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Figure 1. Plot of relative abundance vs m/z: (A) isolated LaC60
+; (B) 

collision-induced dissociation of LaC60
+ (105 eV Laboratory, 4.7 eV 

center of mass energy) yielding La+. 

7.46 eV, IP(VO) = 7.23 eV (Weisshaar, J. C, private commu
nication) and IP(La) = 5.577 eV, the CID results indicate IP(Fe, 
Co, Ni, Cu) > IP(C60) ~ IP(Rh) > IP(VO, La), which is in 
agreement with a recently reported value of IP(C60) = 7.61 ± 
0.11 eV.17 Furthermore, these results provide strong support for 
internally bound "egg shell" MC60

+ species (particularly for M 
= La) reported earlier grown in a supersonic expansion, since these 
latter species are highly stable and lose C2 molecules when suf
ficiently activated. In direct contrast, the externally bound isomers, 
presumably always formed by adding the metal to the preformed 
C60, require relatively little activation energy to cleave the metal 
from the complex, leaving an intact C60 species. Although the 
type of activation used in the current study (collisional) and that 
reported in the previous study (photoexcitation) can yield different 
fragmentation processes,18 it is likely that some metal loss would 
be observed for an externally bound complex regardless of the 
method of excitation employed. 

Studies are underway to synthesize other members of this new 
family of ions and to characterize their subsequent chemistry with 
other reagent gases. It should be possible to synthesize virtually 
any metal JOn-C60 complex, as well as an endless variety of ligated 
metal JOn-C60 complexes, in the gas phase. Determination of the 
M+-C60 bond energies will also be possible by monitoring lig-

(17) Zimmerman, J. A.; Eyler, J. R.; Bach, S. B. H.; McElvaney, S. W. 
J. Chem. Phys. 1991, 95, 3267. 

(18) Franchetti, V.; Freiser, B. S.; Cooks, R. G. Org. Mass Spectrom. 
1978, 13, 106. 

and-exchange reactions using reference ligands. 
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Electrostatic contributions by surface charges are presumed 
to play important roles in dictating the affinity and selectivity of 
numerous protein-macromolecule and protein-small molecule 
interactions. Although numerous modeling and theoretical efforts 
have attempted to predict the detailed electrostatic fields in and 
around globular proteins,1 there have been only a few systematic 
efforts to experimentally map the electrostatic potential surface 
of a protein in solution and correlate this with simplified theories."1 

In this communication we demonstrate that site-directed muta
genesis of surface charges together with high-resolution electro
chemical measurements can be used to quantitate the bounda
ry-value electrostatic potentials of soluble proteins. 

Prosthetic group reduction potentials2 and amino acid side chain 
ionization constants can be affected by surface-charged residues.3 

Here we show that precise measurement of the shift in the re
duction potential for a heme prosthetic group upon alteration of 
surface charge can be used to test the validity of theoretical 
calculations of macromolecular electrostatic fields and, in a simple 
two-continuum dielectric model, to estimate the effective bulk 
internal dielectric constant of a protein. By using amino acid 
replacements at numerous sites on the surface, we find that a single 
distance-dependent dielectric will not fit experimental data, but 
rather the detailed shape of the macromolecule must be taken into 
account. 

We have chosen rat liver cytochrome 65 for these investigations, 
since previous studies have shown that the protein is structurally 
rigid to surface mutations.4 The heme redox potential was 
measured by direct electrochemical methods using a cysteine-
modified gold working electrode.5 For these investigations we 
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Table I. Reduction Potentials of Cytochrome bs Variants 

protein0 
E"' (raV)'' 
(vs NHE) 

k" (cm/s)» 
(XlO4) 

wild type 
EI lQ 
E37Q 
E56Q 
E44Q 
E48Q 
D66S 
D60N 
E44Q, 
E43Q, 

E48Q 
E44Q 

E44Q, E48Q, D60N 
D66K 
E44K 
Q13E 
S64D 

-7 
-7 
-5 
-3 
-1 
+ 1 
+ 1 
+3 
+5 
+7 

+ 13 
+5 
+ 1 
-9 

-13 

4 
3 
4 
4 
4 
4 
5 
6 
4 
3 
4 

14 
16 
2 
0.9 

"The method of site-directed mutagenesis of cytochrome 65 has been 
reported previously.4'17 'The errors in measurement for these deter
minations were ±1 mV for E" and ±3 X 10"4 cm/s for k° corre
sponding to the mean ± 1 standard deviation from at least three inde
pendent measurements. ""The reduction potentials were determined by 
differential pulse voltammetry. The solutions were in Bis-Tris/HCl, 2 
mM L-cysteine, with NaCl to n = 0.1 M, pH 7.0. 

focus only on the effect of distant surface-charge mutations on 
this potential. Several other factors that can contribute to the 
absolute reduction potential energy of metalloprotein systems are 
the polarity of the heme environment,6 the nature of the axial 
ligands,7 and the detailed electronic structure of the heme mac-
rocycle.8 

The reduction potentials measured for the wild-type protein 
and the various surface-charge mutations are listed in Table I. 
The value obtained for the wild-type protein corresponds closely 
with previously reported measurements.8a-9 Mutations include 
a series of substitutions of negatively charged residues with neutral 
side chains at single and multiple sites. Also, the polarities of two 
negatively charged residues were reversed to give positive charges, 
while two neutral residues were replaced with negative charges. 
Most of the shifts in reduction potentials of the various sur
face-charge mutations versus the wild-type protein are in the 
direction expected for the sign of the change in surface charge, 
indicating that the effect of surface-charge mutation on the re
duction potential is mainly through electrostatic interactions. 

Several theoretical models in the treatment of electrostatic 
interactions in proteins have been developed. Perhaps the most 
straightforward are macroscopic continuum dielectric models. 
First approximations of this method utilized a low-dielectric sphere 
to represent the protein present in a high-dielectric medium.If,1° 
Refinement includes the introduction of finite difference tech
niques," which takes into account the complex shape of macro-

(6) (a) Kassner, R. J. Proc. Natl. Acad. Sci. U.S.A. 1972, 69, 2263-2267. 
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Figure 1. Comparison of the experimentally determined difference be
tween mutant and wild-type redox potentials with five separate calcula
tions using a two-continuum model with different values for the protein 
dielectric constant. The potentials were calculated, using the bovine 
cytochrome A5 coordinates (Brookhaven Data Bank), for the residues in 
the native protein using a differential charge assignment of +1 for the 
heme iron. In each determination a dielectric constant of 80 was assigned 
to the solvent at an ionic strength of 0.1 M, a probe radius of 1.4 A was 
used in determination of the solvent-exposed surface, and a Stern layer 
of 1.4 A was used as determined from the average of the radii of Na+ 

and Cr ions. Focusing, as well as rotational averaging of five separate 
grid orientations, used the program DELPHI (Biosym Technologies) ac
cording to the method of Gilson et al."c The result for the charge 
mutation S64D was not included, as it is likely that introduction of a 
negatively charged residue in this position would result in structural 
changes due to electrostatic repulsion with a heme propionate group.18 

molecules. Using a finite difference solution of the Poisson-
Boltzmann equation, we have analyzed the effect of surface-charge 
mutation on the experimentally determined reduction potentials 
of cytochrome b5. The relative reduction potential of the charge 
mutations versus the wild-type protein is presented in Figure 1. 
An excellent agreement between the calculated and the experi
mental values is found if a dielectric constant of 2-4 is used for 
the protein interior. This simplified theory is also able to account 
for multiple mutations and for substitutions which reverse the 
polarity of the side chains. 

Heterogeneous electron transfer rate constants at the modified 
gold electrode surface were also measured12 and are shown in Table 
I. A previously reported value of 8.13 X 10"7 cm2/s for the 
diffusion coefficient of bovine cytochrome bs

13 was utilized to 
calculate the heterogeneous rate constants (k°) acquired from a 
series of cyclic voltammograms at various scan rates.14 The 
mutations in which negative charges were eliminated resulted 
roughly in the same k° as wild type within experimental error. 
However, the D66K and E44K mutations in which a positive 
charge was introduced near the exposed heme edge resulted in 
a greater than 3-fold increase in kc. Likewise introduction of a 
negative charge near the heme group (S64D) yielded a 3-fold 
decrease. The decrease in k° upon increasing negative charge 
appears to involve the region around the exposed heme edge, as 
the mutation Ql 3E, positioned well away from the heme group, 
shows the similar k° as the wild-type protein. Apparently, as 
cytochrome b$ becomes more negatively charged, electrostatic 
repulsion increases between the protein and electrode, indicating 
that the electrode is negatively charged under the conditions of 
these experiments. The site of cytochrome bs that interacts with 
the electrode most likely involves the region surrounding the 
exposed heme edge, as the mutations demonstrating altered fc°'s 
are positioned in this area of the protein surface. These residues 
surrounding the heme crevice of native cytochrome bs have been 

(12) (a) Nicholson, R. S. Anal. Chem. 1965, 37, 1351-1355. (b) Bard, 
A. J.; Faulkner, L. R. Electrochemical Methods; Wiley: New York, 1980; 
pp 230-231. 
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previously shown experimentally to have a major role in the 
specificity of association with other heme proteins, indicating that 
cytochrome bs interacts with the electrode in an orientation similar 
to its association with other redox proteins, such as cytochrome 
c.4 

In conclusion, although individual surface charges on a redox 
protein appear to have a relatively minor role in the determination 
of the reduction potential, it is apparent that the summed dis
tribution pattern of surface charges can make a significant con
tribution. The excellent quantitative agreement between exper
imentally determined potential surfaces and the results of a sim
plified continuum dielectric model suggests that a protein interior 
can be approximated by a macroscopic dielectric constant in many 
instances. Our derived value for this parameter of between 2 and 
4 is consistent with earlier estimates from fluorescence energy 
transfer15 and the high-frequency dielectric of organic liquidslf 

and lower than that estimated for the hydrated pocket of myo
globin.16 
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In view of the current interest in both the bonding and reactivity 
of complexes that contain metal-ligand multiple bonds,1'2 we are 
presently investigating synthetic methods for such complexes in 
which the ligands are derived from the heavier members of the 
main group elements. Furthermore, because of the increased 
tendency of the heavier elements to bridge two or more metal 
centers,3"5 the synthesis of complexes that contain terminal 
metal-ligand multiple bonds is even more challenging. Here we 

(1) Nugent, W. A.; Mayer, J. M. Metal-Ligand Multiple Bonds; Wiley-
Interscience: New York, 1988. 
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Figure 1. ORTEP drawing of f/-a«.r-W(PMe3)4(Te)2. Selected bond 
lengths (A) and angles (deg): W-Te = 2.596 (1), W-P = 2.508 (2); 
Te-W-Te' = 180.0, Te-W-P = 82.1 (1), Te'-W-P = 97.9 (1), P-W-P* 
= 91.1 (1), 164.2 (1) (an asterisk indicates other phosphorus atoms). 

report the synthesis and chracterization of ?ra/w-W(PMe3)4(Te)2, 
a complex which, to our knowledge, contains the first terminal 
transition metal-tellurium double bond. 

We have recently reported that the bis(sulfido) complex 
//wis-W(PMe3)4(S)2 may be readily obtained by the reaction of 
W(PMe3)4(?;2-CH2PMe2)H with H2S, accompanied by elimination 
of dihydrogen.6 Although the corresponding reaction with H2Te 
may provide a route to the analogous (bis)tellurido complex 
//•a«5-W(PMe3)4(Te)2, the instability of H2Te7 limits the con
venience of such a method. However, we have found that the 
reaction between W(PMe3)4(7/2-CH2PMe2)H and elemental 
tellurium provides a straightforward synthesis of trans-W-
(PMe3)4(Te)2. Thus, a solution of W(PMe3)4(r/

2-CH2PMe2)H 
in pentane reacts smoothly with elemental tellurium at room 
temperature to give red-brown /ra/w-W(PMe3)4(Te)2 in good yield 
(eq I).8 The molecular structure of /n2/w-W(PMe3)4(Te)2 has 

PMe3 Te 
M e 3 P \ | .,.PMe2 Te M e 3 p \ . !I - - P M e 3 

H—^vyr;" — — — - ^ w ' (1) 
M e 3 P ^ J ^ C H 2 - P M e ' Me 3 P^) [ ^ P M e 3 

PMe3 Te 

been determined by X-ray diffraction, as shown in Figure 1.' Of 
particular significance, the W=Te bond length [2.596 (1) A] is 
noticeably shorter than those observed for a variety of other 
complexes that contain W-Te single bonds, typically in the range 
2.68-2.88 A.10 Furthermore, electronic considerations of the 

(6) Rabinovich, D.; Parkin, G. J. Am. Chem. Soc. 1991,113, 5904-5905. 
(7) H2Te decomposes above 0 0C. Greenwood, N. N.; Earnshaw, A. 

Chemistry of the Elements; Pergamon Press: New York, 1986. 
(8) A solution of W(PMe3)4(»;2-CH2PMe2)H (2.95 g, 5.23 mmol) in pen

tane (20 mL) was stirred with Te powder (1.20 g, 9.40 mmol) for 20 h at room 
temperature, resulting in the precipitation of Wafl.s-W(PMe3)4(Te)2 as a 
red-brown solid. The mixture was filtered and the product extracted into 
benzene (ca. 30 mL) and filtered, and the solvent was removed under reduced 
pressure giving pure trans-W(PMe3J4(Te)2 (1.37 g). The residue (0.89 g) is 
sufficiently pure for further reactions. Overall yield ca. 65%. Elemental 
analysis calculated for W(PMe3J4(Te)2: C, 19.4, H. 4.9. Found: C, 19.4, 
H, 4.6. NMR data for /ra«i-W(PMe3)4(Te)2 (in C6D6):

 1H 6 1.91, virtual 
triplet, VP_H" = 2.8 Hz; 13C(1Hj 6 33.6, multiple!, VP_c" = 15 Hz; 31PI1Hj 
(relative to H3PO4) 6 -51.2, s, './w_p = 238 Hz (183W, / = '/2, 14.27%), VP_Te 
= 17 Hz (125Te, / = V2, 6.99%); 125TeI1H) (relative to Me2Te) 6 958, quintet, 
VP_Tc = 17 Hz, 1Z1VW = 190 Hz (183W, / = '/2, 14.27%). Note: the values 
of the coupling constants "Jp-H* and "Jp-c" of the second-order multiplets of 
the PMe3 ligands refer to the separation between the lines and do not nec
essarily reflect the true coupling constants. 

(9) Crystal data for trans-W(PMe3J4(Te)2: tetragonal, /32m (No. 121), 
O = A = 9.717 ( I )A 1 C= 12.360(2) A, V = 1167.1 (3) A3, Z = 2,paM = 
2.12 g cm"3, M(MO Ka) = 80.3 cm"1, X(Mo Ka) = 0.71073 A (graphite 
monochromator); 539 unique reflections with 3° < 20 < 60° were collected 
of which 499 reflections with F > 6u(F) were used in refinement; R = 0.0202, 
R„ = 0.0292, GOF = 1.136. 
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