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Poly-L-histidine (PLH) (I) forms complexes with Cu-

H- ^ Z 

L H Jn 
I 

(II),2a the nature of which have been examined by a variety 
of physical techniques.213 Maximum binding occurs at pH 5 
and the binding constant at this pH is 10'9 M - ' . 2 b It has been 
suggested that three of the four ligands which bind Cu(II) at 
this pH are imidazole nitrogens while the fourth ligand may 
be a peptide nitrogen.2b Part of the interest in the Cu(II)-PLH 
complex arises from the observation that it is effective in ca­
talyzing the oxidation of ascorbic acid, p-hydroquinone, and 
several other organic substrates.3'4 

In the present study we have measured both transverse 
(1/7^) and longitudinal (1/Ti) proton NMR relaxation rates 
to study the nature of the Cu(II)-PLH complex as a function 
of pH. Transverse relaxation rates have previously been de­
termined from resonance line widths by several workers to 
investigate Cu(II)-amino acid and Cu(II)-peptide interac­
tions.5'6 The danger of measuring only transverse relaxations 
rates, to determine metal-ligand distances, has been discussed 
previously.7-11 

At low pH, PLH is an extended chain or at least possesses 
segments of extended chains; however, at pH values above the 
imidazolium pA â value the polymer undergoes a conforma­
tional transition to a more ordered state.12"16 PLH is quite 
insoluble in aqueous solutions when in this relatively ordered 

(22) R. J. H. Clark, Halogen Chem., 3, 85 (1967). 
(23) R. J. H. Clark and P. C. Turtle, J. Chem. Soc, Faraday Trans. 2, 72, 1885 

(1976). 
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Soc., Dalton Trans., 1145 (1976). 
(25) R. J. H. Clark and M. L. Franks, J. Chem. Soc, Dalton Trans., 1825 

(1976). 
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(27) J. D. Dunitz and L. E. Orgel, J. Chem. Soc, 2594 (1973). The u type non-

bonding orbital is incorrectly given as b2U rather than b,u in this paper. 

conformation (pH 6.3 to 13). Potentiometric titration data2a 

indicate a p £ a of 6.15 for the imidazolium groups of the 
polymer, essentially the same value observed for histidine.1718 

In this study we have also used proton chemical shifts to esti­
mate the pATa of the imidazolium groups in PLH. 

Experimental Section 

PLH was obtained from Schwartz-Mann (degree of polymeriza­
tion, dp, = 45), lot U3821, and from Miles-Yeda, mol wt =* 11 100 
(dp = 81), lot HS36. A stock solution of 0.075 M copper sulfate in 
D2O was prepared and analyzed for Cu(II) by atomic absorption 
spectroscopy. 

All PLH solutions were 10 mg/ml (7.3 X 10-2 M in histidine 
residues) in 0.1 M NaCl-D20. The amount of the standard copper 
sulfate solution added gave ratios of imidazole groups to Cu(II) ion 
of 100:1 and 50:1, except that for the variable temperature work a ratio 
of 775:1 was used. 

Measurements of pH were made on a Radiometer pH meter with 
an Ingold long thin combination electrode inserted directly into the 
NMR tube. Adjustments of pH were made directly in the NMR tubes 
with standard solutions of NaOD (0.5 M) and DCl (1 M) in hand-held 
burets. Values reported are direct pH meter readings in D2O. 

NMR spectra were recorded at 220 MHz on a Varian Associates 
HR220 spectrometer equipped with an accessory for pulse Fourier 
transform spectroscopy. Measurements were carried out at 20 ± 1 °, 
except where temperature was adjusted to higher values with a Varian 
Variable Temperature Controller, and the temperature was deter­
mined with a standard ethylene glycol sample. 

Transverse relaxation times (T2) were determined by measurement 
of line width at half-height (W\ /2) with an expanded recorder scale, 
using the relationship T2 = (l/irWi/2). Longitudinal relaxation times 
(Ti) were determined by the inversion recovery method,'9 with delay 
times always >5 X T\. A 180° pulse was 90 tis and a 90° pulse was 
45 us. 

Theoretical Section 

Before presenting and discussing our experimental results 
it will be useful to briefly present the theory of NMR relaxation 
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rates which is pertinent to this study. 
In the absence of paramagnetic metal ions the 1H nuclear 

relaxation rates of protons in a molecule in dilute solutions of 
deuterated solvents are generally dominated by intramolecular 
dipole-dipole relaxation.20-21 

The increase in nuclear relaxation rates of ligand nuclei due 
to the presence of paramagnetic metal ions can be calculated 
using the following equations: 

1 = 1 1 

T\,p Ti.obsd 7*1,0 

and 

(D 

(2) 
7Y.P TYobsd 72,0 

where 1/7"1,ObSd and 1/7"2,ObSd are the observed relaxation rates 
in the presence of the paramagnetic metal ions and 1 / 7". $ and 
1 / 72,o are the rates of relaxation for the same ligand nuclei in 
the absence of paramagnetic metal ions. 1 / TYP and 1 / 7 Y P will 
depend upon the fraction of ligands bound to metal, f, the 
lifetime of the metal in the bound site, TM, and on the rate of 
relaxation for the ligand nuclei in the bound state, 1/7"] M and 
1/7-2.1 22-29 

/ 
7i ,p 7"1,M + Tu 

(3) 

A similar relationship holds between 1 / 7 Y P and 1 / 7 Y M , 
the transverse relaxation rate for the bound s ta te . 2 2 2 9 How­
ever, there is a difference in the contributions to 1/7"I1M and 
1/7*2,M; specifically there is a scalar contribution to 1/7"2,M 
which is negligible for 1/7"I,M. Therefore, if one observes 
I / Tj,P to be significantly greater than 1 / TYP, this is generally 
considered to arise from the scalar mechanism for 1 /7YM-

The rate of exchange of paramagnetic metal ion between 
ligand sites may appreciably affect the observed relaxation 
according to eq 3. The extreme cases of fast and slow exchange 
can be delineated. 

Slow Exchange (7/I1IVi, TYM « TM)- In this case eq 3 reduces 
to 

1/7",,P= 1 / 7 " 2 , P = / / T M (4) 

That is, the influence of the paramagnetic ion on the nuclear 
relaxation rates is directly proportional to the metal-ligand 
exchange rate. Thus, increasing the temperature would lead 
to a decrease in TM and hence an increase in \/T\ p and 1/ 
72,p. 

Fast Exchange (TM « TYM, TYM)- In this case, 

1 / 7 Y P = / " / 7 Y M 

and 

\/T2,P=f/T. 2, M 

(5) 

(6) 

Thus, an increase in temperature in the fast exchange region 
leads to a decrease in 1 / T\ ,P and 1 / 7Yp. 

More detailed discussions of the theory pertinent to the re­
sults discussed below can be found in recent review arti­
cles.27"29 

Results and Discussion 

Chemical Shifts. By monitoring the chemical shifts of C2H 
as a function of pH we have calculated a value of 6.11 ±0.05 
for the ionization constant of PLH (dp = 81). Since the ma­
terial precipitated at pH >6, we assumed a change in chemical 
shift of 1.0 ppm, the same value as that found in histidine.30 

Proton Nuclear Relaxation Rates. Relaxation rates for the 
C2H and C4H of PLH were measured as a function of pH and 
showed no significant pH dependence. The values of 1/7, 
obtained with two samples of PLH (dp = 45, 81) were quite 
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Figure 1. Plot of 1 /7YP and 1/7Yp for the CTH imidazole protons of 
poly-L-histidine (dp = 45) vs. pH at 20 ± 1 0C. The ratio of imidazole 
residues to Cu(II) ion is 100:1. 

similar; for example at pH 4.4, 1 / T\ = 0.34 s~' for the dp = 
81 sample, while for the dp = 45 sample at pH 4.6 1 / T\ = 0.39 
S - ' . Since these samples differ by a factor of almost 2 in their 
molecular weights this indicates that rotation of the side chains 
and segmental motion of the backbone are probably the rele­
vant motions responsible for spin-lattice relaxation.31-32 

In general the C4H are relaxed more efficiently than the 
C2H in PLH, as found previously for histidine.27-33 For ex­
ample, for PLH of dp = 81 a t p H 4 . 4 1/7", for C4H was 0.55 
s _ l . This results from the closer proximity of the Cj protons 
to C4H. 

The line widths at half-heights, from which 1 / 7Y was cal­
culated, were essentially independent of pH and degree of 
polymerization for both the C2 and C4H, with a mean value 
of 3.0 ± 0.4 Hz. This value includes the spin-spin coupling 
between C2H and C4H which was measured directly from the 
splitting (1.4 Hz) of the C2H resonance. 

Relaxation Rates in the Presence of Cu(II). In the presence 
of Cu(II) ion both relaxation rates of the C^H show a sharp 
maximum between pH 3 and 4 (Figure 1). The same phe-
nomemon was observed for the C4H resonance and for the C2 
and C4H of the higher dp (81) material. 

The increase in the relaxation rates (1 / T\ and 1 / 72) as the 
pH is increased to a value of 3.3 presumably arises from the 
onset of binding of Cu(II) to the imidazole moieties of PLH.2b 

However, the origin of the decrease of the relaxation rates 
above pH 3.6 was not immediately obvious, particularly since 
it has been demonstrated that Cu(II) binds to PLH above pH 
3, with a maximum binding constant at pH 5. 

Several reports have recently appeared indicating significant 
pH dependencies of relaxation rates of ligand nuclei in the 
presence of paramagnetic metal ions.7-11^33--36 It has also been 
shown that slow exchange occurs for Cu(II) with glycine.36 

Therefore, a likely explanation for the decrease in the relaxa­
tion effect of Cu(II) on PLH above pH 3.3 could be slow ex­
change of the Cu(II) ions between imidazole groups. To test 
this hypothesis we carried out relaxation measurements at 
different temperatures. 

It was found that while 1 / T Y P showed no significant de­
pendence on temperature at pH 1.9, the values increased sig­
nificantly with temperature when the pH was raised to 3.7 and 
4.8 (Table I). We therefore conclude that slow exchange is 
occurring at pH values above 3.7 and that this is responsible 
for the decrease in relaxation rates with increasing pH for the 
imidazole protons of PLH in the presence of Cu(II). 

Further evidence for slow Cu(II) exchange comes from the 
observation that for PLH, 7 Y P / 7 Y P < 2 for both CiH and 
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Table I. 1 / 7 \ p Values for Imidazole Protons of Poly-L-histidine 
(dp = 81) as a Function of pH and Temperature" 

i / r , .p,s- ' 

pH 200C 370C 59 0C 

1.9 C 2H 0.05 0.02 0.04 
C 4H 0.01 0.05 0.08 

3.8 C 2H 0.54 1.55 2.45 
C 4H 0.45 1.21 2.11 

4.8 C 2H 0.28 0.60 1.44 
C 4H 0.22 0.53 1.37 

" The ratio of imidazole residues to Cu(II) ion is approximately 
775:1. 

C4H. Previous proton relaxation data on imidazole in the 
presence of Cu(II)7,9 '1 ' gave a value of 7\p/T2,p > 20 for C2H 
and C45H indicating a significant scalar contribution to 1/ 
72M- Since the nature of the Cu(II) nitrogen bond in PLH and 
imidazole complexes is expected to be similar one would expect 
a substantial scalar contribution to 1/72M- The apparent ab­
sence of a scalar mechanism for PLH, therefore, also indicates 
that the rate of exchange of Cu(II) ions is slow in this case (see 
eq 5 and 6). 

Using eq 3 and the data given in Figure 1 it is possible to 
estimate r M as a function of pH if one makes a number of as­
sumptions. First, if we assume three imidazole side chains to 
be bound simultaneously to each Cu(II),26 then the value of 
/ i n eq 3 is 3 X 10 - 2 . Using the results reported by Espersen 
and Martin9 for C2H of imidazole in the presence of Cu(II) 
and assuming fast exchange9 and that on the average four 
imidazole molecules bind Cu(II) in an identical way, we cal­
culate 7 \ M ~ ' — 103 s - 1 . Assuming the same value for T I , M _ 1 

in PLH and using eq 3 we find TM equals approximately 10 - 3 

and 1O-2 s at pH values of 3.6 and 5.0, respectively. 
It has been reported that the ratio of oxidation rates of 

PLH-Cu(II) compared to Cu(II) alone, for several substrates, 
shows a maximum in the pH range 3.5-4.5.3 '4 One may spec­
ulate that this maximum in the oxidation rate may be related 
to the fastest exchange of Cu(II) with PLH demonstrated 
here. 

Acknowledgments. We would like to thank Valerie Wasyl-
ishen for valuable technical assistance and Dr. Hideo Kon for 

helpful discussions. R.E.W. wishes to thank the National 
Research Council of Canada for financial support. 

References and Notes 

(1) (a) University of Winnipeg; (b) National Institutes of Health. 
(2) (a) A. Patchornik, A. Berger, and E. Katchalski, J. Am. Chem. Soc., 79, 5227 

(1957); (b) A. Levitzki, I. Pecht, and A. Berger, ibid., 94, 6844 (1972). 
(3) I. Pecht, A. Levitzki, and A. Berger, J. Am. Chem. Soc, 89, 1587 

(1967). 
(4) A, Levitzki, I. Pecht, and M. Anbar, Nature (London), 207, 1386 (1965). 
(5) M. Ihnat, Biochemistry, 11, 3483 (1972). 
(6) H. Sigel and D. B. McCormick, J. Am. Chem. Soc, 93, 2041 (1971). 
(7) R. E. Wasylishen and J. S. Cohen, Nature (London), 249, 847 (1974). 
(8) W. G. Espersen, W. C. Hutton, S. T. Chow, and R. B. Martin, J. Am. Chem. 

Soc, 96,8111(1974). 
(9) W. G. Espersen and R. B. Martin, J. Am. Chem. Soc, 98, 40 (1976). 

(10) W. G. Espersen and R. B. Martin, J. Phys. Chem., 80, 161 (1976). 
(11) R. E. Wasylishen and M. R. Graham, Can. J. Chem., 54, 617 (1976). 
(12) K. S. Norland, G. D. Fasman, E. Katchalski, and E. R. Blout, Biopolymers, 

1,277(1963). 
(13) S. Beychok, M. N. Pflumm, and J. E. Lehmann, J. Am. Chem. Soc, 87, 3990 

(1965). 
(14) G. Zundel and J. Muehlinghaus, Z. Naturforsch., B, 26, 546 (1971). 
(15) J. Muehlinghaus and G. Zundel, Biopolymers, 10, 711 (1971). 
(16) E. Peggion, M. Terbojevich, A. Cosani, F. Quadrifolio, and V. Crescenzi, 

"Conformation of Biological Molecules and Polymers", E. D. Bergmann 
and B. Pullman, Ed., Academic Press, New York, N.Y., 1973, p 155. 

(17) W. F. Reynolds, I. R. Peat, M. H. Freeman, and J. R. Lyerla, Jr., J. Am. Chem. 
Soc, 95,328(1973). 

(18) M. Levy, J. Biol. Chem., 109, 361 (1935). 
(19) T. C. Farrar and E. D. Becker, "Pulse and Fourier Transform NMR", Aca­

demic Press, New York, N. Y., 1971. 
(20) L. D. Hall, Chem. Soc Rev., 4, 401 (1975). 
(21) J. H. Noggle and R. E. Schirmer, "The Nuclear Overhauser Effect; Chemical 

Applications", Academic Press, New York, N.Y., 1971. 
(22) T. J. Swift and R. E. Connick, J. Chem. Phys., 37, 307 (1962). 
(23) Z. Luz and S. Meiboom, J. Chem. Phys., 40, 2686 (1964). 
(24) J. Granot and D. Fiat, J. Magn. Reson., 15, 540 (1974). 
(25) I. Solomon, Phys. Rev., 99, 559 (1955). 
(26) N. Bioembergen, J. Chem. Phys., 27, 572 (1957). 
(27) R. A. Dwek, R. J. P. Williams, and A. V. Xavier, "Metal Ions in Biological 

Systems", Vol. 4, H. Sigel, Ed., Marcel Dekker, New York, N.Y., 1974, pp 
61-210. 

(28) T. J. Swift, "NMR of Paramagnetic Molecules", G. N. LaMar and W. D. 
Horrocks, Jr., Ed., Academic Press, New York, N.Y., 1973, pp 53-85. 

(29) A. S. Mildvan and J. I. Engle, "Methods in Enzymology", Vol. XXVI, Part 
C, C. H. W. Hirs and S. N. Timasheff, Ed., Academic Press, New York, N.Y., 
1972, pp 654-682. 

(30) R. I. Shrager, J. S. Cohen, S. R. Heller, D. H. Sachs, and A. N. Schechter, 
Biochemistry, 11, 541 (1972). 

(31) H. B. Coates, K. A. McLauchlan, I. D. Campbell, and C. E. McCoII, Biochim. 
Biophys. Acta, 310, 1 (1973). 

(32) F. W. Benz, G. C. K. Roberts, J. Feeney, and R. R. Ison, Biochim. Biophys. 
Acta, 278,233(1972). 

(33) A. Nakano, F. Inagaki, M. Tasumi, and T. Miyazawa, J. Chem. Soc, Chem. 
Commun., 232(1976). 

(34) (a) H. Pearson, D. Gust, I. M. Armitage, H. Huber, J. D. Roberts, R. E. Stark, 
R. R. Void, and R. L. Void, Proc Natl. Acad. ScL, U.S.A., 72, 1599 (1975); 
(b) D. Gust, H. Pearson, I. M. Armitage, and J. D. Roberts, J. Am. Chem. 
Soc, 98,2723(1976). 

(35) (a) J. S. Cohen, R. B. Bradley, and T. R. Clem, J. Am. Chem. Soc, 97, 908 
(1975); (b) W. Egan and J. S. Cohen, submitted for publication. 

(36) J. K. Beattie, D. J. Fensom, and H. C. Freeman, J. Am. Chem. Soc, 98, 
500(1976). 

Journal of the American Chemical Society / 99:8 / April 13, 1977 


