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The demonstration of zinc as a functional component of four highly purified dehydrogenases had led to the proposition

that metals participate in the catalytic activity of other pyridine n'uclgo_ti.de depensie_nt enzymes.
tested by emission spectrochemical analysis for metal content and by inhibition of activity.

This hypothesis was
The following dehydrogenases

were examined: the glyceraldehyde 3-phosphate of yeast and of rabbit muscle, the a-glycerophosphate of rabbit muscle, the

malic of pig lieart and the glucose 6-phosphate of yeast (TPN dependent). of t
by exposure to 1,10-phienanthroline, 8-hydroxyquinoline and sodium diethyldithiocarbamate.
and copper as the only elements combining with all three chelating agents employed as inhibitors.

All of these enzymes were inhibited significantly
They contained zinc, iron
The data indicate one

of thicse metals, possibly zine, to be involved in the mechanisms of action of the dehydrogenases, which are now referred to

as pyridine nucleotide dependent metallodehydrogenases (PMD).

The determination of the inetal, specific to each enzyme,

awaits further study. This delineation emphasizes the salient role of metals in oxidative, enzymatic catalysis.

The role of metals in enzymatic catalysis has re-
ceived increasing attention, as methods for their
study have become available. Recently, the partici-
pation of zinc in dehydrogenation reactions in-
volving the pyridine nucleotide coenzymes has
been under investigation in this Laboratory. The
alcohol dehydrogenase of bakers’ yeast (YADH),34
the alcohol dehydrogenase of horse liver (LADH),58
the glutamic dehydrogenase of beef liver (LGDH),’
and the lactic dehydrogenase of rabbit muscle
(SLDH)8 contain zinc. Considerations significant
to this work and the modes of investigation have
been detailed elsewhere.?

Compositional studies have related the concen-
tration of metals and the enzymatic activity to a
unit weight of protein. Metal-binding reagents
have been used to relate the mechanism of action
of these enzymes to the chemical reactivity of zinc,
preserved to an extent in these enzymes. None of
these reagents have been reported to be specific for
zinc alone.

The hypothesis that a metal is a functional and
structural component of many, if not all, of the
pyridine nucleotide dependent dehydrogenases
(PND), is a natural extension of the studies on
YADH,LADH,LGDHandSLDH. Absoluteproof
awaits the examination of the remaining enzymes
of this group when obtained in purified form. The
hypothesis is strengthened if further consistencies

(1) The substance of this paper was presen‘ed in a symposium on the
‘‘Biological Role of Metals,” at the meetings of the American Chemical
Society, Dallas, Texas, April 12, 1956. This work was supported by a
contract between the Office of Naval Research, Department of the
Navy, and Harvard University, contract NR 119.277, and by grants
from the United States Public Health Service and the Howard Hughes
Medical Institute.

(2) Fellow of the National Foundation for Infantile Paralysis.

(8) The following abbreviations are used: DPN, diphosphopyridine
nucleotide; DPNH, reduced diphosphopyridine nucleotide; TPN,
triphosphopyridine nucleotide; TPNH, reduced triphosphopyridine
nucleotide; PND, pyridine nucleotide dependent dehydrogenases;
PMD, pyridine nucleotide dependent metallodehydrogenases; YADH,
yeast alcohol dehydrogenase; LADH, horse liver alcohol dehydro-
genase; LGDH, liver glutamic dehydrogenase; SLDH, rabbit skeletal
muscle lactic dehydrogenase,

(4) B. L. Vallee and F. L. Hoch, Proc. Natl. Acad. Sci., 41, 327
(1955).

(5) H. Theorell, R. Bonnichsen and A. P. Nygaard, Acta Chem.
Scand., 9, 1148 (1955).

(6) B. L. Vallee and F. L. Hoch, Federation Proc., 18, 619 (1956).

(7) B.L. Vallee, S. J. Adelstein and J. A. Olson, THis JOURNAL, 77,
5196 (1935).

(8) B.I,, Vallee and W. E. C. Wacker, ibid,, 78, 1771 (1956).

(9) B. L. Vallee, Advances in Protein Chem., 10, 317 (1955).

arc found. The presence of metals in highly ac-
tive though not necessarily pure preparations, in
conjunction with the demonstration of inhibition of
activity of each enzyme examined, would validate
this suggestion. It therefore follows from these
considerations that the inetalloprotein nature of
the PND systems can be examined by investiga-
tion of readily available enzymes, since these pre-
cepts apply equally well to purified and partially
purified proteins, Delineation of the specific metal
involved depends upon compositional studies on
systems, homogeneous by the accepted physical
chemical criteria. The present report extends our
knowledge to five additional PND,

Materials and Methods

Yeast and rabbit muscle glyceraldehyde 3-phosphate
dehydrogenases'®!! and pig heart malic dehydrogenasei?
were obtained from Worthiugton Biochemical Company.
Yeast glucose 6-phosphate dehydrogenase!® was obtained
from the Sigma Chemical Company, and rabbit muscle
a-glyceropliosphate dehydrogenase!! from Boeliringer and
Soehne.

Protein was determined gravimetrically after precipitation
with trichloroacetic acid.i¢

No estimation of the degree of molecular mouodispersity
was made on tliese enzyme preparatious for the reasons
outlined above. Amnalyses for inetal content of enzyme
preparations were performed spectrographically?; zinc and
copper were also determined cliemically,!516

Enzymatic activities were measured spectrophotonietri-
cally at 340 mu by the rate of DPNH formation or dis-
appearance at 23°. Substrates for the various assays were
obtained from cominercial sources, including the triose
phospliate esters from1 Boeliringer and Soeline. DPN
(Pabst Laboratories) was 959, pure by cyauide assay!?
and DPNH (Signia Cheuical Company) was more than
90% pure by measurement of absorbance at 340 mu. The
reaction mixtures for the varivus enzymatic assays were as
follows (light patlis were 1 cui. unless otherwise specified):
glucose 6-phosphate deliydrogenase: 3.0 ml. containing
30 uM MgCly, 2.5 uM potassium glucose 6-phosphate,
0.4 uM TPN, 100 uM tris buffer pH 8.8. a-Glycerophos-

(10) G.T. Cori. N. W, Slein and C. I, Cori, J. Biol. Chem., 118, 605
(1948).

(11) G. Beisenherz, H, J. Boltze, T. Bucher, R. Czok, K. H, Gar-
bade, E. Meyer-Arendt and G. Pfleiderer, Z. Naturforsch., 8bh, 535
(1953),

(12) F. B. Straub, Z, Physiol. Chem., 275, 63 (1942).

(13) A. Kornberg, J. Biol, Chem., 182, 805 11950).

(14) F. L. Hoch and B, L. Vallee, Anal, Chem., 25, 317 (1953).

(15) F. L. Hoch and B. 1., Vallee, J. Biol, Chem., 181, 295 (1949).

(16) C. J. Gubler, M. E. Lahey, H. Ashenbrucker, G. E. Cart-
wright and M. M, Wintrobe, ibid., 196, 203 (1952); B. L. Vallee, Anal.
Chem., 26, 985 (1953).

(17) S.P. Colowick, N. O. Kaplan and M. M. Ciotti, J. Biol. Chem.,
191, 473 (1933).
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TaBLE I

IiMISSION SPIiCTROGRAPIIC ANALYSES OF VARIOUS DEHYDROGENASES, INHOMOGENEOUS BY Puysical Cuemical CRITERIA,
NoT PURIFIED MaXiMALLY BY ENzyMOLOGICcAL CRITERIA
(All values are given in micrograms per gram of protein.)

Enzyme Zn Cusc
Glyceraldehyde 3-phosphate deliydrogenase (rab-
bit muscle) 813 55
Glyceraldehyde 3-phosphate dehydrogenase
(yeast) 295 111
Glucose 6-pliosphate dehydrogenase (yeast) 840 810
a-Glycerophosphate dehydrogenase (rabbit
muscle) 764 593
Malic dehydrogeunase (pig heart muscle) 2030 301

@ Cu was determined microchemically,

pliate dehydrogenase: 3.0 ml. containing 0.75 ud! triose
pliospliate esters, 0.8 uM DPNH, 50 M triethanolamine
buffer pH 7.5. Malic dehydrogenase: 0.76 uM oxalo-
acetate, 0.15 pM DPNH, 60 pM phosphate buffer pH 7.0.
Rabbit muscle glyceraldehyde 3-phosphate dehydrogenase:
200 pM NagHAsOy, 18 u M triose phosphateesters, 3 uM DPX,
1.25mM triethanolamine buffer pH 8.5, 5 cm. light path.
Yeast glyceraldehyde 3-phosphate dehydrogenase: 100
uM NaHAsQ; 18 ulM triose phosphate esters, 15 ulM
DPN, 1.25 mM triethanolamine buffer pH 8.5; 5 cm. light
path.

1,10-Phenanthroline {G. Frederick Smith Co., Columbus,
Ohio), 8-hydroxyquinoline and sodium diethyldithiocar-
bamate (Eastman Kodak Chemicals) were dissolved and
titrated to appropriate pH values before use. The cleaning
of glassware, chemicals and water has been described.*

Results

The metal contents, in micrograms per gram of
protein, of the following dehydrogenases are shown
in Table I: glyceraldehyde 3-phosphate of rabbit
muscle, glyceraldehyde 3-phosphate of yeast,
glucose-6-phosphate of yeast, a-glycerophosphate
of rabbit muscle, malic of pig heart. Zinc, iron
and copper are found in all these enzyme prepara-
tions. The molecular weight of glyceraldehyde
phosphate dehydrogenase of rabbit muscle is
137,000% and that of the glyceraldehyde phosphate
dehydrogenase of yeast has been reported as
119,000."* The former binds 2 or 3 moles of
DPN,? the latter 2 moles of DPN.?! The meas-
ured mole ratios of zinc to protein are 1.7 and 0.54,
respectively, while for iron they are 0.15 and 0.18,
aud for copper 0.12 and 0.21. For the rabbit
muscle enzyme, the zinc:protein ratio approaches
the coenzyme:protein ratio of the pure enzyme.!
The measured zinc contents are taken to reflect the
state of impurity. The iron and copper contents
are lower than those of zinc in all enzymes except
glucose 6-phosphate of yeast. Since the molecular
weights of the other enzymes are not known, no
meaningful molar ratios can be presented.

The high calcium content of malic dehydrogenase
can be accounted for by its method of preparation.!?
The lead in the glucose 6-phosphate dehydrogenase
is presumed to represent contamination.

All of these enzymes contain aluminum, mag-
nesium, calcium and barium. The amounts of
magnesiun in glyceraldehyde 3-phosphate dehly-

(18) J. B, I'ox and W. B. Dandliker, J. Biol. Chem., 218, 53
(1956).

(19) T. P. Singer and E. B. Kearney in Neurath and Bailey, '‘The
Proteins,” Vol. 2a, Academic Press, New York, N. Y., 1954, p. 195.

(20) S.T. Velick, J. E. Hayes and J. Harting, J. Biol. Chem., 203,
527 (1953).

(2)) 8. V. Velick, ihid., 203, 563 (16531

b Prepared with Ca(HPO,)..

Fe Ni Mn Cr Al Mg Ca Sr Ba Pb
62 ° 12 ° 5 88 112 ° 7 °
8 ° 7 7 15 316 120 Trace 3 °

007 ° ° 56 116 141 311 ° 26 1640

259 ° ¢ 41 134 101 1300 ° 63 °

1012 26 74 ° 144 539 344000" ° 10 °

¢ Not detected and also Ag, Cd, Mo, Co, Su.

drogenase of yeast, that of calcium in glucose 6-
phosphate dechydrogenase and that of hoth these
elements in malic dehydrogenase arc of thc same
order of magnitude as those of zine, copper and iron
in the same enzymes. Nickel, manganese, cobalt
and strontium occur sporadically and in insignifi-
cant quantity.

The activity of the five enzymes was measured
in the presence of three chelating agents known to
have great affinity for the transition and group IIb
elements: 1,10-phenanthroline, 8-hydroxyquino-
line and sodium diethyldithiocarbamate. The
effect of these reagents was assayed in two ways.
(a) The enzyme alone was held in contact with the
reagent to be tested and its activity was measured
as a function of the time of premmcubation; and (b)
the enzyme was added unmodified to a reaction
mixture containing substrate, coenzyme and the
chelating agent to be tested and activity was meas-
ured tmmediately.

Table IT shows the first-order rate constants for
the inactivation of five enzymes preincubated with
the stated concentrations of chelating agents.
The initial rate of inactivation has been shown to
be first order in all instances. Temperatures were
selected to give adequate rates without significant
reduction of control activity. All the enzymes

TaBLE II

FIRST-ORDER RATE CONSTANTS OF THE INHIBITION OF
SEVERAL DEHYDROGENASES BY METAL-BINDING AGENTS

Tlie preincubation of all enzyines with reagents was at pH 7.0
in 0.05 M potassium phosphate buffer, with the exception
of the glyceraldehyde phosphate dehydrogenases, wiiich
were preincubated at pH 8.5 in 0.05 M triethanolaniiuc.
The rate constants were determiuned at inhibitor concentra-
tions: 1,10-phenauthroline (OP) 5 X 1073 M, 8-hydroxy-
quinoline (80OHQ) 5 X 103 M, and dietliyldithiocarbamate
(DDC)2 X 107t M.

Pre-

j9: )

cuba-
tion % (per minute/niole
temp., inhibitor)
Enzyme °C, or 8OHQ LDC
1 Glyceraldehyde pliosphate
of skeletal muscle 23 7.2 4.0 0.34
2 Glyceraldehyde phosphatc
of yeast 23 0.20  0.14 029
3 Malic of pig heart 24 33 7.1 0083
4  Glucose-6-phosphate of
yeast 37 a1 1.5 =
3  «-Glycerophosphate of
skelctal muscle 40 185.0 17,7  1.70
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TaBLE III

INHIBITION OF SEVERAL DEHYDROGENASES BY METAL BINDING AGENTS

Concentrations shown are those required to produce 25 and 509, inhibition of activity by reagents present in the reaction
mixture cuvettes.

%% Concentration of inhibitor (M)
Enzyme Inhibition OP 8OHQ DDC
1 Glyceraldehyde phosphate of skeletal mmuscle 25 1.0 X 10? 5.6 X 107 7.5 X 10
50 1.5 X 1072 7.5 X 1071 2.0 X 1072
2 Glyceraldehyde phospliate of yeast 25 5.0 X 1073 7.8 X 1071 1.9 X 102
50 6.9 X 1073 8.7 X 10~¢ 2.1 X 1072
3 Malic of pig heart 25 9.0 X 1073 3.5 X 107 5.0 X 1072
50 2.1 X 107 3.9 X 108 8.4 X 1072
4 Glucose 6-phospliate of yeast 25 8.0 X 103 @ 3.5 X 102
5 a-Glycerophosphiate of skeletal muscle 25 3.0 X 10 ... 3.3 X 1072
50 L 2.0X 10

« Coniplete inhibition with 2 X 107% M 80HQ; a precipitate of Mg-80HQ was fornied.

were inhibited by the three reagents; the rate con-
stants vary widely. The time required for 509,
inhibition varied from one minute for the interac-
tion of a-glycerophosphate with 5 X 10—3 M 1,10-
phenanthroline to 14.5 hours for the interaction of
yeast glyceraldehyde 3-phosphate dehydrogenase
with 5 X 10—3 M 8-hydroxyquinoline. This in-
hibition with these three reagents does not follow
any readily discernible pattern.

When enzyme was added directly to the reaction
mixture containing a chelating agent, the degree of
inhibition could be measured as a function of in-
hibitor concentration. Table III presents the
concentration of chelating agents required for 25
and 509, inhibition of these enzymes by the three
reagents. Effective inhibition for the three re-
agents—1,10-phenanthroline, 8-hydroxyquinoline
and sodium diethyldithiocarbamate—was obtained
with concentrations in the range 5 X 104 to 5 X
10—2 M. The rates of reaction in the presence and
absence of inhibitor remained linear during the
assay period. Failure of inhibition with these re-
agents was not observed under the experimental
conditions employed.

Discussion

The examination of the alcohol, glutamic and
skeletal lactic dehydrogenases indicated several
generalities with respect to all of these enzymes.
The purified protein can be isolated with its full
zinc complement and full activity; the ratio of
gramn atoms of zinc to mole of protein is an integral
number; the ratio of zinc to coenzyme bound,
when known, is an integral number; the ratio of
gram atoms of zinc to mole of protein (or of co-
enzyme) is a small number, in conformity with the
law of multiple proportions; exposure of apo-PMD
to zinc-binding agents, under suitable conditions,
inhibits enzymatic activity; the coenzyme may
protect against these inhibitors; metal ions, in-
cluding zinc, and sulfhydryl-reacting reagents, in-
hibit enzymatic activity.

An empirical structural formula contains many
of the essential facts of these considerations

Yeast alcohol dehydrogenase

Horse liver alcohol dehydrogenase

Beef liver glutamic dehydrogenase

Rabbit skeletal muscle lactic
dehydrogenase

[(YADH)Zn](DPN);
[(LADH)Zn,](DPN),
[(LGDH)Zns:[(DPN),

[(SLDH)Z1,}(DPN),
where n = 1,2,3 ...

The following complexing agents with high
affinity for zinc ions, as well as other members of
the group IIB and transition metals, were emn-
ployed to inhibit the enzymatic activity of these
four enzymes: 1,10-phenanthroline, «,a’-dipyridyl,
8-hydroxyquinoline, diethyldithiocarbamate, dithi-
zone, 2,3-dimercapto-1-propanol, thiourea, thio-
acetamide, semicarbazide, ammonium phenylnitro-
sohydroxylamine and azide. All these enzymes
are inhibited by these metal-binding agents (vide
infra). In the case of 1,10-phenanthroline, in-
hibition of their activity can be prevented by the
addition of zinc ions to the chelating agent prior to
incubation with the enzyme and can be reversed by
the addition of zinc ions. The coenzyme protects
these enzymes against such inhibition. Competi-
tive inhibition between DPN and 1,10-phenanthro-
line has been shown with yeast alcohol dehydro-
genase?? and more recently with glutamic dehydro-
genase.

Zinc, copper and iron are the only metals found
in significant concentrations in the glyceraldehyde
3-phosphate dehydrogenase of yeast and muscle,
« - glycerophosphate dehydrogenase of muscle,
malic dehydrogenase of pig heart and the glucose 6-
phosphate dehydrogenase of yeast. These three
elements form strong complexes with 1,10-phen-
anthroline, 8-hydroxyquinoline and sodium diethyl-
dithiocarbamate, Magnesium, calcium, barium
and aluminum, present in all preparations, form
complexes only with 8-hydroxyquinoline among the
three reagents employed. Thus, the inhibition
data are best explained by an interaction of the
complexing agents with zinc, iron or copper.

The concentrations in which these elements ocetir
can obviously be no more than a guide to the prob-
able functional metal, since the enzymes are not
homogeneous with respect to protein. Low con-
centrations of metal may be due to inadequate puri-
fication, while high concentrations might be at-
tributed to contamination. The consistently high
concentrations of zine should be noted. Further
study is particularly indicated to explain the pres-
ence of the iron and copper in glucose 6-phosphate
dehydrogenase and malic dehydrogenase. A final
conclusion as to the functional metal cannot be de-
rived from these analytical data alone. The re-
sults are not inconsistent, however, with the hypoth-
esis that a metal, most probably zine, is a struc-

(22) 11 1, Hoch ansd Bo ). Vallee, J. Biol, Chew., 221, 101 (1956).
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tural component of these and possibly many ad-
ditional pyridine nucleotide dependent dehydro-
genases.  Itis to be re-emphasized that this hypoth-
esis can be accepted with finality only on the
basis of detailed experimental exainination of all
the enzymes of this group. In this regard, the
present data constitute an interim report.

All the PND of unknown purity examined in
these studies are inhibited by chelating agents.
Glucose 6-phosphate dehydrogenase of yeast is the
ouly TPN specific dehydrogenase represented
in this study; it is inhibited. The first-order in-
activation coustants vary widely. In several in-
stances inhibition could be prevented partially by
the addition of zinc to OP prior to its contact with
the enzyme. The degree and rate of inhibition of
each one of thesc enzymes is a function of pH and
temperature, as well as the concentration and type
of inhibitor. The optimmal pattern of physical con-
ditions resulting in maximal iuhibition is presum-
ably characteristic of each oue of these enzymes.
In general, the same concentration of inhibitor in a
reaction mixture inhibited less than under the con-
ditions of preincubation. The inhibition produced
by these agents in the presence or absence of sub-
strate and coenzyme differs and is currently under
investigation.

The data suggest that yet additional PND may
be inhibited under the appropriate constellation of
cxperimental conditions. A review of the literature
fails to reveal similar results with such dehydro-
genase systems with the exception of the DPN-
dependent formic dehydrogenase of peas and the
DPN-dependent isocitric dehydrogenase of yeast;
the former has been inhibited with azide, cyanide
aund 8-hydroxyquinoline. Formic dehydrogenase
was not inhibited with Versene, sodium diethyl-
dithiocarbamate, thiourea, o-phenanthroline and
a,a’-dipyridyl.2®  Isocitric dehydrogenase has been
inhibited by cyanide and azide.?* The inhibition
of other dehydrogenases with cyanide and semi-
carbazide is ambiguous because of the presumed
interaction of thicse reagents with either the pyri-
dine uucleotide or the substrate. Interpretation
of these findings must now include the possibility
that these inhibitors could combine with a func-
tional metal atomn of the apocnzyme under ap-
propriate conditions. In the absence of stated con-
ditious of exposure of enzyme to inhibitor, the re-
ported lack of inhibition of various other dehydro-
genases with metal-complexing agents canuot be
interpreted.

These studies do not bear upon the manner in
which zinc plays its role in the molecular events of
enzymatic dehydrogenation. Previous investiga-
tions have indicated that zinc is an active center of
YADH by virtue of the demonstrable competitive
inhibition between DPN and 1,10-phenanthroline.
While preliminary pH titrations indicated a com-
plex between DPN and zinc ions in solution,*
cxperiments with Zn®(OH): in this Laboratory
Lhave now shown the absence of complexation.®

(23) D. C. Davidson, Biochem, J., 49, 520 (1951).

(24) A. Kornberg and W. E. Pricer, Jr., J. Biol. Chem., 189, 123

(1951).
(25) R. 12, Thiers, unpublished data.
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Similar evidence has been obtained independently
by ionophoresis.?

Although there is no evidence for the existence of
a simple zinc~DPN complex in solution, the par-
ticipation of the cation as an orienting center for
apoenzyme, coenzyme and possibly substrate is not
to be discounted, especially in view of the competi-
tion between DPN and a chelating agent. The
ability of electrophilic Zn*+ to coodrdinate with
radicals and polar groups containing oxygen, ni-
trogen and sulfur miakes it highly suitable to serve
as an organizing ccnter for coenzymes and other
small 1nolecules in the active catalytic complex.
The “no-bond model”’? has not thus far been sub-
jected to experimental verification but represents
a basis for further study.

Investigatious of oxidizing metalloenzymes whicl
contain copper, iron and molybdenum have pro-
vided considerable information on molecular proc-
esses of clectron transfer, in which the oxidation—
reduction characteristics of the inetal atoms play a
critical part. As zinc has only one stable valence
state in solution, it is unlikely that it participates
directly in oxidation-reduction phenomena through
stepwise reactions of the type

H
(I) Zu(OH)* 4 CH,:C:OH ===
@
H
Zn® + CH;3:C::0 + @+ 4 H.0
(1) Zw* + @* + DPN* -+ H,0 ==
Zu{OH)* + LDPN@ + H*

H
(III) CH;:C:0H + DPN* X
o

H
CH,;:C::0 + DPNH + H*
although this possibility cannot be overlooked.

Many of the PND, as well as many other cu-
zymes, are readily inhibited by low concentrations
of metal ions. When such an enzyme is a ietal-
loenzyme, it may be inhibited, among others, by
ions of the very metal which is an integral, func-
tional part of the apoenzyme molecule (vis., zinc
in PMD). It would appear that the mode and
site of binding differ significantly for the infegral
metal and for the added metal ion.?” The bond
between the infegral metal and protein is probably
quite specific and is a functional determinant.
The degree of specificity attributed to the inhibi-
tory action of imetal ions has been extrapolated to
deny the participation of the metal in enzymatic
activity—a non-sequitur.

These data reported indicate additional common
properties of some PND enzymes. These obser-
vations add to the known characteristic similarities
of these enzymes and re-emphasize the analogy of
their mechanism of action. These studies do not
finally settle the question of the metalloenzyme
nature of these dehydrogenases. The implication
that zinc or another metal is a functional com-
ponent in several enzymes of this class serves to in-
dicate the existence of a significant number of

(26) M. A. G. Kaye, Biochem. Biophys. Acte, 18, 450 (1955).

(27) R. ]. P. Williams and B. 1.. Vallee, Disc. Faraday Soc.. 20,
262 (1935).
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pyridine nucleotide dependent metallodehydro-
genases (PMD). This group of PMD is now
joined with other members of the respiratory metal-
loenzyme group: hemes, metalloflavoproteins, cop-
per oxidases and carbonic anhydrase. The salient
position of metals in oxidative catalysis is thereby

TETRAPEPTIDE AMIDE WITH LYSINE-VASOPRESSIN SEQUENCE
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extended and the major oxidative pathway thus

seems to involve a metal in each enzymatic step.
Acknowledgment.—We are most grateful to Drs,

Eric G. Ball and Robert J. P. Williams for their

advice.
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Synthesis of a Protected Tetrapeptide Amide Containing the Carboxyl Terminal
Sequence of Lysine-Vasopressin'

By RoGER ROESkE, F. H. C., STEWART, R. J. STEDMAN AND VINCENT DU VIGNEAUD
RECEIVED JUNE 8, 1956

The synthesis of S-benzyl- T\I-ca.rbobenzoxy-l, cysteinyl-L-prolyl-Ne-tosyl-L-lysylglycine ethyl ester and related compounds
starting from Ne-tosyl-L-lysiue is described. This protected tetrapeptide ester was obtained by two different routes, one
involving as the final step the coupling of S-benzyl-N-carbobenzoxy-L-cysteine with L-prolyl-Ne-tosyl-L-lysylglycine ethyl
ester and the other, the coupling of S-benzyl-N-carbobenzoxy-L-cysteinyl-L-proline with Ne-tosyl-L-lysylglycine ethyl ester,
The product obtained after conversion of the protected tetrapeptide ester to the corresponding amide and removal of the
carbobelizoxy group has been used as an intermediate in studies on the synthesis of lysine~vasopressin.

In connection with synthetic studies on the pep-
tide hormone lysine—vasopressin, isolated from hog
posterior pituitaties, >3 the tetrapeptide deriva-
tive S-benzyl-L-cysteinyl-L-prolyl-Ne-tosyl-L lysyl-
glycinamide was desired. A primary considera-
tion in the selection of this derivative was the pro-
tection of the e-amino group of the lysine molecule
by a group which would remain unaffected under
the conditions of a peptide synthesis involving car-
bobenzoxy intermediates, but which could be con-
veniently removed later in the synthetic steps to
vasopressin. The tosyl (p-toluenesulfonyl) group
was chosen, since it is not attacked by any of the
usual decarbobenzoxylating reagents except sodium
in liquid ammonia, which cleaves it readily.* Since
the employment of the latter reagent was already
anticipated for effecting the final stage of the vaso-
pressin synthesis, the tosyl group was particularly
convenient for our purpose.

The series of reactions employed for the synthesis
of the protected tetrapeptide amide is given in Fig.
1. NeTosyl-L-lysine (I) was prepared in high yield
by treatment of the copper complex of L-lysine with
tosyl chloride in aqueous acetone and removal of
the copper with hydrogen sulfide, essentially accord-
ing to the procedure employed by Kurtzs for the
preparation of analogous benzenesulfonyl deriva-
tives of lysine and ornithine. Erlanger, Sachs and
Brand* have recently prepared N%-tosyl-L-ornithine
by similar means and have used this compound in
synthetic peptide work.

The a-carbobenzoxy derivative of Netosyl-L-ly-
sine was coupled with glycine ethyl ester according

(1) A preliminary report of part of this work was made recently
[M. F, Bartlett, A. J6hl, R. Roeske, R. J. Stedman, F, H. C, Stewart,
D. N. Ward and V. du Vigneaud, THis JourNAL, 78, 2905 (1956)].

(2) E. A. Popenoe, H, C. Lawler and V. du Vigneaud, #bid., T4,
3713 (1952).

(3) V. du Vigneaud, H, C. Lawler and E. A. Popenoe, $bid., 75,
4880 (1953).

(4) V. du Vigneaud and O. K. Behrens, J. Biol. Chem.,
(1037).

(5) A.C.Kurtz, ibid.. 180, 1253 (1949).
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