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The periodate oxidation product of adenosine 5’-phosphate reacts with methylamine to form a 
cyclic, hemialdal type of structure ( I )  that releases inorganic phosphate in neutral or acid solu- 
tion. Reduction of the cyclic compound with sodium borohydride gives rise principally to 
6-adenyl-5-hydroxy-4-methyl-2-hydroxymethylpliosphate morpholine (IV), in which the methyl- 
amine residue is firmly incorporated and which is hydrolyzed by acid to N,N,N-(ethanolal- 
methyl-2-hydroxypropyl-3-phosphate) tertiary amine (V,. A small amount of a trialcohol 
monophosphate ( I I I ) ,  free of added amine, is also formed. 

The release of inorganic phosphate from periodate- 
oxidized nucleotides was first studied by Whitfeld 
11954) and also by Brown et al. 11953, 1955). Several 
independent investigations (Hakamori, 1959; Ogur 
and Small, 1960; Yu and Zamecnik, 1960’1 have shown 
that the release of phosphate occurs by a more complex 
mechanism than the earlier reports indicated. Many 
amino compounds react with periodate-oxidized 5‘- 
nucleotides to form addition complexes whose stability 
is dependent upon pH iKhym and Cohn, 1961). In- 
organic phosphate is released slowly at  p H  > 8 but is 
released rapidly and quantitatively at  pH < 8, the rate 
depending upon the amino compound used. A typical 
example of these interactions is given in Reaction 1 for 
oxidized AMP and methylamine (partial structures 
are used for the nucleotide derivatives). The addition 
rompounds formed by primary amines above pH 8 can 
be stabilized with respect to phosphate released by 
reduction with sodium borohydride. 

This paper describes the compounds formed when 
methylamine-treated periodate-oxidized adenosine 5’- 
phosphate is reduced with sodium borohydride. This 
reduction step sheds considerable light on the over-all 
reaction of periodate-oxidized nucleotides with amines, 
and, in particular, clarifies the relation of p H  to sta- 
bility of the amine complexes formed. The reduction, 
as demonstrated in Reaction 2, yields two compounds, 
both of which have been isolated in crystalline form. 
One is a morpholine derivative (IV), isolated in 77% 
yield, containing one nitrogen atom more than the five 
initially present in the adenine moiety. The other 
compound (III), isolated in 15% yield, contains no 
additional nitrogen and was found to be identical with 
the trialcohol monophosphate that results when oxi- 
dized adenosine 5‘-phosphate is reduced with sodium 
borohydride in the absence of methylamine. 

The compounds were identified from the fragments 
produced by acid hydrolysis. The trialcohol deriva- 
tive (111) yields adenine, glycolaldehyde, and a-glycero- 

* Operated by llnion Carbide Corporation for the United 
States Atomic Energy Commission. 

phosphate. The morpholine derivative (IV) yields 
adenine and a compound which does not absorb ultra- 
violet light and which contains N and P in a 1 : l  ratio. 
This latter compound, to be designated here as com- 
pound V, has been identified as a six-carbon amine 
having either structure Va or structure Vb of Reac- 
tion 3, which shows the products obtained when V is 
oxidized with periodate. 

EXPERIMENTAL 
Methylamine, Formic Acid,  and Phosphorus M a s u r e -  

ments.-The nitrogen still described by Steyermark 
(1951) was used to determine both N-methylformamide 
(as methylamine) and formic acid. Authentic N- 
methylformamide hydrolyzes readily to yield formic 
acid and methylamine under the conditions used here 
to determine either of these compounds. Methylamine 
was detected by paper chromatography (Block et al., 
1955) only after steam distillation of N-methylforma- 
mide solutions from concentrated alkali into dilute 
boric acid solutions. The amine was determined 
quantitatively by titrations of the distillates (Jones, 
1944). Methylamine was determined similarly from 
periodate-oxidized V by the addition of excess ethylene 
glycol before transfer of the sample to the nitrogen still. 
If a volume reduction was necessary. excess acid was 
added after the ethylene glycol and the sample was 
concentrated by vacuum distillation before transfer of 
the sample to the nitrogen apparatus. In some cases, 
methylamine was determined in the effluent from a 
Dowex-1 column that had removed IO3-, IO4-, and 
phosphate derivatives and that contained only methyl- 
amine and formaldehyde. The average yield of 
methylamine found in oxidation mixtures was about 
65’31, and this value did not change significantly when 
samples were withdrawn for analysis any time from 
6 to 72 hours. 

Formic acid was det,ermined in the same steam still 
used for the methylamine determinations by a method 
similar to that described by Bell et al. (1944). The 
oxidized solution was vacuum distilled almost to dryness 
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1 2104- 1 210,- 
HCOOH + OCH-"CHI + CH2O + OCH-CH,OPOjHI Products same as those from Va 

Reaction 3 

after addition of 1 ml of 1 M ethylene glycol and then 
transferred to the steam still with an additional 2 ml 
of ethylene glycoL One-half ml of 10 N H W 4  was 
added, and the mixture was steam distilled until at 
least 110 ml of distillate was collected. Titration with 
0.01 N NaOH of distillates from known samples con- 
taining about 50 Fmoles of HCOOH showed that 90 to 
96% of the acid could be recovered. In the oxidation 
of V, two moles of HCOOH were always found if the 
oxidation had proceeded for a t  least 48 hours. 

Total and inorganic phosphate were determined by 
either the Fiske and Subbarow (1925) or the Griswold 
(Griswold etal.,  1951) method. 
Preparation of Glycolaldehyde Phosphate.-Authentic 

glycolaldehyde phosphate was prepared by oxidizing 
a-glvcerophosphate (-, 100 moles) with periodate. 
The oxidation was carried out in 0.25 M NaHCO,, and 
after 2 hours the sample was diluted to 200 ml and 
perutiated through 2 ml of Dowex-1 (acetate) resin. 
The mlumn was washed with water, and a quantitative 
amourit of CH,O was found in the effluent by the 
chromotropic acid test (Khym and C o b ,  1960), and 
an 80% yield of CH,O as its dimedon derivative, m.p. 

190-191", was obtained by the method of Bell (1948) 
after the effluent was neutralized with acetic acid and 
the p H  adjusted to 4.5 by the addition of acetate buffer. 
It was not necessary to reduce the volume of the effluent 
or treat the solution for removal of IO3- and IOr- 
(these ions are retained by the resin) before the addi- 
tion of the dimedon. 

Glycolaldehyde phosphate was eluted from the resin 
column with 50 ml of 0.1 M NaC1, and 80 mg of NaBH, 
was added to obtain ethylene glycol phosphate. Excvss 
N&H4 was removed by the method described previ- 
ously (Khym and Cohn, 1960). Prostatic phosphatase 
quantitatively removed the phosphate group from the 
glycol phosphate to yield ethylene glycol, which was 
identified by a procedure given in detail elsewhere 
(Khym and Cohn, 1960). 

In another experiment, 97 pmoles of a-glycerol phos- 
phate was oxidized as before. After 3 hours, 17 ml of 
1 M formic acid was added to the solution, and, after 
dilution to 150 ml, the mixture was sorbed on a 9 mi 
x 1 cm2 column of Dowex-1 (formate) resin. Tho 
glycolaldehyde phosphate was eluted with 0.6 M 
HCOOH as shown in Figure 1A. Authentic N -  
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FIG. 1.  --Ion-exchange analyses of periodate oxidation 

mixtures. A ,  quantitative recovery of glycolaldehyde 
phosphate from periodate-oxidized a-glycerophosphate. 
H ,  65%, recovery of glycolaldehyde phosphate (peak 2) and 
35',;, recovery of an N-methylamine derivative of gly- 
colaldehyde phosphate (peak 1) after amino aldehyde phos- 
phate (V) was treated with 10,- for at  least 16 hours. 
Abscissa includes volume of initial sample; ordinate A, 
phosphate color assay for recovery of 100 pmoles total P 
by Fiske-Subbarow method; B ,  recovery of 24 pmoles 
total P by Griswold method. Column, 9 cm X 1.0 cm*, 
Dowex-1 (formate). Flow rates about 2 ml per minute. 

2,0 ,AOOF "4 FORMATE 

0.015 M HCOOH - 

Liters THROUGH COLUMN 
FIG. 2. -Ion-exchange separation of products after 

methylamine-treated oxidized AMP was reduced with 
NaBH4. Peak I adenine, 7'  ; I1 morpholine derivative, 
7 7 7 ;  I11 trialcohol phosphate, 15cc.  Column, 9 cm X 
1.0 cm?, Dowex-1 (formate). Flow rate about 2 ml per 
minute. Eluting reagents as indicated. Assay of frac- 
tions at 260 mp. Ten pmoles total calculated as AMP 
used for this analysis. 

methylformamide (Eastman Organic Chemicals) was 
added in varying molar proportions with the periodate 
in some of the oxidations of a-glycerol phosphate; 
the presence of the amide did not change the yield of 
glycolaldehyde phosphate. The glycolaldehyde phos- 
phate fractions were vacuum distilled to a 10-ml volume. 
The grass-green color charadenstic for glycolaldehyde 
was obtained when the Dische diphenylamine test (Mor- 
rison etal. ,  1955) was applied to aliquots from the concen- 
trated glycolaldehyde phosphate fractions. Phenyl- 
hydrazine reacted with the isolated glycolaldehyde 
phsophate to give the bisphenylhydrazone of glyoxal 
(Khym and Cohn, 3960). The column-isolated mate- 
rial was also reduced by NaBH, and analyzed for ethyl- 
ene glycol phosphate by the procedures given previously 
(Khym and Cohn, 1960). 

Formation of Addition Complex, Reduction with 
Sodium Borohydride, and Isolation of Products.--One g 

of adenosine 5'-phosphate was dissolved in 50 ml of 
0.1 116 NaI04. After 20 minutes, 3 ml of 1 Y ethylene 
glycol was added, and the mixture was poured with 
stirring into 280 ml of 0.05 Y methylamine. After 
about 45 minutes for the formation of the addition 
complex, 1.5 g of NaBH, dissolved in 100 ml of 0.001 
Y methylamine was added in small portions, with stir- 
ring, over a period of 30 minutes. The mixture was 
set aside for 16 hours, and then 50 ml of 1 M HCOOH 
was added to destroy excess NaBH,; after 1 hour 50 
ml of 1 M ",OH was added and the solution diluted 
to 1 liter. Isolation of the products was accomplished 
by ionexchange chromatography on a Dowex-1 (for- 
mate) column 9 cm X 4 anz. This amount of resin 
conveniently handled 250 ml of the stock preparation 
a t  one time. After sorption of the sample, about 150 
ml of 0.01 M ammonium formate removed a small 
amount of adenine (7%); then, after a water wash of 
200 ml, 0.015 M HCOOH was started through the col- 
umn. This last reagent eluted the two major compo- 
nents of the reduction. The morpholine derivative (IV) 
was eluted rapidly and was almost completely separated 
from the alcohol phosphate (1111, which was collected 
after a few fractions containing small amounts of both 
components were discarded. Both fractions were 
concentrated by vacuum distillation and crystallized 
by addition of alcohol. In Figure 2 the separation is 
demonstrated for d e r  amounts of material. 

The morpholine denvative (IV) was dissolved in a 
minimum of hot water and crystallized by the addition 
of 5 to 7 volumes of ethyl alcohol. After cooling the 
crystals were filtered, washed with alcohol, and dried 
in  uacw over P20s. They gave a m.p. of 222-224' 
with decomposition. 

Anal.  Calcd. for 6-adenyl-5-hydroxy-4-methyl-2- 
hydroxymethylphosphate morpholine (IV), CIIHI;- 

Found: C,36.93; H, 5.23; N, 23.80; P, 8.80. 
The alcohol phosphate (111) was recrystallized and 

dried in a similar manner and was identical with the 
product obtained when oxidized AMP is directly re- 
duced with d u m  borohydride. To obtain this ma- 
terial, 250 mg of AMP was oxidized with 10 ml of 0.1 
M NaI04 and after about 20 minutes excess 1 Y ethylene 
glycol was added. The solution was diluted to 40 ml, 
and 250 mg NaBH4 was added and the mixture was 
set aside for 16 hours. Excess N&H4 was destroyed 
as before, and the solution was diluted to 200 ml 
(conc. of ammonium formate - 0.05 Y) and adsorbed 
on 15 c m 3  of Dowex-1 (formate) in a 4 a 2  column. 
After a water wash, 0.01 Y ammonium formate was 
put through the column until the effluent was neutral 
and essentially optically clear a t  260 mp. The alcohol 
phosphate (111) was eluted with 300 ml of 0.1 M 
HCOOH and then concentrated by vacuum distillation. 
The compound was crystallized and dried in the same 
manner as the morpholine derivative. The yield of 
product was 87%, with m.p. 201-203". 

Anal.  Calcd. for adenyl-hydroxymethylphosphate 
diethylene glycol (111); Cl , ,Hl~507P (349.24): C, 
34.39; H, 4.62; N, 20.05; P, 8.87. Found: C, 34.65; 
H,4.83; N,19.77; P,8.87. 

compound (111), prepared by the two methods given, 
hydrolyzes in 0.25 N HC1 at 100' in 15 minutes to 
yield quantitatively adenine, glycolic aldehyde, and 
glycerophosphate. A hydrolysate that contained ini- 
tially 50 pmoles of the trialcohol phosphate in 4 ml of 
0.25 N HC1 was diluted to 100 ml and passed through 2 
ml of Dowex-1 (acetate) resin, which retains the glycero- 
phosphate and allows adenine and glycolic aldehyde to 
be collected in the effluent. A portion of this solution 

N60J' (360.28): C,36.67; H,4.76; N,23.33; P,8.60. 

HyddySi.9 of the Trialcohol M~~pho~phate . -This  
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(- 15 ml) was madealkalineand sorbed o n 9  cm x 1 
cm2 of Dowex-1 (formate) and the presence of adenine 
quantitatively demonstrated by elution with 0.01 Y 
ammonium formate. The remaining portion of the 
effluent was concentrated by vacuum distiition to - 1 
ml, and glycolic aldehyde was determined as its bis- 
phenylhydrazone (Khym and Cohn, 1960). 

Glycerophosphate was eluted from the acetate resin 
with 20 ml of 1 N HCl and the solution vacuum distilled 
to remove the HCl. The glycerophosphate was dis- 
solved in 5 ml of 0.2 Y acetate buf€er, p H  5.5, and incu- 
bated a t  37" in the presence of prostatic phosphatase. 
After inorganic phosphate had been released, the mix- 
ture was concentrated and the presence of glycerol 
detected qualitatively by paper chromatography and 
determined quantitatively by oxidation with periodate 
(Khym and Cohn, 1960). 
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RESULTS 

Hydrolysis of the MorpMine DeriuatiVe.-Thk com- 
pound (IV) did not hydrolyze in 0.25 N HC1 but was 
completely degraded after about 30 minutes in 6 N 
HCl at 100" to adenine and a fragment, compound 
V, containing nitrogen, phosphorus, and carbon in 
the ratio of 1:1:6. This degradation product re- 
sponded to the arsenomolybdate test (Nelson, 1944) 
for aldehydes but gave a negative reaction (dithiocar- 
bamate test) for primary and secondary amine residues 
(Umbreit, 1961). Preparation of suitable quantities 
of compound V for its identification was carried out as 
follows: 100 mg of the morpholine derivative (IV) was 
dissolved in 2 ml of 6 N HC1 and heated for 30 minutes; 
after cooling, the solution was vacuum distilled to re- 
move HCL The residue was taken up in 5 ml of 0.05 
Y acetic acid and washed through 4 c m  x 1 c m 2  of 
Dowex-50 (hydrogen) resin with two more portions of 
dilute acetic acid. Compound V was removed from 
the column with 50 ml of water, and the adenine was 
eluted with 25 ml of 5 N ",OH and identified as before 
after removal of most of the ",OH. 

The water solution of cornpound V, after concentra- 
tion by vacuum distillation, was used in the periodate 
oxidation studies. 

Periodate OxidatwnsSeveral 30-mole samples of 
compound V were oxidized in 10 ml of 0.02 M NaI04 
that was 0.15 M with respect to NaHC03. After 
definite time intervals at  room temperature, either 5 
or 10 ml aliquots were passed through 3 cm x 1 c m 2  

of Dowex-1 (acetate). The columns were washed 
with water until 30 ml of effluent was collected, and 
these fractions were analyzed for formaldehyde (Khym 
and C o b ,  1960). One hundred m o l e  samples diluted 
to 200 ml before passing through the same size column 
gave formaldehyde as its dimedon derivative (Bell, 
1948j a t  90% yield, m.p. 190-191". Iodate was eluted 
from the columns with 40 ml of 0.1 M NH,CI, and the 
amount present was determined spectrophotometrically 
a t  232 mp (Khym and Cohn, 1960). 

€'-nodate oxidations were also carried out after 
dephosphorylation of compound V with prostatic phos- 
phatase. Several 30-9mole samples were incubated 
with enzyme in pH 5.5 acetate buffer for 16 to 24 hours. 
After the incubation, the solutions were adjusted to 
the apiropriate mncentration of XaI0, and NaHCO?. 
c?;ter a *mall amount of base was added to destroy the 
btf€eririg capacity of the solution, arid then the oxida 
'ions were followed by the procedures given 

'Re results of ,hese oxidations are shown In Figure 3. 

Lgiq,  :.+ present only one mob of formaldehyde per 
laole o f  phosphorus is released during the oxidation 

; ~ 7.. .seen from this figure that when the phosphate 

" 
CHLO 

TIME (hr 1 

FIG. 3.-Periodate oxidation of tertiary amino aldehyde 
phosphate 0. Top curves, production of CH?O (0) and 
IO,-(A) per mole of phosphorus us. time with phosphate 
intact. Bottom curves, same only compound dephos- 
phorylated with enzyme before additions of periodate. 

but that two moles of iodate are produced over a period 
of 72 hours and that the final uptake of periodate is 
very slow. However, when compound V is dephos- 
phorylated, two moles of formaldehyde are rapidly 
liberated during the oxidation and the consumption of 
periodate approaches a final value of three moles per 
mole of phosphorus. The oxidation of the amino 
phosphate with periodate is sensitive to pH, and the 
oxidation is extremely slow a t  pH values below 6.0. 

Identification of Glycolaldehyde Phosphate as an 
Oxidation Product.4ne hundred pmoles of compound 
V were treated with 10 ml of 0.5 M NaHC03 and 7 ml 
of 0.1 M NaIO4, the volume was adjusted to about 25 
ml, and the mixture was set aside for at least 16 hours. 
Next, 17 ml of 1 M HCOOH was added and the sample 
diluted to 150 ml and placed on a 9 cm x 1 an': column 
of Dowex-1 (formate). Elution was carried out with 
0.6 M acetic acid and gave rise to two peaks containing 
bound phosphorus as shown in Figure 1B. For identi- 
fication purposes, the elution was carried oiit in a 
slightly different manner than shown in Figure 1B. 
Before addition of samples to columns, bicarbonate was 
removed by adjusting the pH to 3.5. Alkali was added 
to readjust the pH to about 8.5 and the samples were 
sorbed on the columns followed by a wash with alkaline 
0.02 M sodium formate. This procedure retains !mth 
phosphate compounds but allows free N-methylfor- 
mamide and formaldehyde to pass through the column. 
The material represented by peak 1 of Figure IB was 
then eluted with 0.05 M HCOOV and that of peak 3 
with 0.6 M HCOOH. The phosphate compound con- 
tained in peak i gave 3 nitropen-to-phosphoi.i.is r h o  nf 
1:l and reacted with phen;.lliydrazine to give ~:yoxa i  
bisphenyihydrazinp. After enzymic 1-emova, of  piios- 
phate, it was oxidized with periodate to .yield iormalde- 
hyde. 

The second peak from the colunin run ot' Fiqurc; !B 
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matched in position that of glycolaldehyde phosphate 
and, after concentration, gave the same test and reac- 
tions as did authentic glycolaldehyde phosphate. 

DISCUSSION 

The reaction of oxidized AMP with methylamine 
was initially thought to involve two methylamine resi- 
dues (Khym and Cohn, 1961). However, the &dings 
here, the isolation of a reduced crystalline product con- 
taining only one methylamine moiety, and titration 
data (Cohn and Khym, 1962) showing the releaae of 
one mole of acid when methylamine is added to the 
oxidized nucleotide before reduction with d u m  
borohydride indicate that only one mole of methyl- 
amine is involved in the reaction with oxidized AMP, 
in accordance with the equations of Reaction 1. In 
alkaline solution one methylamine residue appears to 
form an addition compound with oxidized AMP to give 
the cyclic hemialdal I, a type of structure proposed by 
Bany and Mitchell (1953b) for the addition of an amine 
to a dialdehyde. Apparently whether one or two 
amines add to a dialdehyde depends on the particular 
dialdehyde itself or the type of amine used or both. 
The isolation of both mono- and diamino derivatives of 
dialdehyde have been reported in the literature (Khym 
and Cohn, 1960; Barry and Mitchell, 1953a; Guthrie 
etal., 1959). 

It has been shown that amines react characteristi- 
cally with aldehydes to produce N-alkyl aldimines com- 
monly called Schiffs bases (Sprung, 1940; Gilman, 
1953; Royals, 1954), and that the mechanism of this 
condensation appears to be simple addition followed by 
the elimination of water from the addition product. 
Both steps are reversible (Gilman, 1953; Royals, 
1954), and thus an equilibrium exists between the com- 
plexes formed and the original products. The extent 
of complex formation (determined by phosphate elim- 
ination) when oxidized AMP reacts with amines de- 
pends upon the particular amine used (Khym and 
Cohn, 1961). The presence of unreaded oxidized 
AMP (shown by its isolation as a reduced alcohol 
phosphate) supports the concept of an equilibrium be- 
tween oxidized AMP and the methylamine addition 
products. 

The complexes formed by the interaction of aminea 
and aldehydes are stable in dilute alkaline solution but 
are decomposed with great ease by acids to give the 
initial products (Gilman, 1953; Royals, 1954). In 
fact, the ease of acid hydrolysis is the basis of a quanti- 
tative method for the determination of isolated N- 
substituted aldimines by the release of aldehyde when 
aldimines are made acid to methyl red indicator (Hillen- 
brand and Pentz, 1956). It is during this reversion 
(Reaction 1) that phosphate is released from amine- 
treated oxidized AMP, by a mechanism as yet undeter- 
mined, when the pH of a reaction mixture is lowered to 
neutrality. The release of phosphate prevents forma- 
tion of the original products, but apparently the C2‘ 
and C3’ carbons of oxidized AMP are still involved in 
some addition product of methyl amine even after 
phosphate elimination, since an “adenosine-like” frag- 
ment appears in the hydrolysate and readily yields 
adenine at  p H  values lower than 3, while oxidized AMP 
untreated with amine is stable in 1 N HC1 for several 
days (Khym and Cohn, 1961). 

It is known that Schiffs bases are easily reduced by 
the addition of hydrogen a c r w  the NC double bond of 
the compounds (Gilman, 1953; Royals. 1954; Billman 
and Diesing, 1957). However, since a primary alcohol 
group is not found in the compound (IV) that firmly 
bonds only one methylamine residue, it appear3 that 

very little SchifF base is formed and therefore the ma- 
jority of the oxidized AMP compound is in the hemial- 
dal form (I of Readion I). It is assumed that the 
addition of sodium borohydride displaces the equilib- 
rium toward the true SChifTs structure (11) and allows 
reduction to occur. The Schiff base struchve shown 
in Reaction 2 is rapidly reduced and the secondary 
amine structure that is formed reacts immediately with 
the 2’ aldehyde group to yield the stable compound IV. 

The hialcohol monophosphate I11 hydrolyzes readily 
in dilute acid at 100° to give the expeded degradation 
products, and these products are consiatent with the 
properties of ita dephosphorylated derivative, adenine- 
hydroxymethyl diethylene glycol (Khym and Cohn, 
1960). The reduced product (IV), containing methyl- 
amine, is resistant to hydrolysis in dilute acid and gives 
products, when hydrolyzed in concentrated acid, that 
are not consistent with an ethylene glycol derivative. 
This fact and the observation that it does not form a 
dithiocarbamate indicate that no free secondary amine 
structure is present in this reduced compound. There- 
fore the cyclic structure IV, a morpholine derivative, is 
proposed for the reduced compound. 

The most direct evidence for the assignment of a 
cyclic structure to the reduced compound IV comes 
from the properties of the six-carbon fragment V 
that results from the degradation of this compound in 
concentrated acid. The fact that the degradation 
product is an intact fragment comes from the observa- 
tion of its amphoteric nature as demonstrated by its 
behavior on hydrogen-form resin (any noncationic 
phosphate compound would not absorb on the resin 
column), its response to reducing tests, and the finding 
of bound phosphorus and nitrogen in the compound 
in the ratio of 1:l. These facts are consistent with the 
open-chain structures Va or Vb of Reaction 3 for the 
six-carbon fragment. Structure Vb is the alternate 
structure for the reduction of a Schiff base involving 
the 2’ carbon of oxidized AMP. 

The decision between Va and Vb for the structure 
of the six-carbon hgmen t  is made on the basis of its 
reactivity toward periodate. Dyer (1956) has re- 
viewed the action of periodate on hydroxyakylamines, 
and it has been demonstrated that a-amino alcohols 
and a-amino aldehydes respond to periodate best in a 
slightly alkaline medium. Many tertiary amines do 
not respond to the action of periodate (Dyer, 1956), 
although in the determination of the structure of my- 
caminoee (Hochstein and Regna, 1955) and of desos- 
amine (Flynn et al., 1954) it was shown that periodate 
readily cleaves a HOC-CN(CH& bond. In accord- 
ance with these facts and the type of products that were 
isolated, the expected action of periodate on structures 
Va and Vb is that given in Reaction 3. 
As seen in Figure 3, one mole of formaldehyde per 

mole of phosphorus is liberated well before the 6nal 
uptake of two moles of periodate is realized. This 
would appear to rule out structure Vb and cyclic 
hemiacetal structures for both Va and Vb, since an a- 
glycol group would be expected to be more readily 
oxidized than an a-amino alcohol or a-amino aldehyde 
group (Dyer, 1956; Bobbitt, 1956). Therefore, the 
six-carbon fragment is assigned the open-chain struc- 
ture Va, N,N&- (ethanolal-methyl-2-hydroxypropyl 3- 
phosphate) tertiary amine. 

When V is dephosphorylated with enzyme before 
the addition of periodate, an additional mole of perio- 
date is reduced, liberating a total of two moles of 
formaldehyde per mole of phosphorus. This observa- 
tion demonstrates that the initial furanoid carbons 4 
and 5 have remained intact through all the treatment 
given oxidized AMP. 
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I 
“CHI 

HCOOH 
(100 %) + 

CHI”, 
Z P O J f *  

J. 
LHOH 

CHO 

I 
N X H I  (40%) 
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Not readily explained is the incomplete yield of 
glycolaldehyde phosphate and methylamine, which 
were isolated in equivalent yields of about 65 % . The 
low yields are considered to arise from a recombination 
of glycolaldehyde phosphate with the ethanolal N- 
methylamine h g m e n t  VI1 of Reaction 4 in accordance 
with the reactions already discussed here, rather than 
a partial migration of the phosphate group from carbon 
5 to 4 in V during the acid hydrolysis, which would 
have given an incomplete yield of formaldehyde. 

This recombination is illustrated in Reaction 4 and 
is consistent with the rate of oxidation of V as shown 
in Figure 3 in that, after the oxidation is about 70% 
complete, the final rate of the oxidation, approaching 
the end-point of two moles of periodate, is extremely 
slow. Also, this viewpoint is strengthened by the ion- 
exchange analysis shown in Figure lB, in which one of 
the fragments isolated contained nitrogen and phos- 
phorus in a ratio of 1:l and was shown to contain an 
aldehydo-carbon as demonstrated by its reaction with 
phenylhydrazine. After dephosphorylation of the com- 
pound with enzyme, an a-glycol group was shown to be 
present by the action of periodate on this fragment to 
produce formaldehyde. 

It was shown that authentic N-methylformamide did 
not combine with glycolaldehyde phosphate; however, 
the amide readdy hydrolyzes in acid or base to yield 
formic acid and methylamine. 

On the basis of the properties of the reduced product 
(IV) derived from methylamine-treated oxidized AMP 
and the reaction of periodate with the six-carbon frag- 
ment V arisiig from its degradation with acid, the 
structure assigned to this product is 6-adenyl-5- 
hydroxy - 4 - methyl - 2 - hydroxymethylphosphate 
morpholine. 

ADDED IN PROOF 
Dr. D. M. Brown (University of Cambridge), who 

kindly read a preprint of this paper, has suggested that 
Structure I of Reaction 2 is reduced directly to give a 
morpholine derivative in which positions (3) and (5) of 
structure IV are both methylene groups. Consequently 
Structure V of Reaction 4 would be a 2deoxy deriva- 
tive. This interpretation would better fit the acid 
stability of V but does not account €or the production 
of two moles of formic acid that are found when V is 
oxidized with periodate. Further investigations of 
these types of reactions are W i g  carried out by Dr. 
BID= 
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Many bivalent metal ions catalyze the hydrolysis of adenosine triphosphate (ATP) a t  p H  5 
and 9. In the presence of Cu2+ and Zn2+ ions, the rate of hydrolysis of ATP passes thmugh 
an optimum a t  p H  5. These ions increase the rate of hydrolysis of ATP about 60-fold and 
12-fold, respectively, a t  p H  5, compared to the rate of hydrolysis in the absence of bivalent metal 
ions. The rate of hydrolysis of adenosine diphosphate (ADP) is scarcely affected by many 
bivalent metal ions a t  p H  5 but is accelerated by most bivalent metal ions at p H  9. Cu*+ and 
Zn2+ ions increase the rate of hydrolysis of ADP about Sfold and Sfold, respectively, a t  p H  
9. The effect of M n z +  ions on both ATP and ADP hydrolysis is markedly -rent from 
that of Cus+ and Zn*+ ions. In the hydrolysis of ATP, the amount of inorganic pyrophosphate 
formed in the presence of bivalent metal ions is negligible- a t  pH 5. It is of minor importance 
a t  p H  9, except in the presence of Cas+ ions, in which caae about one third of the orthophos- 
phate plus pyrophosphate formed is pyrophosphate. It is proposed that the metal ion speci- 
ficities of ADP and ATP hydrolysis are the consequence of different types of chelates which 
are formed with different bivalent metal ions and of different reaction mechanisms which operate 
with different bivalent metal ions. 

Bivalent metals catalyze the nonenzymatic transfer 
of phosphate from adenosine triphosphate (ATP) to 
various acceptors such as orthophosphate, acetate, 
glycine, and galanine (Lowenstein, 1958a,b; Lowen- 
stein and Schatz, 1961). When orthophosphate is the 
phosphate acceptor, the product of the reaction is 
pyrophosphate and the most effective bivalent metal 
ions are Ca, Sr, and Ba, followed in decreasing order of 
effectiveness by Mn, Cd, and Zn. The p H  optimum 
of the reaction is 9.0 (Lowenstein, 1958a, 1960). 
When acetate is used as acceptor in the presence of 
hydroxylamine, the product of the reaction is aceto- 
hydroxamate and the most effective bivalent metal 
ions are, in decreasing order of effectiveness, Be, Ni, Co, 
Zn, and Mn The p H  optimum of the reaction is 5.2 
(Lowenstein and Schatz, 1961). Similarly, with gly- 
cine, the product of the reaction is glycine hydroxamate 
and the most effective bivalent metal ions are, in de- 
creasing order of effectiveness, Be, Zn, Mn, Ca, and 
Cd. The p H  optimum of this reaction is 5.0. Various 
studies of the effect of Mg, Ca, and Ba ions on the 
hydrolysis of ATP and adenosine diphosphate (ADP) 
have been reported (Lohmann, 1932; Spicer, 1952; 
Hock and Huber, 1956; Nanninga, 1957; Lie%cq and 
Jacquemotte-Louis, 1958a,b; Liehcq, 1959; Blum 
and Felauer, 1959; Lipkin et al., 1959). The effect of 
ten different bivalent metal ions at  p H  8.5 was com- 
pared by L i e k q  and Jacquemotte-Louis (195th). 
Of particular interest was a report which dealt with the 
complex degradation of ATP in saturated barium 

* Publicahon No. 196 of the Graduate Department of 
Siochemistry, Brandeis 1 mversity. Waltham, Mass. This 
work was supported by grants from the U. S. Public Health 
Service (RG 7261, arid from the Medical Foundation. 

t On leave of absence from The Escuela de @mica y 
Farmacia, Universmad de Chile. 

hydroxide. It was shown that one of the many prod- 
ucts of this degradation is adenosjne3':5'qclic mono- 
phosphate (Lipkin et al., 1959). Lastly, the hydrolysis 
of phosphate esters, including ATP, is a h  catalyzed 
by alkaline gels of Ce3+ and other trivalent ions (Ba- 
mann et al., 1954; l3amann and Trapmann, 1959). 

The present paper deals with a study of the bivalent 
metal ion specificity of the hydrolysis of the phosphoric 
anhydride linkages of ATP and ADP. The hydrolysis 
of ATP leads to ADP and AMP, ADP being formed by 
reaction (1) and AMP by reactions (2) and (3). The 
hydrolysis of ADP leads to AMP by reaction (3). De- 

ATP + H a 0  + ADP + Orthoph~phate 

ATP + HzO + AMP + pyrophosphate 
(1) 

(2) 
ADP + HtO -+ AMP f orthophosphate 

tailed analyses of the reaction products are presented, 
and it is shown that some bivalent metal ions exert an 
optimum effect a t  p H  5. At  this p H  the hydrolysis of 
ATP in the presence of copper ions is %-seven times 
faster than the hydrolysis of ATP in the absence of 
bivalent metal ions. 

(3) 

!HE'rrrODS 

Measurement of ADP and AMP Formed by Hydroly- 
sis.-The reaction times used were such that the rates 
of hydrolysis were proportional to time. The reaction 
was stopped by adding 9 ml of iceoold water containing 
40 pmoles d d i u m  ethylenediamine tetraacetic acid 
(EDTA) to the reaction mixture . The resulting solu- 
tion was adjusted to a pH of 8-9 by the addition of 2 N 
NaOH axd was t h  a poured on an ion-exchange column 
which contaiwu iiie chioride salt of Dowex-1 resin, 
200-400 mesh, 8% ~loss-iinked, with a resin bed 1 cm 
in diameter and Irt cm in height. The adenine nucleo- 


