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Abstract:

From an analysis of the nmr spectra of phosphoenolpyruvate and phosphoenolpyruvate-1-13C it is

concluded that the downfield proton represents the position zrans to the phosphate group. The phosphoenol-
pyruvate-3-d formed from (2R,3R)-2-phosphoglycerate-3-d by reaction with enolase is found to contain deuterium

only in this position.

nolase (EC: 4.2.1.11, 2-phospho-p-glycerate hy-
drolyase) catalyzes the reversible interconversion
of 2PGA ®and PEP? (reaction 1).
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The problem of the stereochemistry of this reaction
would be resolved if 3-monodeuterio-2-PGA of known
stereochemistry were converted to PEP in which the
position of the deuterium were established.

(3R)-2PGA-3-d was readily obtained by use of
glycolytic enzymes; deuterium was introduced from
D;O in the conversion of G6P? to (1R)-fructose-6-P-1-d
with phosphoglucose isomerase. ¢

Determination of the stereochemically appropriate
position of deuterium in PEP-3-d formed by enolase
from (3R)-2PGA-3-d was accomplished by comparing
its nmr spectrum with that of unlabeled PEP, the H,,
Hgy compound above, and that of PEP-1-13C,

A preliminary assignment of the two proton peaks,
H, and Hg, in the nmr spectrum of PEP was made from
a consideration of the difference of the chemical shifts
va — vp and from the relative magnitudes of J,p and
Jep, the coupling constants of the Hy, and Hy proton,
respectively, with phosphorus. Unequivocal con-
firmation of the assignment was made from the relative
magnitudes of the '3CH coupling constants Jyc and
Jec in PEP-1-3C, The nmr spectra were recorded
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Thus the elimination of water is specifically anti.

with a Varian HA-60 spectrometer except for the 1-15C
compound for which the proton spectrum was recorded
with a Varian HA-100.

Preparation of Deuterated PEP. (1) G6P to (1R)-
FDP-1-d.2 G6P (2000 umol of the K, salt, 50 umol of
MgCl,, 10 umol of adenosine diphosphate, 200 umol of
Tris3-HCI (pH 8.0) in 10 ml of D,O (99%,) and #H,O
(1540 cpm/patom of H) was incubated with 1 mg of
P-glucose isomerase (390 units) for 3 hr at 25° and 10
hr at 3°. Complete equilibration was shown by the
specific activity of G6P + F6P (1800 umol), 1540 cpm/
umol. To this solution were added the enzymes,
P-glucose isomerase (1 mg, 390 units), pyruvate kinase
(2 mg, 250 units), and P-fructokinase (2 mg, 200 units).
K-PEP (2.4 M) in D,O was added stepwise to the
solution at 25° over a period of about 2 hr. By using
the pyruvate kinase reaction to generate ATP, it was
possible to maintain ATP, a strong inhibitor of P-fruc-
tokinase, at low concentration. FDP was deter-
mined® on acidified samples to be 1600 umol. Water
was removed by freeze-drying and the residue treated
with 50 mM HgCl; (10 ml) to destroy excess PEP and
inactivate the enzymes. The FDP was purified by ion
exchange on Dowex-1-C1 (2 X 1l cm) by elution with
0.1 ¥ HC! and was precipitated as the Ba salt, 1430
wmol, 1300 cpm/umol.

(2) FDP to (2R,3R)-Glyceraldehyde-3-P-3-d. FDP
was converted to the triose phosphate mixture in the
presence of hydrazine to displace the reaction toward
products:” FDP (1400 umol), bovine serum albumin
(30 mg), EDTA? (300 umol), hydrazine sulfate (20
mmol), NaHCO; buffer (2.5 mmol), and 30 mg of
muscle aldolase (420 units) purified to be free of triose-P
isomerase were incubated at pH 8.5, 25°, in 25 ml for
60 min, at which time the increase in alkali labile
phosphate? due to triose phosphates was complete.
Protein was precipitated with HClO, (20 ml of 70 %)
and the solution neutralized in the cold with KOH and
treated with five 20-ml portions of benzaldehyde to
remove the hydrazine’ and then with ether to remove
benzaldehyde. The neutral mixture of triose phos-
phates was diluted to 1 L. and poured on a Dowex-1-Cl

(6) T. Biicher and H. J. Hohorst, **Methods of Enzymatic Analysis,”
H. U. Bergmeyer, Ed., Academic Press, New York, N. Y., 1965, p 246.
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Figure 1. 60-MHz spectrum of 0.3 M PEP in D,O at approximately
pH 7.5and 28°,

column (2 X 15 cm); the mixture of dihydroxyacetone-P
(800 pmol) and p-glyceraldehyde-3-P (670 umol) was
eluted with 0.025 N HCl in 400 ml. This solution was
treated with excess Br, at pH 5 (0.025 M Na acetate
buffer) for 12 hr in the cold in order to oxidize the
glyceraldehyde-P. The Br, was extracted with ether,
the neutralized solution was poured on Dowex-1-Cl
column (2 X 15 c¢m), and dihydroxyacetone-P (570
umol) was eluted with 0.02 ¥ HCL It preceded the
appearance of 3PGA by 100 ml.

(3) Conversion of Dihydroxyacetone-P to (3R)-
3PGA-3-d. To the concentrated solution of dihydroxy-
acetone-P in 20 ml with 2 M Tris-HCI, pH 8.5, was
added 2 mg of triose-P isomerase and after 30 min at
25° the solution, now largely the Tris adduct of glycer-
aldehyde-P, was put through Dowex-50-H+ to acidify
the product and remove the Tris. The combined
column eluate and wash were treated with Br, as above
and 380 umol of 3PGA (1490 cpm/umol) was recovered
from a Dowex-1-Cl column with 0.02 N HCL

(4) Conversion of 3PGA to PEP-3-d. The com-
bined phosphoglycerate mutase and enolase equilibria
were established at 55° to achieve optimal conversion,
329 to PEP as follows: 15 ml contained at pH 8,
MgCl, (150 umol), EDTA (30 umol), 2,3-diphospho-
glycerate (0.3 umol), 15 mg of bovine serum albumin,
enolase (1 mg, 27 units), and mutase (1 mg, 18 units).
After 1 hr the reaction was terminated with acid and
the 3PGA and PEP were separated on Dowex-1-Cl by
elution with 0.02 N HCI and 0.04 N HC], respectively.
The 3PGA was treated with enzymes as above to
increase the yield of PEP. The combined PEP (180
umol, 1250 cpm/umol), which had been neutralized
immediately after elution, was adsorbed on Dowex-1-Cl
and eluted as before, and the HCl removed by lyophiliza-
The K+ salt was used for nmr studies.

All enzymes used for this preparation, including the
rabbit muscle enolase, were from Boehringer and Sons.

Preparation of PEP-1-*C. Pyruvate-1-°C was pre-
pared by condensation of cuprous cyanide with acetyl
bromide.® The CuCN was prepared by reaction with
CuSO, and K13CN (61.0 atom 9, from Capintec
Nuclear Co.) scaled down to use about 1 g of KCN.?
The pyruvate obtained by hydrolysis of the amide in
HCI was purified by ion exchange chromatography,
Dowex-1-Cl, rather than distillation.

Phosphoenolypyruvate-1-13C was prepared by phos-
phorylation of pyruvate with ATP in the PEP synthase

(9) M. Calvin, C. Heidelberger, J. C. Reid, B. M. Tolbert, and P. F.
Yankwich, ‘“Isotopic Carbon,” John Wiley & Sons, Inc., New York,
N. Y., 1949, p 210.
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Ed., John Wiley & Sons, Inc., New York, N. Y., 1948, p 46.
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reaction as follows: pyruvate-1-13C (200 umol), aden-
osine triphosphate (1 mmol), MgCl, (1 mmol), Tris-HCl
(2 mmol), pH 8.0, and 2 units of E. coli PEP synthase in
30 ml were incubated at 25° for 3 hr leading to the
complete conversion to PEP. The PEP was isolated on
Dowex-1-Cl and HCl was removed by freeze drying.

Results

Pmr Spectra of Phosphoenolpyruvate. The 60-MHz
proton spectrum of PEP in D,O consists of two groups
of peaks, one centered at 4.67 ppm and the other at
higher field, 4.85 ppm (DSS?2 is used as reference at + 10
ppm) as shown in Figure | at pH 7.5. One group
corresponds to Hy, trans to the phosphate, the other to
Hp, cis to the phosphate (¢f. eq 1). The assignments
are based on the difference in chemical shifts », — »vg
and on the fact that the coupling constant Jyp > Jgp.
The chemical shift argument rests on the data of an
extensive study by Brugel, ef al.,!! of the spectra of vinyl
compounds of the general form

Ha He

N, /S
c=C

/ N
Hs R

When R = diethylphosphate, v, — »g = +0.31 ppm;
when R = carboxyl, v, — »g = +0.49 ppm. In PEP
the contribution of the trans-phosphate group would be
+0.31 ppm for v, — »g and the contribution of the cis
carboxyl group should be —0.49 ppm and the anticipated
value for v, — »g would be —0.18 ppm, in quantitative
agreement with the observed value if the H, resonance
(trans to phosphate) is assigned to the lower field peak
at 7 4.67 and Hy to the resonance at 4.85.

The line for each proton in PEP is split into two
overlapping doublets due to couplings with the gem
proton and with phosphorus corresponding to Jag, Jap
for the proton Hy, frans to the phosphate group, and
Jag, Jep for the proton Hg, cis to the phosphate group.
Jam, Jap, and Jgp were evaluated from the relationships
that the separation of the outermost peaks of the ap-
parent H, triplet, Jo,g + Jap = 3.0 cps, and of the
corresponding Hp triplet, Jap 4+ Jgp = 2.7 cps. The
31P gpectrum of PEP was recorded and also consists of
two overlapping doublets and the separation of the
outermost lines, Jap + Jap = 2.6 cps. Thus Jag =
1.55 cps, Jap = 1.45 cps, and Jgp = 1.15 cps. Since
the trans-coupling constant in vinyl phosphate com-
pounds has been shown to be greater than the cis!! and
Jap > Jap, the assignment is again consistent with the
assignment of H, for the peak at 7 4.67. It is of interest
to note that the coupling constants of the gem protons
Jag in vinyl compounds is linearly related to the electro-
negativity of the R group!? and the value found for PEP;
Jap = 1.55 cps is the average of Jag = 2.3 for R = di-
ethylphosphate and Jaz = 0.8 cps for R = COOH.
The chemical shifts of Hy and Hgy and the coupling
constants J,p and Jyp are given as a function of pH in
Table 1.

Pmr Spectrum of Phosphoenolpyruvate-1-13C. The
small difference in the magnitude of the coupling con-
stants Jyp and Jgp and, more important, the exception to
the generalization that the #rans-coupling constant is

(11) W. Brugel, Th. Ankel, and F. Kruckeberg, Z. Elektrochem., 64,

1121 (1960).
(12) T. Schaeffer, Can. J. Chem., 40,1 (1962).
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Figure 2. 100-MHz spectrum of 0.28 M PEP 607 1-13C, 40%
1-12C in D,O at approximately pH 7.6 and 31°.

greater than the cis assigned to the vinyl phosphate
compound Phosdrin!® led us to seek confirmation of our
tentative assignments in PEP by measuring '*CH
coupling constants. The trans-'3CH coupling con-
stant in acrylic acid has been shown to be larger than the
cis. 14

Table I. Chemical Shifts and Proton-Phosphorus Coupling

Constants as a Function of pH (0.1 M Phosphoenolpyruvate)
pHe Ha Hs

Chemical Shift Data, ppm (DSS3 = +10 ppm)
7.55 4.672 = 0.007 4.850 = 0.003
7.11 4.665 = 0.013 4.848 £ 0.013
6.61 4.637 = 0.007 4,835 £ 0.010
6.43 4.617 = 0.013 4,825 £ 0.015
6.12 4,597 = 0.008 4,815 £ 0.013
5.90 4.573 £ 0.010 4.810 £ 0.010
5.63 4.552 £+ 0.008 4.800 = 0.012
4.90 4.485 = 0.008 4.765 £ 0.012
3.90 4.390 £+ 0.010 4.692 £+ 0.012
3.20 4.272 = 0.003 4.592 = 0.008
2.40 4.140 = 0.008 4.483 = 0.012
1.0 4.012 £+ 0.023 4.383 = 0.023
pH Jap Jep
Coupling Constant Data, cps

7.55 2.62 = 0.21 2.36 = 0.12
7.11 2.66 = 0.16 2.32 &= 0.32
6.61 3.01 &= 0.09 2.64 = 0.05
6.43 3.00 = 0.26 2.73 &= 0.06
6.12 3.24 = 0.19 2.91 = 0.09
5.90 3.26 = 0.22 2.75 = 0.10
5.63 3.40 = 0.11 3.08 &= 0.08
4.90 3.97 = 0.15 3.62 &= 0.05
3.90 4.03 £ 0.20 3.64 = 0.15
3.20 4.30 = 0.13 4.08 = 0.12

s The pH values are directly observed readings on a pH meter
with glass electrode of solutions in D;0.

The spectrum of PEP-1-13C synthesized as described
and containing about 609, 13C is shown in Figure 2.
The usual unresolved triplet spectrum of the upfield
peak at 4.85 ppm due to the 2C component (~40 %) is
flanked on either side by two triplets due to the '3C
splitting. The '3CH coupling constant is 9.2 cps. The
13CH coupling constant for the low-field peak is 3.1 cps
calculated by measuring the separation of the outermost
peaks on the low-field multiplet (6.1 cps) and subtracting
from it the separation of the outermost peaks of the 12C
PEP low-field triplet (3.0 cps). The PEP-1-13C gives a

(13) A. R. Stiles, C. A. Reilly, G. R. Pollard, C. H. Tieman, L, F.
Ward, D. D, Phillips, S. B, Soloway, and S. R. Whetstone, J. Org. Chem.,

26, 3960 (1961).
(14) Personal communication from Dr. A, A. Bothner-By.
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Figure 3. 60-MHz spectrum of 0.3 M deuterated PEP in DO at
approximately pH 7.5 and 28°.

larger difference between the coupling constants J,c and
Jsc than Jp and Jgp as might have been anticipated
from the fact that the *3C is one bond closer to the vinyl
protons than the 2'P. The '3CH coupling constant
data confirm the assignment of the downfield peak as
H,, the proton trans to the phosphate group.

Pmr Spectrum of Deuterated Phosphoenolpyruvate.
The nmr spectrum of deuterated PEP formed from (3R)-
PGA-3-d by the enolase reaction was determined in
D;0 and was compared with a solution of PEP at the
same pH and concentration. The PEP-3-d spectrum
shown in Figure 3 has only a doublet due to 'P coupling
centered at 7 4.86 compared with the two sets of over-
lapping doublets centered for the nondeuterated com-
pound at 7 4.67 and at 4.85. Thus the deuterium is in
the position trans to the phosphate group and the PEP is
designated (E)-PEP-3-d.%* A small contamination of
the protonated PEP with the usual unresolved triplet is
seen at 4.67 ppm.

Discussion

The present study establishes that the elimination of
the elements of water from (2R)-2-phosphoglycerate by
enolase is stereospecific. The abstraction of -OH
from the C-3 position of 2PGA is completely stereo-
specific within the error of the experiment since the low-
field region of the deuterated species in Figure 3 shows a
small contaminant of the fully protonated form but no
evidence of a downfield doublet that could be attributed
to a PEP species containing one deuterium at Hg. That
the abstraction of hydroxide occurs anti to the C-2
proton that is eliminated is seen from the formulation

H
D H “0,C H
_ Z 2)
_OZC 0P032_ (enolase) D OPOJQ_
OH PEP-3d
(3R)2PGA-3-d

The stereochemistry of the C-3 of the 2PGA-3-d which
is established in the reaction of P-glucose isomerase to
form fructose-6-P in D,O is ultimately based* on the
comparison of phosphoglycolate-2-d derived from C-1
and C-2 of this F6P with specifically deuterated °Li
glycolate. The absolute configuration of the latter was
determined by neutron diffraction.® The finding that
deuterium in this PEP is only trans to the phosphate
group leads to the conclusion that hydroxide addition
occurs specifically from the re face’ of the plane at C-3.

(15) 1. E. Blackwood, C. L. Gladys, K. L, Loening, A. E. Petrarca,
and J. E. Rush, J. Amer. Chem. Soc., 90, 509 (1968).

(16) The designation of the faces is according to the system of K. R.
Hanson, ibid., 88, 2731 (1966).
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Since (2R)-2-phosphoglycerate is the specific product,
proton addition at C-2 must be from the si face'® of the
plane of PEP.

Having established the stereochemistry of specifically
deuterated PEP, the way is open to the steric analysis of
additions to C-3 that occur in many enzymatic reac-
tions. 1718

(17) D. K. Onderka and H. G. Floss, J. Amer. Chem. Soc., 91, 5894
(1969).

(18) 1. A. Rose, EL. O’Connell, P, Noce, M. F. Utter, H. G. Wood,
J. M. Willard, T. G. Cooper, and M. Benziman, J. Biol. Chem., 244,
6130 (1969).

Acknowledgments. The authors wish to acknowledge
the preparation of the pyruvate-1-13C by Mr. J. R,
Trabin and of PEP synthase by Dr. K. M. Berman, and
to thank Dr. A. A. Bothner-By for suggesting the 3C
experiment and making the values of the long-range
13CH coupling constants available to us prior to publi-
cation. We also wish to acknowledge our thanks to
Miss Carol Hardy of the chemistry department for
recording the 100-MHz spectrum shown in Figure
2.

Partial Enzymic Deprotection in the Synthesis of a Protected
Octapeptide Bearing a Free Terminal Carboxyl Group

Motonori Ohno and Christian B. Anfinsen

Laboratory of Chemical Biology, National Institute of Arthritis and Metabolic
Diseases, National Institutes of Health, Bethesda, Maryland 20014.
Received November 15, 1969

Abstract:
groups.

A method is described for the preparation of protected oligopeptides terminating in free carboxyl
The desired peptide is built up by the stepwise addition of protected monomers to a small “supporting”

peptide ester which may be removed by enzymatic digestion with the bacterial protease, thermolysin.

he preparation of fully protected peptides suitable

for successive coupling to a growing COOH-termi-
nal fragment may be of value in the syntheses of long-
chained polypeptides or proteins. We have described a
modified solid phase method in which peptides were
synthesized by the solid phase method of Merrifield and
then coupled with the protected NH,-terminal amino
acid N-hydroxysuccinimide ester in the presence of
base.! It was of advantage to select, as an NH,-ter-
minal residue, a-N-protected aspartic or glutamic acid
bearing a benzyl or t-butyl ester group at the w position,
thus circumventing the removal of these protecting
groups on the acidic amino acids during the action of
HF or of HBr in trifluoroacetic acid that are used for
detachment of the peptides from the supporting resin.
We subsequently reported an alternative procedure in-
volving cleavage of the protected peptide from the
Merrifield resin by hydrazinolysis.? This method is
effective for preparation of protected peptide hy-
drazides which do not contain aspartic or glutamic acid
residues with an ester group at the w position, or other
protecting groups labile to hydrazine.

In the syntheses of protected peptides containing w-
substituted aspartic or glutamic acid, alkaline hydrolysis
of COOH-terminal ester groups in order to obtain a free
terminal COOH group causes a transpeptidation reac-
tion, vig intermediary imide formation, to yield a mix-
ture of «- and w-peptides.® This occurs even when the

(1) C. B. Anfinsen, D. Ontjes, M. Ohno, L. Corley, and A. Eastlake,
Proc. Natl. Acad. Sci. U. S., 58, 1806 (1967).

19(2) M. Ohno and C. B, Anfinsen, J. Amer. Chem, Soc., 89, 5994
(1967).

(3) A. R. Battersby and J. C. Robinson, J. Chem. Soc., 259 (1955);
B. Riniker, H. Brunner, and R. Schwyzer, Angew. Chem,, 74, 469
(1962); B. Riniker and R. Schwyzer, Helv. Chim. Acta, 44, 685 (1961);
E. Sondheimer and R. Holley, J. Amer. Chem. Soc., 76, 2467 (1954),
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t-butyl ester group, which is resistant to alkali, is used
for protection of w-carboxyl groups. When phthaloyl®
or trifluoroacetyl® is employed for protection of the
amino group, alkaline hydrolysis is also not feasible
since these protecting groups are not stable in strong
alkaline medium.

We describe in this article an approach to the prep-
aration of protected peptides bearing a free terminal
group through enzymatic cleavage of an appropriate
peptide bond. The studies by Matsubara, et al., have
clarified the specificities of thermolysin, a protease pre-
pared from cultures of Bacillus thermoproteolyticus
Rokko.” This enzyme hydrolyzes peptide bonds on the
amino side of hydrophobic amino acid residues, such as
leucine, isoleucine, phenylalanine, and valine. Thus,
thermolysin appeared to be a suitable enzyme for the
preparation of protected peptide carboxylates by
cleavage from a “‘supporting’ peptide in which the NH,-
terminal residue is one of these hydrophobic amino
acids. The principle of enzymatic cleavage of protected
peptides from solid phase supports has been discussed
in an earlier report.®

This method was applied to the preparation of -
butyloxycarbonylglutaminylthreonyl-e - benzyloxy - car-
bonyllysylhistidylprolyl-e-trifiuoroacetyllysyl-e-trifluoro-
acetyllysylglycine (XIV) which comprises an analog of

(4) R. Schwyzer, B. Iselin, H. Kappeler, B, Riniker, W. Rittel, and
H. Zuber, Helv, Chim. Acta, 46, 1975 (1963).

(5) F. Weygand and E. Csendes, Angew. Chem., 64, 136 (1952).

(6) H. Hanson and R. Illhardt, Z. Physiol. Chem., 298, 210 (1954);
J. C. Sheehan, D. W, Chapman, and R. W. Roth, J. Amer. Chem. Soc.,
74, 3822 (1952).

(7) H. Matsubara, Biochem. Biophys. Res. Commun., 24, 427 (1966);
H. Matsubara, R. Sasaki, A. Singer, and T. H. Jukes, Arch. Biochem.
Biophys., 115, 324 (1966).

(8) C. B. Anfinsen, Pure Appl. Chem., 17, 461 (1968).



