
4502 

For the most part the results have been considered to be 
more in line with the indirect, through-bond mechanism since 
many of the results appear inconsistent with the direct ex
change mechanism. However, it is possible that both exchange 
mechanisms are of importance and together lead to the rather 
complex dependence of J on structure, solvent, and tempera
ture. 
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Nuclear Magnetic and Electron Spin Resonance 
Evidence for the Strength and Site of Attachment 
of V-Methylphenazonium Cation Radical to 
Sodium Dodecyl Sulfate Micelles1 

Sir: 

7V-Methylphenazonium (NMP+) cation salts2 have been 
shown to be highly efficient promoters of cyclic photophos
phorylation in photosynthetic systems.3 Ample evidence exists 
to show that artificial cofactors, such as NMP+, which are 
capable of stimulating the production of adenosine triphos
phate (ATP) are lipophilic4 and are able to translocate protons 
across a membrane.5 The A'-methylphenazonium cation rad
ical (NMPH+-), obtained by one-electron reduction of NMP+ 

(reaction 1), is in principle capable of carrying a proton across 
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a membrane since, on oxidation of NMPH+-, a proton is re
leased. An a priori objection to involvement of NMPH+- in 
photophosphorylation is that as a cation it would be expected 
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Figure 1. The 220-MHz NMR spectrum (Varian model HR220) of 0.1 
MrfvlaLS solutions in D2O containing 10 -2 M NMP+ under conditions 
of varying photolysis time. There is no change in the HDO resonance 
during the course of these experiments and it is accordingly shown only 
once. The chemical shift indicated is in parts per million from TMS (ex
ternal standard). NMR conditions for all spectra: sweep time 500 s, sweep 
width 1000 Hz, receiver gain 30 db, rf field level 20 db, signal amplitude 
8.0 (for a-CHj) and 3.2 (other resonances), frequency response 2 Hz. 
Photolysis time: (a) 0 s, (b) 5 s, (c) >3 min. 

to be hydrophilic and should therefore not readily interact with 
the hydrophobic part of the membrane. In an effort to under
stand the mechanism by which NMP+ stimulates cyclic pho
tophosphorylation we have now investigated the interaction 
of NMPH+- with sodium dodecyl sulfate (NaLS) micelles. We 
have chosen micelles as perhaps the simplest model for the 
membrane-water interface. In this communication we report 
ESR and NMR results which bear on the strength of the in
teraction and the site of attachment of NMPH+- to the NaLS 
micelle. 

The ESR spectrum of NMPH+- in water (produced either 
by visible light photolysis or sodium borohydride reduction of 
solutions of NMP+ is rich in hyperfine structure, consisting 
of 5832 theoretical lines, over one hundred of which are re
solved.6^8 In contrast, the ESR spectrum of NMPH+- in 0.1 
M NaLS shows nine broad lines in which the small hyperfine 
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the broadening of NaLS protons as a function of photolysis 
time (i.e., increasing NMPH+- concentration) show that the 
largest increase in broadening is observed for the /3 position, 
the next largest at the o> position, the next at the y' position, 
and the smallest at the a position. No change in the line width 
of the HDO resonance is seen over the range of these experi
ments. The implication of these results is that NMPH+- is, on 
the average, closer to protons down the chain than it is to those 
protons close to the sulfate head groups. In terms of micelle 
structure, this would imply that NMPH+- spends much of its 
time in the hydrophobic region of the micelle. 

To test this possibility we have made measurements of NaLS 
solutions of stable paramagnetic species where the relative 
hydrophobicity-hydrophilicity of the paramagnetic species 
could be gauged in advance. The systems we have examined 
in this manner are hexaaquomanganous ion (I) and the ni-
troxides II and III. We chose I as an example of a hydrophilic 
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Figure 2. The x-axis is shown as the dodecyl sulfate anion with the re
solvable proton resonances indicated just below the axis. The y axis is the 
normalized broadening p\ ( = SuifS^w,) where ±w\ is the broadening 
observed for particular resolvable proton resonances of the dodecyl chain. 
Broadening for the sulfate head group is identified with the broadening 
observed for HDO. The following symbols were used for the various 
paramagnetic species: (a) Mn(H2O)6

2+ (compound I), V; (b) nitroxide 
II, A; (c) nitroxide 111, O; (d) NMPH+-, D. 

splittings are not resolved.9 This latter spectrum is indicative 
of a reduced isotropic tumbling rate for the NMPH+- mole
cule. Since this broadened spectrum appears at concentrations 
of NaLS close to the published critical micelle concentration 
(CMC) of NaLS it appears that the phenomenon is concom
itant with micellization. A strong binding of NMPH+- to 
NaLS micelles is indicated with a binding constant (equilib
rium constant for reaction 2), K ^ 105 M - 1 . 

NMPHW
+- + S n ^ NMPHm

+- (2) 

In reaction 2, NMPHW
+- and NMPHm

+- refer to aqueous and 
micellar NMPH+-, respectively, and Sn refers to the NaLS 
micelle. The ESR spectrum observed for NMPHm

+- is very 
similar to that observed for binding of NMPH+- to Rhodos-
pirillum rubrum chromatophores7 and to DNA.8 

The results described above indicate a strong interaction 
between NMPH+- and NaLS micelles. We now turn our at
tention to determining the site of attachment of NMPH+- to 
the NaLS micelle. To do this we have taken advantage of 
paramagnetic broadening of proton NMR resonances of 
NaLS. 

Theory predicts that the amount of broadening, Aa> ] /2, ex
perienced by a proton falls off as the inverse sixth power of the 
distance between the paramagnetic species and the proton,10 

i.e., Aw]/2 <* r~6. Hence protons which, on the average, are 
closer to a paramagnetic species will be broadened more than 
those which are farther away. 

The 220-MHz NMR spectrum of NaLS is shown in Figure 
la. Resonances are readily assigned to a, /3, y' and o> protons. 
y' refers to the unresolved methylene protons of the dodecyl 
chain (18 protons) and u refers to the terminal methyl group. 
If NMP+ is added and the sample is briefly photolyzed to 
produce some NMPH+-, the proton NMR resonances of 
NaLS are observed to broaden (Figure lb). Continued pho
tolysis leads to increased broadening until the NMPH+- con
centration reaches its maximum value1' (Figure Ic). Plots of 

III 

paramagnet, III as a hydrophobic species, and II in the hope 
that it would behave as a radical of intermediate hydropho-
bicity. The results of these experiments are summarized in 
Figure 2, along with those described above for NMPH+-.13 

From these experiments it appears that this technique of 
using paramagnetic broadening of NMR resonances is useful 
for locating paramagnetic species in micelles. That is, the hy
drophilic manganous ion causes the greatest broadening in the 
surface region, the hydrophobic nitroxide, III, has its greatest 
effect in the hydrocarbon center, and the nitroxide of inter
mediate hydrophobicity, II, is most effective somewhere be
tween the polarity extremes of the NaLS micelles. The results 
for this latter case most closely resemble those obtained for the 
NMPH+- molecule. 

Careful examination of the optical absorption spectrum of 
NMP+ as a function of NaLS concentration reveals that 
NMP+ also interacts strongly with the NaLS micelle. How
ever, this interaction occurs in a region that is very hydrophilic, 
probably at the water-micelle interface.14 This is consistent 
with the probable site of reaction of NMP+ with the pho-
tosynthetic electron transport chain.5 

The experiments described in this communication lead us 
to conclude that NMPH+- binds strongly to NaLS micelles. 
The site of attachment of NMPH+- to the micelle is in the 
hydrocarbon region a few angstroms below the head groups. 
This latter result is consistent with the observed enhancement 
of the rate of cyclic photophosphorylation by NMP+ which 
would require a strong interaction of a reduced form of N MP+ 

with the membrane. Moreover, our results indicate that the 
actual proton transport agent may well be NMPH+- rather 
than the doubly reduced NMPH as had been previously 
suggested.411'15 
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Active Site Generated Analogues of Reactive 
Intermediates in Enzymic Reactions. Potent 
Inhibition of Pyruvate Dehydrogenase by 
a Phosphonate Analogue of Pyruvate1 

Sir: 

Pyruvate dehydrogenases (PDH) are multienzyme com
plexes responsible for the conversion of pyruvate to acetyl 
coenzyme A.2 The initial steps are catalyzed by a component 
enzyme (E]) which promotes the decarboxylation of pyruvate. 
This requires the coenzyme, thiamine pyrophosphate (TPP).3 

A detailed mechanism has been proposed4'5 that is based on 
an analogy to the mechanism proposed for condensation re
actions which are catalyzed by thiazolines (eq 1). 

This mechanism requires the initial conversion of pyruvate 
to an enzyme-bound, covalent adduct of TPP, 2-lactyl TPP 
(I).6 The intermediate is converted to an isolable product, 
hydroxyethyl TPP (HETPP). The involvement of I and the 
mechanism of its decarboxylation are of considerable interest 
but the properties of compounds related to 1 weigh against the 
isolation of I from an enzymic reaction.7 

A promising method for experimental confirmation of the 
involvement of specific covalent intermediates has been de
veloped by Westerik and Wolfenden8,9 and by Thompson.10 

(1/S)XlO - 2M"' 
Figure 1. Lineweaver-Burke plot of the initial rate of conversion of pyr
uvate S to acetyl coenzyme A. catalyzed by E. coli PDH (3 X IO--' 
units/mL) at 25 0C. pH 7.65 (0.05 M phosphate buffer) in the presence 
of MAP (concentrations (jim): • . 1.5: • . 0.6; A. 0.1; O, 0.0). TPP (200 
/uM), coenzyme A (6OMM), NAD+ (2 mM), and magnesium chloride (1 
mM), according to the procedure of Reed and Mukherjce.20 The ap
pearance of NADH was followed at 340 nm with a Hitachi-Coleman 
recording spectrophotometer. The value of K1, determined by a replot of 
the slopes of the lines in the figure (method in rcf 21). is 5 X 10~8 M. 
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This is a modification of the use of transition state analo
gues.11-13 The method is exemplified by the powerful inhibition 
of papain8 and of elastase10 by aldehydic analogues of peptide 
substrates. Peptides are normally cleaved in a catalytic step 
following addition of an enzymic hydroxyl or sulfhydryl group 
to the carbonyl moiety of the peptide via a supposed tetrahedral 
intermediate (T). However, it was proposed that the aldehyde 
forms readily and reversibly a hemiacetal or thiohemiacetal 
(T') which may only revert to the starting species. Since the 
enzyme's catalytic function involves stabilization of normally 
reactive species, the powerful inhibition by aldehydes supports 
the existence of the proposed intermediate (T). 
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