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Fig. 6. 3'P-NMR spectra of sarcoplasmic reticulum phospholipids using the spectrometer
described in Fig. 1. (A) Sarcoplasmic reticulum (12 mg of protein per milliliter) dissolved in
cholate, pH ~ 8. Peak assignments: 1, P,; 2, PE; 3, PI; 4, PC. 6000 transients were collected with
an acquisition time of 2 s per transient, no delay between transients, and a fhltering time
constant of | s; (B) lipid extract of sarcopiasmic reticulum (10 mg of lipid per milhliter)
dissolved in cholate. Peak assignments as in (A); 600 transients were collected with other
spectrometer settings as in (A). From London and Feigenson (1979), but note that the original
figure has been altered to now show positive chemical shifts in the direction of decreasing field
strength.

added to the phospholipid, the basic vesicular bilayer structure is retained
(Castellino and Violand, 1979), whereas with PE, the addition of small
amounts of a variety of detergents can result in the transformation of
hexagonal structures into bilayer structures (Madden and Cullis, 1982) but
only at detergent/phospholipid ratios below mixed-micelle formation. Jack-
son et al. (1982) have utilized 3'P NMR to follow the solubilization of large,
unilamellar PC vesicles (which have a very broad spectrum) by octylgluco-
side to form mixed micelles (with quite narrow lines) and to analyze the
solubilization process. 3'P-NMR studies of mixtures of PC multibilayers
and phosphorus-containing detergents from decyl to hexadecyl phospho-
nate, in which the signals from both the phospholipid and detergent can be
followed, have been carried out by Klose and Hollerbuhl (1981). By examin-
ing mixtures at molar ratios when both micellar and lamellar structures are
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TABLE IV
*'P-NMR Parameters for Egg PC~Sodium Taurocholate
| Mixturesa?
Mole ratio Linewidth 7, NOE

(egg PC/sodium taurocholate) (Hz) (s) (%)
o 13 1.7 52

35 13 1.7 50

10 12 1.7 4]

4 13 1.8 39

1.3 5.4 20 42

0.9 3.8 2.2 43

0.6 2.5 . 40

0.1 2.0 2.6 49

®* Adapted from Castellino and Violand (1979).
® The egg PC was in the form of sonicated vesicles to which the
detergent was added. All values are + 10%. |

present as a function of time after mixing, the process of equilibration and
the equilibrium state can be determined.

V. Critical Micelle Concentration Determinations
and Micellization of Monomeric
Phospholipids by Detergents

Phospholipids can be synthesized with short fatty acid chains to make them
water soluble, and the physical properties of such phospholipids have been
studied extensively by Tausk et al. (1974a,b,c). Their critical micelle con-
centration (CMC) depends on chain length and has been determined by a
variety of methods for a number of PC derivatives. It was found that the
31IP-.NMR signal is chemically shifted in going from the monomernic form to
the micellar form of dihexanoyl PC (Roberts et al., 1979). This difference
can be used (Plickthun and Dennis, 1981) to determine the CMC according

to
V= xmonovmono 3 xmicvmic ( ! )

where v is the observed chemical shift, v, the chemical shift below the
CMC, v, the chemical shift of dihexanoyl PC micelles, x,, ., the molar
fraction of phospholipid in the monomeric state, and x,_.. the molar fraction
of phospholipid in the micellar state. The values for v, and v_,. can be
estimated from the experimental data, along with the CMC, and all three
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Fig. 7. ¥P-NMR chemical shift of dihexanoyl-PC (DiC,PC) in D,O as a function of
concentration. The solution contained no further additives. The best-fit curve is calculated by
using Eq. (1) and assigning v, .., = 0.58 ppm, v_,. = 0.76 ppm, and CMC = 11 mM. From
Pliickthun and Dennis (1981). Copynght 1981 American Chemical Society. Note that the
original figure has been altered to now show positive chemical shifts in the direction of
decreasing field strength.

varied to obtain the best fit of the theoretical curve to experimental data.
Expenimental results are shown in Fig. 7. The resulting CMC isin agreement
with that determined by other methods, including 'H and '3C NMR. The
3IP.NMR method can be used for other phospholipids or to determine if a
given phospholipid 1s monomeric or micellar under certain experimental
conditions. 3'P-NMR chemical-shift changes similarly have been used to
follow micelle formation by decyldimethyl phosphine oxide by Kresheck
and Jones (1980). These workers plotted the observed chemical shift v
against the inverse of the concentration of surfactant, which has the advan-
tage of graphically giving v_... and the CMC.

Similarly, incorporation of monomeric phospholipids by detergents into
mixed micelles results in a chemical-shift change in 3'P NMR, and this can
be used to follow the micellization process. This is illustrated in Fig. 8, where
the micellization of dihexanoyl-PC by titration with Triton X-100 was
followed by changes in the *'P-NMR chemica! shift. In contrast, with the
same amount of Triton X-100, dibutyryl-PC 1s hardly micellized at all. A
control titration of the completely water-soluble analog glycerophosphoryl-
choline is also included. For the dihexanoyl-PC, a partition coefhicient
between Triton X-100 micelles and free solution was calculated as a func-
tion of the Triton X-100 concentration, using the phase-separation approxi-
mation for mixed-micelle formation and considering the mixed micelles to
be a pseudo-phase. With the data in Fig. 8, the fraction of dihexanoyl-PC
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- Fig. 8. 3'P-NMR chemical shift of (A) dihexanoyl-PC (DiC,PC), (B) dibutyryl-PC
(DiC,PC), and (C) glycerophosphorylcholine (GPC) as a function of the concentration of
Tnton X-100. The initial concentration of phospholipid or GPC was 7.5 mA{. The titration
was carried out with 500 mAf detergent except for the insert to {(A) in which 7.5 mA Triton
X-100 was employed. In each panel, the results of three experiments are plotted (O, [J, A). In
(B). the titration was also carned out with mixed micelles (&) consisting of Triton X-100 (500
mAf) and PE (125 mAf). From Plickthun and Denmis (1981). Copynght 1981 American
Chemical Society. Note that the original figure has been altered to now show positive chemical
shifts in the direction of decreasing field strength.

present in Triton X-100 was calculated by Pliickthun and Dennis (1981)
from Eq. (1) by using the relationship x 0 = 1 — X, which results in -~

Xmic = (v— -vmonu)/ (Vmic “.vﬁmno) - . (2)
A partition coefhicient K can be defined as shown in
K= Xmic CPmono (3)
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Here cpnoqo 1S the concentration of phospholipid in the monomeric state and
Xoic the molar fraction of phOSphOIIpld in the micellar phase consnstmg of
Tnton and phospholipid as defined in -

X e ™ Cm/(cpmic + Crmic) _ (4)

where Cppic and crp;c are the concentrations of phospholipid and Triton,
respectively, that are in micelles. The value for ¢;,,;. was calculated from the
relation Cyp;. = Cr— CMCy, Where ¢y, is the total Triton concentration
employed and cmc 4 the critical micelle concentration of pure Triton. Using
the relations Cppmic = XmicCrior AN Cpmono = (1 = Xinic)Cpror, WhETe Cpy, IS the
total phospholipid concentration, and by combining Egs. (3) and (4), one
can then determine K from the chemical-shift data as shown in

_ __.._________._L.._________. X | o
* XmicCptot T (Crie —CMep) 1 — Xpye | ©)
The partition coefficient K was found to be ~40 AM~! at 50 mM Tnton
X-100 and varied somewhat with Triton concentration (Plickthun and
Dennis, 1981). The chemical shift of the short-chain phospholipids incorpo-
rated 1nto mixed micelles approaches that of long-chain “normal” phospho-
lipids in the micelles, suggesting similar structures for the mixed micelles.
Interestingly, Burns ef al. (1983) have reported that micelles formed by
short-chain phospholipids can themselves be used as detergents to solubilize
tnglycendes containing short fatty chains to form microemulsion particles
in which the 3'P-NMR linewidths are narrower than for the pure phospho-

lipid micelles. These particles serve as models for lipoproteins.

VI. Lysophospholipids: Acyl and
Phosphory! Migration

Lysophospholipids lack one of the acyl groups on phospholipids and form
micelles by themselves without added detergent. The spectral characteristics
of Ivso-PC, both alone and in the presence of detergents, have been consid-
ered in preceding sections along with normal phospholipids. Lysophospho-
lipids possess the ability to rearrange via migration of either the acyl or
phosphoryl group and the sensitivity of the *'P-NMR chemical shift to the
resulting isomers has been particularly useful in following these migration
reactions (Pliickthun and Dennis, 1982a). Phosphoryl and acyl migration of
lysophospholipids must be taken into account when evaluating phospholi-
pase specificity, the chemical synthesis of mixed acyl phospholipids, and the
biosynthesis of phospholipids, so that the determination of the kinetics of
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Fig. 9. Possible interconversions via acyl (1 = 2) and phosphoryl (1 &= 3) migration of
lysophospholipids derived from natural phospholipids (a series) and their enantiomorphs (b
series). When RCOO is palmitic acid and X is choline, the structures correspond to the
following compounds: 1-palmitoyl-sn-glycero-3-phosphorylcholine (1a), 2-palmitoyl-sn-gly-
cero-3-phosphorylcholine (2a), 1-palmitoyl-sn-glycero-2-phosphorylcholine (3a), 3-palmitoyl-
sn-glycero- [-phosphoryicholine (1b), 2-palmitoyl-sn-giycero-1-phosphorylcholine (2b), and
. 3-palmitoyl-sn-glycero-2-phosphorylcholine (3b). From Pliickthun and Dennis (1982a). Copy-
“night 1982 American Chemical Society.

such processes has been important. The lack of a suitable analytical tool
prior to the use of 3*'P NMR probably prevented an earlier detailed evalua-
tion of these processes. There are six different possible lyso-PCs consisting of
three enantiomeric pairs of positional isomers as shown in Fig. 9.
Migration of the acyl group in the 1 position of lyso-PC (1a) to the 2
position (2a) as well as from 2a to 1ais shown in Fig. 10 as a function of time.
From data of this type, the rate constant for acyl migration can be deter-
mined. The migration was found to be first order in both lysophospholipid
and acid or base with a base-catalyzed, second-order rate constant of ~160
M~ s~ The pH dependence of the migration reaction is shown in Fig. 11.
At alkaline pH values, the equilibrium mixture contains about 90% of the
1-acyl and about 10% of the 2-acyl isomer. A slow acyl migration also occurs
in organic solvents, most notably in the presence of basic catalysts used in
common acylation procedures for the synthesis of phospholipids from
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Fig. 10. 3'P-NMR spectra obtained using the spectrometer described in Fig. 2, after the
times indicated, of (A) 30 mA/ 1-palmitoyl-lyso-PC (1a) at pH 7.0 and (B) 20 mAf 2-palmitoyl-
lyso-PC (2a), of which some had migrated to 1a dunng its preparation, at pH 7.0. From
Plickthun and Dennis (1982a). Copynght 1982 American Chemical Society. Note that the

onginal figure has been altered to now show positive chemical shifts in the direction of
decreasing field strength.

lysophospholipids. At alkaline pH, no phosphoryl migration was detected in
the time scale of acyl migration and hydrolysis, although in acid, phosphoryl
migration does occur. Because of competing hydrolysis reactions in acid, the
determination of the precise rate constants for phosphoryl migration is quite
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Fig. 11. The pH dependence of the acyl migration. The log of the pseudo-first-order rate
constant X, for the rearrangement of 2-palmitoyl-lyso-PC (2a) into !-palmitoyl-lvso-PC (1a) is
plotted against the pH buffered with (®) 50 mM Tris-HCI, (O) 50 mAM citrate, or (A)0.1 A HCl
alone. At pH 1.0, Triton X-100 was included. From Pliickthun and Dennis (1982a). Copynight
1982 American Chemical Society.

— w— i r—
0 | v 0 z
CH, OM Ko, oM. C CH,0CR b, OLR CH,0%R CH., 0
; 2 | \t/ 2 2 | " ; -
! /7 \ OH KO ! "
REO——H T K 0——=H [ Ho—fmtt 7 \: O—if—H = O [ xefa—LH
HG-:,...__p/h ' HO =2 'p” OH |
0 4] B % \
CH,,0POX | CH,,0POX H ogm / HE(E*H : Hé";\o C *[
2" 2V CH,0F X0 o XC OH,C CH.,OF
oH | OH | OH - E
ACYL MIGRATION la - PHOSPHORYL MIGRATION

Fig. 12. Mechanism for the acyl migration and phosphoryl migration 1n lysophospholipids.
For simplicity, the acid-catalyzed reactions with fully protonated intermediates are shown. The
phosphoryl migration has to involve pseudorotation of the trigonal bipyramidal intermediate
as indicated. Although the OX group is shown in an apical position after initial attack of the
hydroyxl group of 1a, the hydroxyl group of the phosphate could instead initially occupy the
apical position. Pseudorotation cannot occur in base because it would bring an oxyanion from
an equatonal to an apical position. Pathways leading to hvdrolysis of the OX group and
formation of a tetracoordinated cyclic phosphate diester followed by hydrolysis and migration
of the phosphate group are not included in this figure. The acyl migration probably goes
through a cyclic ortho ester intermediate. The basic catalyst probably partially removes the
proton of the glycerol hydroxyl group and facilitates the attack at the carbonyl group. Under
these conditions, the phosphate group bears a negative charge, and the attack of the glyvcerol
oxyanion on the phosphorus atom would be expected to be slow. From Pliickthun and Dennis
(1982a). Copynight 1982 Amencan Chemical Society.
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complex (A. Plickthun and E. A. Dennis, unpublished), and the rate
constants have not been determined. The mechanisms of acyl and phos-
phoryl migration are summanzed in Fig. 12.

VIl. Phospholipases: Specificity and Kinetics

Phospholipases are enzymes that hydrolyze phospholipids (Dennis, 1983).
Among the products of hydrolysis are lysophospholipids, phosphatidic acid
(PA), and glycerophosphorylcholine and glycerophosphorylethanolamine.
Because these can be resolved readily in the presence of the phospholipid
substrates by *'P NMR (Section II), this method provides a ready assay that
in many cases has advantages over more traditional methods. Of the
phospholipases, the most well-studied and characterized i1s phospholipase
A,. The substrate phospholipid 1s most advantageously studied when it is
solubilized in mixed micelles with detergents such as Triton X-100 or
deoxycholate; for the enzyme from pancreas, its physiological substrates are
mixed micelles of bile salts and phospholipids. The usefulness of 3'P NMR
in following the hydrolysis of PC and PE in Triton X-100 mixed micelles
was shown i1n Fig. 2, where both PC, PE, and their lyso products can be
resolved. In this case, following the hydrolysis of phospholipid mixtures
would be particularly labonious by traditional methods, and mechanistic
studies required carrying out kinetic studies in the presence of mixtures of
phospholipids (Roberts et al., 1979). Phosphorus-31 NMR has been em-
ployed to follow the kinetics of phospholipase A, from a variety of sources in
mixed micelles with a large number of types of detergents and with a range of
different phospholipids and analogs (Adamich et al., 1979; Roberts et al.,
1979; Pliickthun and Dennis, 1982b). Phosphorus-31 NMR is particularly
advantageous for kinetic studies on mixtures of normal phospholipids in
mixed micelles with detergents and synthetic short-chain phospholipids
such as dibutyryl-PC, where 3'P NMR can at the same time show this
compound to be 1n a monomeric state (Section V; Pliickthun and Dennis,
1982b). Implications for the results of these studies are beyond the scope of
this chapter (Dennis ef al., 1981; Dennis, 1983).

Because 1-lyso- and 2-lyso-PC can be resolved by *'P NMR (Section V1),
3IP-NMR can also be used to demonstrate directly the positional specificity
of phospholipase A, and lipase, which acts as a phospholipase A,, by the
direct observation of the lyso products formed under conditions where
migration is slow, as shown in Fig. 13. Historically, the specificities of
phospholipases have been determined by utilizing specifically radiolabeled
phospholipids, which were synthesized either chemically or by using
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Fig. 13. (A) Action of cobra venom phospholipase A, on mixed micelles consisting of
15 mM dipalmitoyl-PC (PC) and 120 mAf Triton X-100. The enzyme concentration was
12.5 ug ml-*. The solution contained 10 mAf CaCl,, 20% D,O, and 50 mAf Tris-HCl buffer.
pH 6.0. (B) Action of Rhizopus arrhizus lipase (375 ug ml~!) under identical conditions.
Spectra were obtained using the spectrometer described in Fig. 2, From Pliickthun and Dennis

(1982a). Copynght 1982 American Chemical Society. Note that the onginal figure has been
altered 10 now show positive chemical shifts in the direction of decreasing field strength.

known phospholipases. The *'P-NMR procedure allows one now to make a
direct structural determination of phospholipase products that results in a
truly independent specificity determination. Whereas it 1s well-known that
phospholipase A, is specific for the sn-2 position of phospholipids in mi-
celles and bilayer membranes, it was demonstrated by this technique that
this specificity also holds for the monomeric phospholipid dibutyryl-PC
(Pliickthun and Dennis, 1982a). '

Phosphorus-31 NMR has also been used to follow phospholipase A,
hydrolysis in substrate forms other than micelles and mixed micelles, such
as lipoproteins (Brasure et al., 1978) where the major phospholipid is PC. In
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these studies on lipoproteins, the linewidths of the PC and lyso-PC peaks
were ~ 7.5 Hz, and the small amount of sphingomyelin (SM) present was
not resolved from the lyso-PC product, although it could be easily taken into
account in the kinetic analysis. In this case, as well as when red blood cells
were treated with various phospholipases (Van Meer et al., 1980), 3P NMR
was used to identify the physical state of the resulting lysophospholipid
product, for if it is dissociated from the lipoprotein particles or the mem-
branes, it should give rise to a sharp resonance indicative of its monomeric
or micellar state. For both cases (Brasure et al., 1978; Van Meer et al., 1980),
the lysophospholipid product after phospholipase A, digestion stays asso-
ciated with the particle because such a peak does not appear.

An interesting use of 3!'P NMR in the study of phospholipases A, and C is
in the resolution of the two diastereomers of the phosphorothioate analog of
PE (Orr et al., 1982). The racemic phospholipid gives rise to two peaks
(separated by 0.14 ppm) in 1ts 3'P-NMR spectrum 1n chloroform; hydrolysis
by phospholipase A, gave rise to the loss of one of the peaks, and hydrolysis
by phospholipase C gave rise to the loss of the other. This allowed the
preparation and identification by 3'P NMR of the pure diastereomers,
although the absolute configuration of each could not be determined. 3'P
NMR has also been used with the diastereomers of PE containing one 2O in
the phosphate moiety to establish the stereochemical course of the trans-
phosphatidylation reaction catalyzed by phospholipase D under certain
experimental conditions (Bruzik and Tsai, 1982; Chapter 6, Tsai). The use
of 3P NMR in studying enzymes that can differentiate phosphate-contain-
ing compounds that are chiral at phosphorus is receiving attention as
discussed elsewhere in this volume, and the identification of diastereomers
of phospholipids by *'P NMR should lead to increased study of the phos-
pholipases (Dennis, 1983); perhaps resolution of the diastereomers will be
aided by incorporating them into mixed micelles.

Ac'knowledgment

Support for this work was provided by National Science Foundation grant PCM 82-16963.

References

Adamich, M.. Roberts. M. F., and Dennis, E. A. (1979). Biochemistry 15, 3308-~-3314.
Assmann, G., Sokoloski, E. A., and Brewer, H. B., Jr. (1974). Proc. Natl. Acad. Sci. U.S. 4. 71,
549-553. |



14. 3'P NMR of Phospholipids in Micelles | 445

Berden, J. A., Barker, R. W_, and Radda, G. K. (1975). Biochim. Biophys. Acta 375, 186-208.

Bocian, D. F., and Chan, S. 1. (1978). Annu. Rev. Phys. Chem. 29, 307 - 335.

Brasure, E. B., Henderson, T. O., Glonek, T., Pattnaik, N. M., and Scanu, A. M. (1978).
Bzochem:sm’” 3934-3938. |

Bruzik, K., and Tsai, M-D. (1982). J. Am. Chem. Soc. 104, 863-—865

Burns, R. A, Donovan, J. M., and Roberts, M. F. (1983). Biochemistry 22, 964 -973.

Castellino, F. J., and Violand, B. N. (1979). Arch. Biochem. Biophys. 193, 543-550.

Cullis, P. R, and de Kruyfl, B. (1976). Biochim. Biophys. Acta 436, 523-540.

Cullis, P. R., and de Kruyff, B. (1979). Biochim. Biophys. Acta 859, 399-420.

de Kruyff, B., Verkley, A. J., Van Echteld, C. J. A., Gerritsen, W. J., Mombers, C., Noordam,
P. C., and de Gier, J. (1979). Biochim. Biophys. Acta 855, 200-209.

Dcnms E. A. (1983). “The Enzymes” (P. Boycr ed.), 3rd ed., Vol. XVI, pp. 307-353.
- Academic Press, New York.

Denms E. A, and Owens, J. M. (1973). J. Supramol. Struct. 1, 165-176.

Dennis, E. A, Darke, P. L., Deems. R. A., Kensil, C. R., and Plackthun, A. (1981). Mol Cell
B:ochem 36, 37-45.

Glonek, T., Henderson, T. O., Kruski, A. W. and Scanu, A. M. (1974). Biochim. Biophys. Acta
348, 155-161.

Helenius, A., and Simons, K. (1975). Biochim. Biophys. Acta 415, 29-79.

Helenius, A., McCaslin, D. R, Fries, E., and Tanford, C. (1979). In “Methods in Enzymology”
(S. Fleischer and L. Packer, eds.), Vol. 56. pp. 734-749. Academic Press, New York.

Henderson, T. O., Glonek, T., and Mvers, T. C. (1974). Biochemistry 13, 623-628.

Henderson, T. O., Kruski, A. W., Davis, L. G., Glonek. T., and Scanu A. M. (1975).
Biochemistry 14, 1915-1920.

Jackson, M. L., Schmidt, C. F.. Llchtenbcrg D., Litman, B. J.. and Albert, A. D. (1982).
B:ochemrs:r_,\ 21, 4576-4582.

Klose, G., and Hollerbuhl. T. (1981). Stud. Biophyvs. 83, 35-40.

Kresheck, G. C., and Jones, C. (1980). J. Colloid Interface Sci. 77, 278-279.

Lichtenberg. D., Robson, R. J., and Dennis, E. A. (1983). Biochim. Biophys. Acta 737,
285-304.

London, E., and Feigenson, G. W. (1979). J. Lipid Res. 20, 408-412.

‘Madden, T. D.. and Cullis, P. R. (1982). Biochim. Biophys. Acta 684, 149-153.

Mazer. N. A.. Benedek. G. B., and Carey, M. C. (1980). Biochemistry 19, 601-615.

Michaelson. D. M., Horwitz, A. F., and Klein, M. P. (1973). Biochemistry 12, 2637 -2645.

Nolden, P. W.. and Ackermann, T. (1976). Biophys. Chem. 4, 297-304.

Orr. G. A., Brewer, C. F., and Heney, G. (1982). Biochemistry 21, 3202 ~3206.

Pliickthun, A., and Dennis, E. A. (1981). J. Phys. Chem. 85, 678-683.

Pliickthun, A.. and Dennis, E. A. (1982a). Biochemistry 21, 1743-1750.

Plickthun, A., and Dennis, E. A. (1982b). Biochemistry 21, 1750-1756.

Ribeiro, A. A., and Dennis, E. A. (1974). Biochim. Biophys. Acta 332, 26-35.

Ribeiro, A. A.. and Dennis, E. A. (1976). J. Colloid Interface Sci. 85, 94-101.

Roberts, M. F., Adamich, M., Robson, R. J., and Dennis, E. A. (1979). Biochemistry 185,
3301 - 3308.

Seelig. J. (1978). Biochim. Biophys. Acta 518, 105-140.

Tanford, C.. and Reynolds, J. A. (1976). Biochim. Biophyvs. Acta 457, 133-170.

Tausk, R. J. M., Karmiggelt, J., Oudshoorn, C., and Overbeek. J. T. G. (1974a). Biophys.
Chem. 1, 175-183.

Tausk, R. J. M., van Esch, J., Karmiggelt, J., Voordouw, G., and Overbeek, J. T. G. (1974b).
Biophy's. Chem. 1, 184-203.



446 | ~E. A. Dennis and A. Pliickthun

Tausk, R. J. M., Oudshoorn, C., and Overbeek, J. T. G. (1974c). Biophys. Chem. 2, 53-63.

Van Meer, G., de Kruyff, B., Op Den Kamp, J. A. F,, and Van Deenen, L. L. M. (1980).
Biochim. Biophys. Acta 596, 1-9.

Yeagle, P. L. (1978). Acc. Chem. Res. 11, 321-327.

Yeagle, P. L. (1979). Arch. Biochem. Biophys. 198, 501 -505.

‘i:eag,le, P. L., Hutton, W. C,, Huang, C.-H., and Martin, R. B. (1977). Biochemistry 16,
4344 -4349, .





