ratio. 

Spectra were collected in two ways. For most of the free 
enzyme spectra the system was operated in the conventional 
manner with the frequency sweep generated by the mechani- 
cally driven audiooscillator of the flat bed recorder. For all 
other spectra, an alternate means of sweeping the frequency 
devised by Dr. J. W. Faller (Yale University) was used to 
avoid excessive wear on the recorder assembly. Here, the fre- 
quency is swept using a Hewlett-Packard 3310A Function 
Generator which is driven by a ramp voltage from the C-1024 
computer. 

All samples were made up in 0.2 M NaCl in DzO, and the 
pD was adjusted using solutions of DC1 and NaOD in D@. 
The pD was measured using a Radiometer Model 4 pH 
meter equipped with a glass microelectrode, and was not cor- 
rected for isotope effects (Glascoe and Long, 1960). The pD 
of each sample was checked before and after each spectrum, 
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FIGURE 1 : Eadie plots exhibiting the effects of 5’-AMP on the kinetics 
of ribonuclease A catalyzed hydrolysis of 2‘,3’-cyclic CMP at pH 
5.57; each data point is an average of three separate initial velocity 
determinations. 

and the spectrum was only accepted if the measurements 
agreed to within 0.02 pH unit. 

Precision bore nmr tubes with coaxial inserts containing 
hexamethyldisiloxane were used. Hexamethyldisiloxane served 
as a reference and provided the lock signal. All chemical shifts 
are reported as cycles per second downfield from hexamethyl- 
disiloxane. The probe temperature was maintained at 32 ’. 

Since both C-2 and C-8 protons of the purine ring resonate 
in the same frequency region of the pmr spectrum as the C-2 
proton of the imidazole ring, the C-8 proton was exchanged 
for deuterium in order to simplify the spectra of samples con- 
taining both enzyme and 5’-AMP or the methyl ester. The ex- 
change was accomplished as follows : 500 mg of nucleotide in 
about 15 ml of DzO was brought to pH 11.5-12.0 with NaOD, 
and refluxed for about 20 min; then the solution was reduced 
to a small volume under vacuum; this procedure was repeated 
once. 5’-AMP and the methyl ester were checked for hydro- 
lytic decomposition after undergoing exchange by paper chro- 
matography, and both were found to be stable to the exchange 
procedure. 

Results 

Kinetic Analysis of the Efects of’ 5’-AMP on Ribonuclease 
A Activity. Ribonuclease A catalyzed hydrolysis of cyclic 
CMP has been shown to follow simple Michaelis-Menten 
kinetics (Herries et af., 1962). The initial velocity, u i ,  is de- 
scribed by 

Of the several methods described in the literature for analyzing 
this type of kinetics, we have chosen the linear fii/[S] os. Ci 

form (Eadie, 1942) for the present work both because the 
data points are weighted more evenly, and because the extent 
of enzyme saturation with substrate is directly observable 
with this method (Wilkinson, 1961). 

Equation 1 may be rearranged to 

where vmax,app = k~~t ,&I lp[E~l .  
Initial velocities were measured at various concentrations 

of cyclic CMP in the presence of constant 5‘-AMP and en- 
zyme concentrations. In the presence of 5’-AMP, ribonuclease 
obeys Michaelis-Menten kinetics. Eadie plots determined for 
three different 5’-AMP concentrations are shown in Figure 1,  

In the presence of 5‘-AMP, ribonuclease A displays mixed 
kinetics, i.e. both K,,, ,app and krat,app are raised. Since the 
effect is larger on Km,app than on kcat,app, at low unsaturating 
substrate concentrations the enzyme activity is inhibited, and 
at high saturating substrate concentrations the enzyme is ac- 
tivated by 5’-AMP. Such behavior appears to be invariant 
with pH as we have also observed this same type of mixed 
kinetics at pH 4.11 and 6.93. 

Activation of an enzyme requires the existence of the ter- 
nary complex ESM where M is the modifier, in this case 5 ’ -  
AMP. ESM necessarily converts to product faster than the 
ES complex. 

The simplest explanation for the raise in Km,app is a com- 
petitive equilibrium, E + M -+ EM, for which EM has a 
lower affinity for the substrate than does free enzyme. 

Considering all complexes to be in equilibrium with each 
other 

where kcat > kcat. 
Assuming all binding equilibria to be rapid relative to kcat 

and kcat‘, K,, = K- = [El[Sl/[ESl, K = [EMI/[EI[Ml, 
K‘ = [ESM]/[ES][M], and (Laidler, 1958) 

The equilibrium assumption is valid for substrate binding 
since temperature jump kinetic studies (Erman and Hammes, 
1966) have demonstrated that the Michaelis constant, K,,, is 
a true equilibrium constant for cyclic CMP at pH 6.0. As will 
be shown below, kcat’/kcat is small and so does not affect the 
equilibrium assumption for substrate binding. The relaxation 
times governing 5‘-AMP binding, however, have not been 
measured. The equilibrium for 3’-pyrimidine nucleotide 
binding is also rapid compared to kcat (Hammes and Walz, 
1969). 

Equation 3 can be arranged to the Eadie form 

where the slope m = = (--1/&)[(1 K’[M1)/ 
(1 + K[M])]. Further 

where mo = - l/Kn, is the slope of the Eadie plot at [5’-AMP] 
= 0. 

Solving eq 5 using the slopes and corresponding 5’-AMP 
concentrations from Figure 1, we find K = 0.64 mM-’, l /K 
= 1.55 mM, K’ = 0.047 mM-l, and 1/K’ = 20.8 mM. 
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FIGURE 2: Determination of the binding constant for 5'-AMP at 
pH 5.57. The analysis is based on eq 8 in the text. Each data point 
corresponds to a different 5'-AMP concentration and is an average 
of three separate initial velocity determinations. 

From eq 4 

Solving for kcst and kcat' using the intercepts from Figure 1 
and the above values of K and K' we find kcat = 3.08 sec-1 
and kcat' = 10.2 sec-1. 

For this type of mixed kinetics it is worth noting that a 
minimum of three &die plots corresponding to three different 
5'-AMP concentrations are required to calculate all five in- 
dependent kinetic parameters. 

p H  Profile of the Binding Constant for 5'-AMP. The binding 
constant, K, for 5'-AMP was determined at each pH by mea- 
suring vi at various concentrations of 5'-AMP at constant 
cyclic CMP concentration. To calculate K from such data, it is 
necessary that the condition [SI << Km be met at each pH. The 
pH region in which it is most difficult to reach this condition 
is 5-6 where the minimum occurs in the bell-shaped pH profile 
of Km at  25' (Herries et at., 1962). At pH 5.57 and 32', Km is 
2.53 mM; since a [SI of 0.156 mM was used, [S]/Km = 0.06. 
Assuming the pH of minimum Km does not change with a 7' 
rise in temperature, the condition [SI << Km prevailed at  all 
pH values of the K profile. 

Again, considering eq 3, we have 1 >> [S]/Km. From the 
Eadie plots, we know K > K'; hence, K[M] >> K'[S1[Ml/Km 
and eq 3 reduces to 

(7) 
(kcat + kcat 'K'[MI)[EOI[SI/K~ 

v i  = 
1 + KLMI 

Plotting (vi - vio)/[MI US. V i ,  or (l/[Ml){ vi/[S] - (Vmax/Km)) 
US. vi/[Sl when two different substrate concentrations are used 
at the same pH, should fix the data on a straight line with slope 

0 
3 

E 

log K 

I 

I I I I I 
4 5 6 7 8 9 

DH 

FIGURE 3: The pH dependence of the binding constant for 5I-AMP. 
Each K determination was based on the analysis of eq 8 in the text. 
A minimum of 15 initial velocities was measured to determine Kat 
each pH. 

- K. The results of this kind of plot at 5.57 are shown in Fig- 
ure 2. In general, data points tended to spread at high vi val- 
ues because V i  - uo values are smaller, 1/[M] becomes larger, 
and hence the error is magnified at high vi. 

Initial velocities were measured in triplicate for a t  least five 
different 5'-AMP concentrations in every K determination. 
The pH profile of log K is shown in Figure 3. 

Pmr Titration of the Histidine Residues of Ribonuclease A .  
Resolution of the C-2 proton resonance lines for all four 
histidine residues of ribonuclease A was first reported by 
Jardetsky and coworkers (Meadows et al., 1967) operating at 
100 MHz. By measuring the change in the chemical shift of 
each C-2 proton line as the pH is varied from values of 3-9, 
titration curves for the individual histidine residues have now 
been determined by several different groups of researchers. 

Ruterjans and Witzel (1969), King and Bradbury (1971), 
and Cohen and coworkers (1970) all have observed irregu- 
larities in the shapes of the His-12 and His-1 19 titration curves 
in the form of skews near the titration midpoint (pD -6). In 
contrast, Jardetsky and coworkers (Meadows et al., 1969) 
have reported that they have found no evidence of such skew- 
ing. 

These same titration curves determined in our laboratory 
are shown in Figure 4. The assignments indicated are those 
of Meadows er al. (1968). In agreement with previously re- 
ported findings, the resonance line assigned to His-48 broadens 
greatly as the pD is raised, and finally disappears above pD 
5.9 in the chloride salt system. 

Skewing in the His-12 and -119 titrations is not observable 
in Figure 4. However, we have found other irregularities in 
the titrations of His-12 and His-119. The titration to low p D  
was not completely reversible. Samples which were brought 
to a pD of 3 and then titrated back to pD 5.90 exhibited His-12 
and His-119 chemical shifts which were some 7 and 13 Hz, 
respectively, further downfield than the corresponding shifts 
of samples at pD 5.90 which had not been previously exposed 
to low pD conditions. The titration of His-105 appeared to be 
completely reversible under these conditions. Furthermore, 
the His-12 and -119 titration curves, although they may ap- 
pear quite normal to the eye, do not have a shape predicted by 
a sample acid dissociation process (see below). These results 
prompted us to examine these data in more detail. 

The observed chemical shift for a simple acid such as 
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FIGURE 4: Titration curves for the individual histidine residues of 
ribonuclease A. Chemical shift indicates the resonance line posi- 
tions of imidazole C-2 proton measured downfield from the 
hexamethyldisiloxane standard. The assignments indicated are 
those originally proposed by Meadows et a/. (1968). 

imidazolium ion for which the acid dissociation equilibrium 
is rapid on the nmr time scale is an average 

TABLE I :  Line Widths of the Histidine C-2 Proton Resonance 
Lines in Hertz.' 

PD His-12 His-1 19 His-105 

6.78 4 .7  6 .7  5 .7  
6.63 5 .2  7 . 8  6 . 7  
6.50 6 .2  8 . 3  8 . 3  
5.89 5 . 2  7 . 3  5 . 7  
5.84 6 .2  6 . 8  6 .2  
5.64 5.7 7 .8  6.2 

3.14 5 5 . 2  7 . 3  5 6 . 2  
3.15 - < 4 . 7  7 . 3  - < 6 . 2  

a The estimated error is f 1 Hz. The assignments are those 
indicated by the smooth curves in Figure 5. The line widths 
were most easily measured in the pH range 5.5-6.8 where 
the three resonance lines are well separated. At pH values 
below 4, the line farthest downfield is well separated from 
the other two partially overlapping lines. When two lines 
partially overlapped, only the upper part bound to the half- 
width could be measured. 

3.78 2 7 . 3  8 . 3  5 8 . 3  

[ImH+] 
[Iml + [ImH+l 

I m H  +- (9) Substitution of eq 10 and 11 into eq 9 gives 
[Iml + * 6 = 81, 

[Iml + [ImH+l 

where 61, and &,H+ are the chemical shifts of imidazole, Im, 6 = 6 I m (  Ka ) + 6 1 m H + (  [H+l ) 
and imidazolium ion, ImH+, respectively. For the acid dis- Ka + [H+l [H+l + Ka 
sociation 

or 

and 

Ka [Iml - 
[Iml + [ImH+l Ka + [H+l Plots of 6 us. (6 - 61,)/[H+] for each histidine residue are 

shown in Figure 5. The His-105 plot is linear in accordance 
with simple acid titration behavior. The His-1 19 data, how- 
ever, deviate from a straight line in the region of the plot cor- 

[ImH+] - - [H+l responding to low pD. The His-12 plot also breaks from a 
straight line at low pD but to a lesser extent than His-119. 
These deviations from linearity both occur in the same pD 
region where the titration curves assigned to His-12 and His- 
119 intersect (pD -5.2 in Figure 4). The question then arises 
concerning the true continuity in the His-12 and His-119 
titration curves through the point at which they intersect. In 
fact, the whole question of assignment of these two titration 
curves is involved here because the assignment of His-119 in 
ribonuclease A (Meadows et al., 1968) is based on its abnor- 
mally high chemical-shift value at low pD in both ribonuclease 
A and ribonuclease S (see Discussion). 

To resolve this question, the assignments of the His-12 and 
-119 curves indicated in Figure 4 on the low pD side of their 
intersection point were switched and the data again replotted 
according to eq 11. The new plots were no more linear than 
before and hence were of no help in choosing the correct 
continuities. 

The line widths of the three histidine resonance lines were 
examined on both the low and high pD sides of the intersec- 
tion in the titration curves. The results shown in Table I h- 

are broader than those of His-12 and -105 on both sides of 
dicate that the resonance lines assigned originally to His-119 

EIml + [ImH+l K, + [H+l 
(l') 

a-e HIS 105 

0-0 nis 119 

~ 8 7 5  - 

825 1 

3 , jo., 
[M'l 

FIGURE 5 :  Titration data of three of the four histidine residues 
plotted according to eq 12. 
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FIGURE 6: Right, the effects of increasing 5'-AMP concentration on the ribonuclease A pmr spectrum. The large aromatic envelope is in the 
65c750-Hz region while the imidazole C-2 proton lines occur in the 85S950-Hz region. Left, the dependence of the imidazole C-2 proton 
chemical shift on 5'-AMP concentration at pH 5.47 for each histidine residue. At 5'-AMP concentrations greater than 17 m, the His-48 line 
is obscured by the large 5'-AMP purine C-2 proton envelope. 

the point of intersection in the titration curves. Further, the 
lines assigned to His-1 19 have the same width within experi- 
mental error throughout the pD range investigated. Thus, 
the continuity in the differences in line width among the three 
histidine residues correlates with the continuities in the titra- 
tion curves which were originally drawn by visual inspection. 
This correlation, in turn, substantiates the assignments of the 
His-12 and His-1 19 resonances as originally proposed (see 
Discussion). 

Departure from simple acid titration behavior has also 
been observed by Cohen and coworkers (1973) for His-12 and 
-119. These workers have collected over 50 data points for 
each titration curve at 220 MHz and have used various models 
for interaction between the imidazole moiety and neighboring 
titratable groups to computer curve fit the histidine titration 
curves directly. They have also found asymmetry in the acid 
pD region of the curve which has been designated His-119. 
These His-119 data could be fit accurately with a pKa of 6.1 
for His-1 19 imidazolium and a model incorporating a neigh- 
boring interacting group with a pKa of 4.6. For the His-12 
titratian they have observed small asymmetries in both the 
acid and alkaline pD regions. The data could be fit with a 
pKa of about 6.2 for His-12 imidazolium and pKa values of 5 
and 8.4 for two neighboring interacting, titratable groups. In 
agreement with our results, they found that these asym- 
metries were not observable as skews but become obvious 
only after comparison with a simple titration curve. 

Titration of Ribonuclease A with 5'-AMP at Constant p D .  
The effects on the ribonuclease pmr spectrum of increasing 
the 5'-AMP concentration at constant enzyme concentration 
and pD are shown in Figures 6 and 7. At both pD 5.47 and 
7.00, the C-2 proton resonances of His-12 and -119 are selec- 
tively shifted downfield with increasing apparent 5'-AMP 
concentration. The effect is larger on His-12, a total shift of 
14 and 55 Hz being observed upon saturation with 5'-AMP 
compared to approximately 7 and 5 Hz for His-119 at pD 
5.47 and 7.00, respectively. There is no observable effect on 

the His-105 resonances nor on the greatly broadened His-48 
peak at pD 5.47. 

These results with 5'-AMP contrast dramatically with 
those found by Jardetsky and coworkers (Meadows and 
Jardetsky, 1969; Meadows et al., 1969) and Ruterjans and 
Witzel (1969) for the binding of the isomeric cytidine mono- 
phosphates. For both 2'- and 3'-CMP, the His-119 resonance 
is perturbed upfield to a much greater extent than that of 
His-12. The His-48 resonance also shifts upfield while the 
His-105 resonance is unaffected by CMP binding. Jardetsky's 
group has also observed a shielding effect due to CMP binding 
on a peak under the large aromatic envelope with an area 
corresponding to approximately five protons. This large peak 
shifts upfield and broadens greatly upon binding of all the 
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FIGURE 7 : The dependence of the imidazole C-2 proton line position 
on the concentration of 5'-AMP at pH 7.00 for each histidine 
residue. At very high 5'-AMP concentrations, the His-105 and 
His-119 lines are obscured by the large 5'-AMP purine C-2 proton 
envelope. 
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FIGURE 8 :  Titration curves of the individual histidine residues of 
ribonuclease A measured in the presence of a constant excess 
concentration of 5’-AMP. The residual 5‘-AMP purine C-8 proton 
line is due to incomplete total exchange of this C-8 proton for 
deuteron. The pH dependence of the purine C-2 and C-8 proton 
chemical shifts reflects the titration of both the adenine ring and 
the phosphate moiety of unbound 5’-AMP. 

isomeric cytidine mononucleotides and cytidine as well 
(Meadows et al., 1969). The peak is not influenced to any 
observable extent by phosphate, sulfate (Meadows et al., 
1969), or 5’-AMP as observation of Figure 6 indicates. 

Titration of the Histidine Residues of Ribonuclease A in the 
Presence of Excess 5’-AMP. To help interpret the results of 
Figures 6 and 7, the histidine residues were titrated in the 
presence of a constant excess concentration of 5‘-AMP (Fig- 
ure 8). The apparent 5’-AMP concentration of 103 mM is 
sufficient to saturate the enzyme at both pD 5.47 and 7.00. 

The spectra represented in Figure 8 were complicated by 
the presence of a small C-8 proton peak due to incomplete 
total exchange of the purine C-8 proton for deuterium, and a 
huge purine C-2 proton peak due to the large excess of 5’- 
AMP. Unfortunately, the positions of these purine peaks are 
in the region of the pmr spectrum through which the histidine 
C-2 proton peaks move during the titration. Nevertheless, 
we were able to collect sufficient data to reconstruct the titra- 
tion curves and determine the corresponding K, values as- 
suming a simple acid dissociation for each curve (see Table 
11). 

TABLE 11: Effect of 5‘-AMP on the pK, of Each Histidine 
Residue of Ribonuclease A. 

Free Enzyme -t 
Residue Enzyme 5’-AMP 

His-105 6.58 6.58 
His-12 6.21 7 .6  
His-119 6.06 6 . 3  

The titration curve for His-105 in Figure 8 is superimposable 
on that of ribonuclease alone. On the other hand, the pK, of 
His-12 is perturbed from 6.2 to 7.6 and that of His-119 from 
6.05 to 6.3 upon addition of 5’-AMP. Since the enzyme is still 
saturated with 5’-AMP at pD 7, the pK, of 6.3 for His-119 is 
that for the actual enzyme-5’-AMP complex. The fully pro- 
tonated His-119 peak is also shifted some 20 Hz (0.2 ppm) 
upfield in the pH 4.5-5.0 region of the curve where the en- 
zyme is still saturated with 5’-AMP. This shielding effect on 
His-119 is in opposite direction to those seen in the presence 
of the isomeric CMPs. Meadows et ai. (1969) report de- 
shielding effects of 25-20 Hz at low pD in the presence of 2’-  
and 3’-CMP, respectively. 

These titration techniques, used originally by Meadows and 
Jardetsky with 3’-CMP, are complementary. Titration with 
nucleotide at constant p D  is necessary to identify the correct 
assignments in Figure 8. On the other hand, titration of en- 
zyme plus excess nucleotide is necessary to unscramble the 
effects observed in Figures 6 and 7 in terms of effects on pK, 
values and specific magnetic effects on B I ~ H . .  

Efects of 5’-AMP Self-Association on the Results. Ts’o and 
coworkers (1963) by nmr and Van Holde and Rossetti (1967) 
by equilibrium sedimentation have demonstrated that 5 ’ -  
AMP aggregates in water to form most likely linear stacks of 
monomer. It is necessary to determine what effect these 
stacking equilibria might have on our calculations on the 
binding of 5’-AMP to ribonuclease A. 

Since there is no quantitative data available in the literature 
on the extent of 5‘-AMP stacking, we have determined the 
extent of purine stacking in solution for which quantitative 
data are available, and will assume that 5’-AMP stacking is 
less favorable than purine stacking. This assumption is rea- 
sonable since in the pH region investigated (pH 4-8.3) 5’- 
AMP is charged while purine is not. 

We have calculated the concentration of purine monomer 
in grams/milliliter at various concentrations of total purine 
(grams/milliliter) using the indefinite stacking model (Ts’o 
et ul., 1963) and a value of 23 ml/g (Van Holde and Rossetti, 
1967) for the equilibrium constant governing the addition of 
each monomer to the polymeric stack. The monomer and 
total purine concentrations in grams/milliliter were converted 
to the real and apparent molar concentrations, respectively, 
by dividing each by 120 g/mol, the molecular weight of purine. 

The discrepancy between these real and apparent monomer 
concentrations becomes significant (>5 %) only at concentra- 
tions of 0.01 M and above for purine. For 5‘-AMP, this dis- 
crepancy will only become significant at still higher concen- 
trations. For the calculations of k’ , , ,8x ,  K, and K’ at pH 5.57, 
the highest concentration of 5’-AMP was 0.0061 M. The effect 
of 5‘-AMP stacking, therefore, will be negligible here. 

For the pH profile of log K ,  concentrations of up to 50 
mM 5’-AMP were used where self-association may no longer 
be safely neglected. However, since the real [MI is not a linear 
function of apparent [MI, the self-association will not simply 
change the slope of the (ci - ci,)/[M] us.  c’i plots. Rather, the 
self-association should manifest itself as a deviation from 
linearity in the high [MI region or low z$S region of the plot. 
A slight deviation in the direction expected for the self-as- 
sociation may be seen in Figure 2 and was observed at several 
different pH values. If the slopes are taken then at the linear 
regions of these plots, the self-association may safely be 
neglected in the K calculations. 

Studies on the Binding of’ 5’-AMP Methyl Ester (Me-5’- 
AMP) to Ribonuclease A .  The effect of methyl 5’-AMP on the 
kinetics of cyclic CMP hydrolysis was determined at  pH 6.93. 
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The results are as follows 

[c-CMP] [Me-5’-A MPI 
(mM) (m) (Ui)Me-V-AMP/Ui 

0.83 41.8 0.75 
20.9 60.1 1.20 

The effect of Me-5’-AMP is of the same nature as that of 
5’-AMP. The hydrolysis is inhibited and activated at un- 
saturating and saturating substrate concentrations, respec- 
tively. Both and V,,,,,,, are increased in the presence 
of the methyl ester; the effect is larger on Km,app. The very 
small effects of large concentrations of Me-5‘-AMP on the 
initial velocity unfortunately prohibit the kind of quantitative 
analysis performed in the 5‘-AMP case. 

Consistent with these kinetic results is our observation that 
the presence of Me-5’-AMP has no effect on the histidine 
resonances at pH 7.00 up to an apparent concentration of 40 
mM. At higher Me-5’-AMP concentrations, the results are 
obscured by the presence of the large purine C-2 proton reso- 
nance envelope. This weak 5’-AMP binding probably reflects 
both the small affinity of the enzyme for monoanionic phos- 
phates and a strong tendency for the methyl ester to self- 
associate. 

Discussion 

Pmr Titration of Ribonuclease A .  The assignment of the 
His-12 and His-1 19 titration curves depends critically on the 
concatenations in these curves in the low pD region. The 
original assignments in ribonuclease A (Meadows et al., 
1968) were made by determining the correct assignments in 
the modified derivative, ribonuclease S, and extending these 
to A presumably by comparing the K, values and the shapes 
of each titration curve in both enzymes. Extension based on 
pKa comparisons has been criticized by King and Bradbury 
(1971) for the pKa values of both His-12 and His-119 change 
in the modification of ribonuclease A to S. The extension 
based on differences in the shapes of the two curves in both 
enzymes is feasible since the work of Schechter et ai. (1973) 
and the results of Figure 5 show that the shapes of the two 
curves are quite different at low pD. As we have already men- 
tioned, however, there is ambiguity with regard to assigning 
the correct continuities, i .e.,  the correct abnormal shapes in 
the low pD region. Because the shapes of both the His-12 and 
His-119 curves are irregular in this region of intersection, 
there is no reason to assume that the continuities which are 
perhaps visually obvious are the true continuities. 

Examination of the line-width data of Table I indicates that 
the continuity in the differences in line width between the 
His-12 and -119 lines correlates with and hence supports the 
“visually obvious” concatenations originally proposed for 
these titration curves of ribonuclease A. If the “visually ob- 
vious’’ continuities in the ribonuclease S titration are also 
correct, then the curve which raises to the highest chemical- 
shift value in both enzymes at low pD is most probably that 
of His-I19 in both ribonuclease A and S. 

The abnormal behavior observed in Figure 5 demonstrates 
that there is a change in the environment of His-12 and His- 
119 which accompanies titration to low pD. The shifts in the 
His-12 and His-119 resonances much farther downfield than 
is predicted by eq 11 may be explained by two different 
mechanisms. The pD-dependent change in the environment 
of each histidine may strengthen the acidity of each histidine, 

or alter the magnetic environment of each imidazolium C-2 
proton; both mechanisms could be operative. It is unlikely 
that large pH-dependent conformational changes are occurring 
in the enzyme tertiary structure, in view of the quite normal 
titration observed for His-105, and the lack of evidence for 
any gross conformational effect at pH 5 for this very ex- 
tensively studied enzyme. 

The X-ray crystallographic results on the structure of 
ribonuclease S suggest that His-119 can take up any of four 
different positions at  the active site in the crystal (see intro- 
ductory statement). The biphasic curve in Figure 5 is quite 
consistent with such a picture, and suggests that different His- 
11 9 positions are stabilized by different conditions of pH. 

The effects on His-12 and His-119 at low pH may very 
likely involve a His-1 19-Asp-121 interaction as the crystallo- 
graphic model of ribonuclease S (Richards and Wyckoff, 
1971) and curve-fitting the His-1 19 titration curve (Schechter 
et al., 1973) suggest. When Asp-121 becomes protonated at 
low pH, its interaction with His-119 in position IV would be 
destroyed, and the relative population of His-119 shifts to 
positions I1 and 111. His-119 in position I1 is very close to His- 
12; the distance of the His-119 C-2 to the nearest N of His-12 
is approximately 6 A in the crystallographic model. An un- 
favorable imidazolium-imidazolium charge interaction could 
occur which would effectively lower the pKa of both residues. 
Binding Site of 5’-AMP. In the three-dimensional model of 

the ribonuclease S-3 ’-CMP complex (Richards and Wyckoff, 
1971) Phe-120 lies adjacent to the cytosine ring in the nucleo- 
side binding pocket (BL). This strongly suggests that the large 
five-proton aromatic peak which Jardetsky’s group (Meadows 
et ai., 1969) found to shift upfield upon binding of all the 
isomeric cytidine mononucleotides be assigned to Phe-120, 
and that perturbation of this peak is intimately associated 
with binding in the B1 site at the enzyme surface. 

That 5’-AMP has no observable effect on the aromatic peak 
associated with Phe-120 indicates that 5’-AMP is not bound 
to the enzyme in the pyrimidine (B,) binding site. Yet the effects 
of 5‘-AMP on His-12 and -119 resonances discussed below 
strongly suggest that the phosphate of 5’-AMP is bound near 
or at these two residues, and hence in a position similar to the 
phosphates of bound cytidine mononucleotides. All this, of 
course, substantiates previous X-ray crystallographic results 
(Richards and Wyckoff, 1971). 

Careful comparison of Figures 4 and 8 at pD 5 reveals that 
5’-AMP binding causes a selective upfield shift in the fully 
protonated His-1 19 resonance of about 0.2 ppm relative to that 
of ribonuclease A. The effect is in opposite direction to that 
observed with 2’- or 3’-CMP, both of which cause downfield 
shifts. Hence this effect cannot be associated with phosphate 
binding alone but must be related to the nature of the bind- 
ing sites for the nucleoside bases. 

Some suggestions may be made about the origin of this 
selective upfield shift in the His-119 resonance in light of the 
X-ray crystallographic results available on 5‘-AMP binding 
(Richards and Wyckoff, 1971). An upfield shift is quite con- 
sistent with a base stacking interaction between the adenine 
base of the 5‘-AMP and His-119. A similar upfield shift of 
0.2 ppm has been found in comparing the C-8 proton of 
adenine in 3’-AMP to that in ApA (the “dimerization shift”) 
(Schweizer et al., 1968). This system is quite analogous to the 
proposed adenine-histidine interaction since the C-8 proton 
of adenine is a C-2 imidazole-like proton, and ApA is known 
to assume a base-stacked conformation in solution (Schweizer 
etal., 1968). 
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Another quite plausible explanation for the upfield shift, 
suggested by the X-ray results, is that 5’-AMP binding 
stabilizes a salt bridge interaction between His-1 19 in posi- 
tion IV and the carboxyl of Asp-121. Bound 5‘-AMP either 
surrounds the salt bridge with a less polar microenvironment 
or positions His-119 properly for maximum interaction with 
Asp-121, or both. The salt bridge interaction would increase 
the diamagnetic shielding at the C-2 proton (upfield shift) 
by removing positive charge from the imidazolium ring of 
His-119. 

Purine nucleotide binding to ribonuclease has been demon- 
strated by a variety of other types of physical studies (Hummel 
et al., 1961; Barnard and Ramel, 1962; Myer and Schellman, 
1962 ; Deavin et ai., 1968 ; Anderson et ai., 1968). 

Interpretation ojpH ProJle of5 ‘-AMP Binding. The question 
of primary importance concerning the binding profile is 
which groups of the free enzyme and nucleotide are respon- 
sible for the low and high pH arms of the profile. The slopes of 
fl and -1, respectively, suggest that only one titratable 
group is responsible for each arm. 

The low pH arm of nucleotide binding profiles has been 
explained by Jardetsky’s group (Meadows et al., 1969) as due 
to titration of the nucleotidic phosphate assuming the di- 
anionic form of the nucleotide to predominate the binding, 
and by Hammes and coworkers (Anderson ef al., 1968) as 
titration of an enzyme acid group assuming monoanionic 
nucleotide to predominate the binding to enzyme. The distinc- 
tion here between the two proposed binding mechanisms is 
artificial since both result in the same enzyme-nucleotide 
complex. That the methyl ester of 5’-AMP binds only very 
weakly to the enzyme suggests that at least in the 5’-AMP 
case, the dianionic phosphate form of the nucleotide is the 
predominant binding form. Weak binding of 5’-MeAMP 
which is due to steric hindrance of the 5’-methyl group is not 
likely since there is space at the active site for substrate 3’- 
pyrimidine nucleoside esters of 5‘-AMP. The simplest ex- 
planation, then, is that the left arm of the binding profile 
is controlled by titration of an acid group of the free enzyme. 
The pmr titration (Figure 8) would strongly suggest that this 
acid is His-12. 

There is evidence, however, that the true picture behind 
the nucleotide pH profile may be much more complicated 
than a simple interaction between a dianionic phosphate and 
protonated His-12. Firstly, the pH profile of 3’-CMP binding 
has the same shape as that of 5‘-AMP, yet 3’-CMP binding 
has an apparently strong acid stabilizing influence on both 
His-1 19 and His-12 (Meadows and Jardetsky, 1969). Secondly, 
the T-jump work of Hammes’ group on the 3’-pyrimidine 
nucleotides indicates that several pH-dependent processes 
are occurring in the binding process. In fact, the pH profile 
for the equilibrium constant governing the bimolecular relaxa- 
tion process associated with 3’-UMP binding was found not 
to have the same shape as the binding constant profile (Ham- 
mes and Walz, 1969), The pH binding profiles, then, for the 
pyrimidine nucleotides seem to have a deceptively simple 
shape, and are a caution against placing too much faith in the 
interpretation of the 5’-AMP binding profile without ad- 
ditional T-jump kinetic data. 

Knowledge of the pH profile of 5’-AMP binding is required 
for the correct interpretation of the titration curves of the histi- 
dine residues in the presence of an excess of 5’-AMP (Figure 8). 
Calculation of the degree of saturation of the enzyme with 
103 mM 5’-AMP throughout the entire pH range is impossible 
without quantitative information on the extent of self-ag- 
gregation of 5’-AMP. It is apparent, however, from the shape 

1616 B I O C H E M I S T R Y ,  V O L .  1 2 ,  N O .  8, 1 9 7 3  

of the binding profile, the extent of saturation indicated at 
pH 5.5 and 7.0 in Figures 6 and 7, and the known lack of de- 
pendence of 5’-AMP stacking on pH (Schweizer et al., 1968) 
that the enzyme is not saturated at pH values much below 4 
and above pH 7 in Figure 8. The enzyme is no longer saturated 
in the pH region at which titration of His-12 occurs. Hence, 
the pK, of 7.6 measured for His-12 is an apparent pK, which 
should be dependent on the concentration of 5‘-AMP present, 
as is the case with CMP. The shape of the binding profile 
also provides an explanation for the downfield shift in the 
His-119 resonance at very low pD in Figure 8. If it is assumed 
that the binding profile does not change in shape down to 
pH 3, then this downfield shift at very low pH is due to the 
drop-off in the extent of saturation of the enzyme in this pH 
region. The chemical shift of His-119 changes from 918 Hz at 
5.5 where the enzyme is completely saturated to 935 Hz at pH 
3.1 5 where the enzyme is completely unsaturated with 5’-AMP. 

Phosphate-Histidine Interaction in Nucleotide Binding and 
Its Implicationsfiv the Mechanism of Catalysis. The pH profile 
for 5’-AMP binding (Figure 3) is quite similar in shape to that 
for 3 ’-pyrimidine nucleotides and phosphate binding (An- 
derson et al., 1968). The low and high pH arms of all four 
profiles have slopes of + 1 and - 1, and the pH maxima are 
all between 5.5 and 6. The comparison indicates that the shape 
of the binding profile is determined primarily by interaction 
of the phosphate of each nucleotide with the enzyme. This, 
in turn, suggests that although the base binding site is dif- 
ferent for each, the phosphate binding site is similar for both 
5’-AMPand 3’-CMP. 

The relevance of inhibitor binding studies to the problem 
of how active-site amino acid residues are interacting with 
bound substrate may seem questionable when the studies 
center on titrations of these residues, and the inhibitor and 
substrate have different states of ionization above pH 6. 

The model system studies of Westheimer and associates 
(Westheimer, 1968) of cyclic ethylene phosphate hydrolysis, 
however, suggest the existence of a pentacoordinate inter- 
mediate in ribonuclease catalysis. Such a species would be 
dianionic like the mononucleotide inhibitors, and it is to the 
nature of the enzyme-pentacoordinate intermediate inter- 
action that our studies may apply. 

Pmr titrations have shown that the binding of each of 2‘- 
CMP, 3‘-CMP, 5’-CMP (Meadows et ul., 1969), and now 
5’-AMP has a strong acid stabilizing influence on His-12. 
That the effect is due solely to the presence of the negatively 
charged phosphate suggests salt bridge formation between His- 
12 imidazolium cation and the phosphate accompanies the 
binding of each nucleotide. In view of the differences in position 
of phosphate substitution for these nucleotides. especially in the 
isomeric CMP’s, the enzyme nucleotide complex must have 
a certain flexibility to achieve a maximum interaction between 
His-12 and the phosphate. Such a flexibility has important 
implications for the mechanism of catalysis since the ptos- 
phate of bound substrate may very likely move about 2 A in 
the formation of the pentacoordinate intermediate (Richards 
and Wyckoff, 1971). The His-12 imidazole may be quite capable 
of salt bridging with and hence stabilizing the pentacoordinate 
intermediate after abstracting a proton from the ribose C-2 ’- 
hydroxyl in step I (transesterification) catalysis. 

In contrast to the 3‘-CMP case, binding of 5‘-AMP has a 
much smaller effect on the acidity of His-119. In fact, the 
pK, of 6.3 is that of the actual ribonuclease 5‘-AMP complex. 
A protonated His-119 is not required for 5‘-AMP binding to 
occur. The relatively small etkct on the pK,, suggests there is 
no strong salt bridge between the two. Other acid stabilizing 
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effects such as interaction with the carboxyl of Asp-121 could 
easily explain the small pK, shift. Alternatively, there could 
be a strong salt bridge interaction between His-119 and the 
phosphate which is compensated for by an energetically un- 
favorable interaction between the adenine base and the His- 
119 imidazolium. The most important point to be made here 
is that the phosphate of bound 5'-AMP is a t  the phosphate 
binding site for 3'-CMP, yet the enzyme somehow is pre- 
venting a strong acid stabilization of His-1 19 imidazolium by 
the phosphate. This is perfectly consistent with the likely role 
of His-119 as a general acid catalyst protonating the adenosine 
cleaving group in the transesterification of CpA. In fact, it is 
most essential for the enzyme to temper a strong acid stabiliza- 
tion of His-1 19 by bound phosphate since such an interaction 
would severely limit His-1 19's effectiveness as a general acid 
catalyst a t  pH 7. Further, since the pK, of His-119 is perturbed 
to only a relatively small extent, it follows that His-119 can 
play only a relatively small role in stabilizing the dianionic 
pentacoordinate intermediate in step I catalysis. 

Finally, we note that the study of 5'-AMP binding would 
seem to have particular application to the mechanism of 
catalysis, for X-ray crystallographic results have strongly sug- 
gested (Richards and Wyckoff, 1971) that the active site has a 
catalytically active geometry with regard to His-119 when 5 ' -  
AMP is bound. In contrast, with CMP bound, His-119 as- 
sumes position 111 in the crystal, an orientation known to be 
abortive in transesterification and possibly abortive in hy- 
drolysis as well. 

Modi2cation by 5'-AMP of the Rate of Cyclic CMP Hy-  
drolysis. It has been demonstrated that the phosphate moieties 
of both 5'-AMP and 3'-CMP bind at or near the same site 
on the surface of the enzyme while the binding site for the 
base of each nucleotide is different. This clearly suggests that 
the inhibition by 5'-AMP of cyclic CMP hydrolysis is due to a 
binding competition between the nucleotides for this phos- 
phate site. Although the phosphate binding site for cyclic 
CMP may be displaced some 2 A from that of 3'-CMP and 
5'-AMP (Richards and Wyckoff, 1971), such a displacement 
would be insufficient to remove spatial overlap between two 
such phosphate sites. Even if the binding of the two different 
phosphates were not mutually exclusive sterically, there still 
would be competition for interaction with the amino acid 
residues comprising the phosphate site, namely His-12 and 
perhaps His-1 19. 

Activation by 5'-AMP of cyclic CMP hydrolysis under 
saturating conditions results in a factor of 3 in kcat at pH 
5.57. It is most reasonable that for activation to occur, the 
phosphate of 5'-AMP must be displaced from its inhibitory 
binding site by substrate in the ternary compex. X-Ray crystal- 
lographic results establishing the adenine nucleotide binding 
site, &Rz, together with the known ability of both adenine 
and adenosine to activate the enzyme in step I1 hydrolysis 
(Wieker and Witzel, 1967) suggest the activation is due to the 
binding of the adenosine moiety of 5'-AMP in the BzRz site. 
This further suggests that the adenosine may be holding His- 
119 in position IV, and that this position may be correct for 
His-1 19 in step I1 as well as step I catalysis. 
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Kinetics of Refolding of Guanidine Hydrochloride 
Denatured Cytochrome c. Temperature Dependencet 

Robert W. Henkens* and Stephen R .  Turner 

ABSTRACT: Horse heart ferricytochrome c is denatured by 
guanidine hydrochloride and refolds upon removal of the 
denaturing conditions. The circular dichroism of the native 
and refolded protein is virtually identical, indicating that 
secondary structure and dissymmetrical interactions of heme 
and chromophoric side chains are recovered on refolding. 
Ikai and Tanford (Ikai, A., and Tanford, C. (1971), Nature 
(London) 230, 100) have recently reported kinetic evidence for 
the mechanism N ;rri X1 =I D e X2, in which the reversible 
interconversion of the native (N) and denatured (D) states 
involves two intermediates (XI and XJ. The intermediate XZ is 
interpreted as representing an incorrectly folded form. Under 
the conditions of our experiments (25' ,  2 M guanidine hydro- 

C ytochrome c is a small compactly folded protein mole- 
cule, consisting of a single polypeptide chain with no disulfide 
cross-links. The structure of crystalline horse heart ferricyto- 
chrome c has been determined by X-ray methods to a resolu- 
tion of 2.8 A (Dickerson et al., 1971). In a detailed study of the 
kinetics of the reversible denaturation of this protein by 
guanidine hydrochloride, Ikai et al. (1973) report observations 
consistent with the view that transformation of the disordered 
polypeptide to the native protein involves rapid formation of a 
relatively highly ordered but incorrectly folded state ; depletion 
of this incorrectly folded state and ultimate conversion of all 
the protein to the native state occur more slowly. We report 
here studies of the temperature dependence of the kinetics of 
refolding of horse heart ferricytochrome c. Activation parame- 
ters, AH* and AS*, associated with the conversion of the 
random coil to the incorrectly folded form and with the con- 
version of the incorrectly folded form to the native protein, 
are deduced from these studies. 

Experimental Section 

Horse heart ferricytochrome c ,  crystalline protein type VI, 
was purchased from Sigma. Protein concentrations were 
determined from the absorbance at 550 nm, after reduction 
with sodium dithionite, using a molar absorptivity t j50 = 

27.7 X lo4 hl-' cm-l (Margoliash and Frohwirt, 1959). 
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chloride, pH 6.5), the first step in the ultimate conversion of 
D to N is the rapid formation of the incorrectly folded form. 
The absorbance changes associated with this step indicate 
that X: is highly folded. The temperature dependence of the 
rate constant for this step, D -+ Xz, corresponds to the activa- 
tion parameters AH* = 15 kcal mol-' and AS' = -6 cal 
deg-I mol-'. Depletion of the incorrectly folded state and 
ultimate conversion of all the protein to the native state occur 
with apparent activation parameters of AH* = 8 kcal mol-' 
and A S F  = -38 cal deg-' mol-'. This shows that an un- 
favorable entropy change is a major barrier to conversion of 
the incorrectly folded form to N. 

Guanidine hydrochloride was purchased from Heico Inc. 
(Delaware Water Gap, Pa.). Guanidine hydrochloride stock 
solution concentrations were determined from the refractive 
index. All solutions were prepared with deionized water 
provided by Continental Water which had been filtered 
through a 0.45-pm Gelman membrane. 

Spectral measurements were made with a Cary 15 spectro- 
photometer, periodically checked for absorbance linearity 
and excessive stray light, and a Durrum-Jasco J-15, standard- 
ized with d-10-camphorsulfonic acid using a specific elliptic- 
ity[$]290 = 3.00 X lO3degcm3g-'dm-l. 

Fast kinetic measurements were made with a Durrum- 
Gibson stopped flow spectrophotometer. In most cases the 
optical pathlength was 2 mm, although in a few instances we 
used 2 cm to obtain data over a wider concentration range. 
The instrument is prone to a number of flow and optical 
artifacts, detected as anomalous transmittance changes in 
mixing experiments, and in actual kinetic experiments (6. 
Ikai, 1971 ; Turner, 1971). We frequently checked for instru- 
ment error by mixing water with water and water with cyto- 
chrome c solution. Most of the errors could be detected by 
these simple mixing experiments, and were usually eliminated 
by removing trapped bubbles or realigning the optical system. 
In our experiments the reactant solutions differed markedly in 
refractive index. In the Durrum instrument, local refractive 
index gradients persist after mixing. This gives rise to Schlieren 
effects which cause oscillations in the transmittance. We 
found that working with shorter pathlengths and higher 
protein concentrations tended to reduce these oscillations to 
negligible proportions. Reaction solutions were degassed 
under house vacuum to reduce bubble formation during 
mixing. All components of the flow system were constructed 
of Kel F, Teflon, or glass. Temperature control was pro- 


