Metadata, citation and similar papers at core.ac.uk

Provided by Scholarly Commons

University of the Pacific
Scholarly Commons

University of the Pacific Theses and Dissertations Graduate School

1981

S-Adenosyl- L-Methionine And S-Adenosyl- L-
Homocysteine: A Nuclear Magnetic Resonance
Study And Purification Of S-Adenosyl- L-
Methionine: L-Homocysteine S-Methyltransterase
From Saccharomyces Cerevisiae

Mark Lewis Stolowitz
University of the Pacific

Follow this and additional works at: https://scholarlycommons.pacific.edu/uop etds
& Part of the Physical Sciences and Mathematics Commons

Recommended Citation

Stolowitz, Mark Lewis. (1981). S-Adenosyl- L-Methionine And S-Adenosyl- L-Homocysteine: A Nuclear Magnetic Resonance Study And
Purification Of S-Adenosyl- L-Methionine: L-Homocysteine S-Methyltransferase From Saccharomyces Cerevisiae. University of the Pacific,
Dissertation. https://scholarlycommons.pacific.edu/uop_etds/3158

This Dissertation is brought to you for free and open access by the Graduate School at Scholarly Commons. It has been accepted for inclusion in
University of the Pacific Theses and Dissertations by an authorized administrator of Scholarly Commons. For more information, please contact

mgibney@pacific.edu.


https://core.ac.uk/display/303901259?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://scholarlycommons.pacific.edu?utm_source=scholarlycommons.pacific.edu%2Fuop_etds%2F3158&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarlycommons.pacific.edu/uop_etds?utm_source=scholarlycommons.pacific.edu%2Fuop_etds%2F3158&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarlycommons.pacific.edu/graduate-school?utm_source=scholarlycommons.pacific.edu%2Fuop_etds%2F3158&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarlycommons.pacific.edu/uop_etds?utm_source=scholarlycommons.pacific.edu%2Fuop_etds%2F3158&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/114?utm_source=scholarlycommons.pacific.edu%2Fuop_etds%2F3158&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarlycommons.pacific.edu/uop_etds/3158?utm_source=scholarlycommons.pacific.edu%2Fuop_etds%2F3158&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:mgibney@pacific.edu

S~ADENOSYL-L-METHIONINE AND S-ADENOSYL-L-HOMOCYSTEINE
A NUCLEAR MAGNETIC RESONANCE STUDY
AND
PURIFICATION OF S-ADENOSYL-L-METHIONINE: L-HOMOCYSTEINE

S-METHYLTRANSFERASE FROM SACCHAROMYCES CEREVISIAE

A Dissertation
Présented to
the Faculty of the Graduate School

University of the Pacific

In Partial Fulfillment
of the Requirements for the Degree

Doctor of Philosophy

by
Mark Lewis Stolowitz

November 1981




This dissertation, written and submitted by

Mark Lewls Stolowitw

is approved for recommendation to the Committee

on Graduate Studies, University of the Pacific

Dean of the School or Department Chairman:

Lo @S e
Inidut /%m/\ Chiéiman
Dl W, @U\h%
5%@%% G Prraleag i to
Fol gt Groft
NSV

(o
Dated November 13, 1981




ACKNOWLEDGEMENT

I wish to express my appreciation to Dr. Michael J.
Minch for his continued encouragement and support throughout
my undergraduate and graduate studies at Pacific, I am
honored to have been afforded the opportunity to prepare the

first doctoral dissertation under his direction.




ABSTRACT OF DISSERTATION

An analysis of the 360 MHz lH NMR spectra of the title
~compounds in 2H,0 is presented. The 3J values for the ribose
vicinal protons of S-adenosyl-L-methionine are consistent
with a predominantly Cyi—exo conformation and with one highly

favored gauche-anti conformation about the C4'-Cgr bond. The

corresponding 3J values for S-adenosyl-L-homocysteine imply a

similar C3'—exo ribose ring conformation, but the orientation

about the Cyi_Cgr bond is distributed between two gauche-anti

rotamers. The methionine side chain of S-adenosyl-L-
methionine has approximately equal populations of rotational
isomers about the Ca-Cgand Cg-Cybonds, whereas the side

chain of S-adenosyl-L-homocysteine exhibits a conformational

preference for the gauche-anti conformations about the Cq-Cg
bond. 1H and 13C NMR spectra of commercially évailable
samples of (~)S-adenosyl-L-methioine consistently reveal the
presence of a small amount of the (+) sulfonium diastereomer.
This assignment was confirmed by the synthesis of both the lH
and 13C methyl derivatives of S-adenosyl-L-homocysteine.
Arguments are presented to explain the failure of previous
workers to detect (+)S-adenosyl-L-methionine in biological
preparations. The possible biological significance of this
finding is discussed with reference to the enzyme S-adenosyl-
L-methionine: L-homocysteine S-methyltransferase which
employs both (-)S-adenosyl-L-methionine and (+)S-adenosyl-L-

methionine as methyl donors.




An improved purification of S-Adenosyl-L-methionine:
L-homocysteine S-methyltransferse (EC., 2.1.1.10) from

Saccharomyces cerevisiae 1is reported. The enzyme was

purified approximately 1500-fold by toluene extraction,
ammonium sulfate precipitation, Sephadex G25 gel exclusion
chromatography, DEAE Sephadex ion-exchange chromatography and
affinity chromatography on L-methionine AH-Sepharose 4B. The
procedure affords a 12-fold increase in yield and a 3-fold
increase in purification over the previous fractionation
scheme. It is hoped that the availability of a highly
purified preparation of the enzyme will provide the basis for
an investigation of enzymatic transmethylation in which the
fate of the sulfonium diastereomers of S-adenosyl-L-

methionine is directly observable by NMR spectroscopy.
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INTRODUCTION

The unique versatility of S-adenosyl-L-methionine (SAM)
is most easily understood by consideration of its chemical
structure,l Figure 1. Distributed about the assymetric
sulfonium pole are methyl, aminobutyryl and adenosyl moieties
subject to enzymatic transfer or cleavage.2 This ubiquitous
cofactor functions as the principal biological donor of
methyl groups,3 as donor of the aminobutyryl side chgin,4 as
the source of the propylamine moieties of spemine and
spermidine,5 as adenosyl donor to tripolyphosphate,6 and as
an allosteric effector in several systems. No other
biological compound exhibits such broad versatility. Trans-
methylations involving S-adenosyl-L-methionine proceed with
the concomitant release of S-~adenosyl-L-homocysteine (SAH),7
Figure 2. SAH 1s a potent inhibitor of all transmethylation
reactions except those involving the methylation of DNAS and
is believed to play an important regulatory role.9

We have undertaken the investigation of S-adenosyl-L-
methionine and S-adenosyl-L-homocysteine by nuclear magnetic
resonance (NMR) spectroscopy to ascertain and compare the
details of their molecular conformations. Conformational
details are presently limited. Attempts at X-ray crystallo-
graphic studies of SAM have been unsuccessful although a
model sulfonium compound with labile methyl groups, S-methyl-
L-methionine, has been investigated.lO Talalay et gl,ll have

determined crystallographically the absolute configuration at
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FIGURE 1. S~Adenosyl-L-methionine (SAM)

the sulfonium center of a pair of diastereomericFS-carboxy—
methyl-(S)-methionine salts. Degradation of S-adenosyl-L~-
(14CH3S)—methionine to Sjcarboxymethyl—(S)—methionine under
conditions designed to retain the configuration at the
sulfonium center have shown the product to possess the
physical properties of the diastereomer with the S configura-
tion. This study did reveal, however, the presence of a
radiocoactive impurity which was eluted from an amino acid
analyzer at the retention time of the sulfonium diastereomer
of the opposite configuration. Klee and Muddl? have examined
S-adenosyl-DL-methionine, S-adenosyl-DL~-homocysteine and
structurally related compounds by optical rotatory
dispersion. They have suggested that the purine ring systems
in all 5° sulfur-substituted nucleosides are oriented

preferentially in the antil3 conformation.
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FIGURE 2. S-Adenosyl-L-homocysteine (SAH)

Hegazi et gl.l4 have observed that the velocity of
transmethylation from S-adenosyl-L-methionine to 3,4-di-
hydroxyacetophenone, cétalyzed by catechol O-methyltrans-
ferase, 1s 1increased by trideuteration of the sulfoniun
methyl group. They report that the observed a-deuterium
secondary isotope effect is exactly what is observed for many
classical Sy2 reacﬁions in organic reaction systems.
Arigoni15 has prepared S-methyl-L-methionine carrying chiral
CHDT groups in place of the sulfonium methyl groups.
Inversion mechanisms were detected for enzymatic transmethyl-
ations on carbon, sulfur and oxygen involving S-methyl-L~-
methionine as methyl donor.

Barchas and Deguch19 have proposed that biological
transmethylation reactions are controlled by the product

inhibition of S-adenosyl-L-homocysteine. The level of SAH is




in turn controlled by the enzyme adenosylhomocysteinase,
which catalyzes the reversible condensation of adenosine and
L-homocysteine to form SAH.l® An extensive collection of
structural analogs of SAH have been prepared and evaluated as
inhibitors of enzymatic transmethylation. With few
exceptions, analogs of SAH have been prepared synthetically
due to the narrow substrate specificity of adenosylhomo-
cysteinase.

Modifications of the amino acid portion of SAH have been
prepared by Coward, Borchardt, Hildesheim and coworkers.
Borchardt;7 evaluated several amino acid modifications as
inhibiors of the enzymes: catechol O-methyltransferase,
phenylethanolamine N-methyltransferase, histamine N-methyl=-
transferase and hydroxyindole O-methyltransferase. The
terminal sx_i¢ groupg 21 L-3ai appezfs IStz 22s5:22tial 2e V-
acetyl-SAH and deaminated derivatives exhibit little
inhibitory activity. Decarboxylated derivatives exhibit
reduced inhibitory activity. D-SAH exhibits reduced
inhibitory activity with respect to catechol O-methyltrans-
ferase, phenylethanolamine N-methyltransferase and hydroxy-
indole O-methyltransferase. Modifications of the amino acid
portion of SAH are summarized in Table I.

Modifications of the base portion of SAH have also been
evaluated with respect to the aforementioned enzymes.
Replacement of the adenine moiety with other purine or
pyrimidine bases results in complete loss of inhibitory
activity. The loss of the 6-amino group from the purine ring

similarly results in complete loss of inhibitory activity.




TABLE 1. Structural Analogs of S-Adenosyl-L-homocysteine
Modifications of the Amino Acid Portion

céa R Ref.
L scmpomcu(coomyni,  sam
D SCHyCHoCH(COOH)NH) 17
L SCHoCH(COOH)NH, 19
D SCHyCH,CH(COOH)NHAC 19
SCHoCH,CHoNH, 17
SCHoCHoNH9 18
SCHoCH)pCHyNHAc 17
SCH,CH,NHAc 18
SCHpCHCHCOOH 18
SCH)CHoCOOH 18
SCH,CHOHCH,OH 18
SCHyCHyCH,CH4 18
SCHpCHCHoCH,CHy : 18
SCHoCH(CHj) p 18
SCHoCHOH 18
OCH,CH9OH 18
DL SCHpCHCH(COOH)CH3 17
DL SCHyCHCH(COOH)NHAC 17
L (SO)CH2CHCH(COOH)NH 9 17
D (SO)CH,)CHoCH(COOH)NH, 17
L (809)CH9CH9CH(COOH)NH 17

8Configuration at alpha carbon.




Methylation of the 6~amino group results in a shafp decrease

in inhibitory activity. These data point to a strict

requirement for the adenine moiety in methyltransferase

binding. Structural analogs of SAH containing modifications

of the base portion are summarized in Table 2.

X X
Z

\, _
ZZ//L§$< \( X X \{

|

TABLE 2. Structural Analogs of S-Adenosyl~L-homocysteine
Modifications of the Base Portion
""""" Re ®, my
x v 2 x v x v 2 Ref.
N~ oW, o san
N OH NH) 20
N OH H 20
N NHCH3 H 20
CH NH, H 20
CH NHCH3 H 20
CH N(CH3)9 H 20
CH C1l H 20
OH OH 20
NH» OH 20
NH, CH CH 17
NHo N N 17
NHCH4 N cH 17
N(CH3)p N CH 17




Modification of the sugar portion of SAH has
demonstrated a requirement for the unaltered ribose ring
except with phenylethanolamine N-methyltransferase, for which
the 2°-deoxyadenosine derivative exhibited inhibitory
activity. Modifications of the sugar portion of SAH are
summarized in Tables 3 and 4.

The preparation of structural analogs of SAM has proven
useful in determining the nature of the transmethylase
binding site for this cofactor. Modifications of SAM are
summarized in Table 5 and include substitution at the 6-
position of the purine ring, at the site of the alkyl
sulfonium group and at the a-carbon of the methionine side
chain. Zappia et gi,24 have proposed that SAM binds t& trans-—
methylases via interactions of the 6-amino group of the
purine ring, the sulfonium ion and the a-amino and a-carboxyl
groups of the methionine side chain. Mudd and Cantoni?d have
prepared Se-adenosyl-DL-selenomethionine from yeast grown in
the presence of selenomethionine and found this compound to
be active in the methylation of guanidinoacetic acid.

The sulfonium diastereomers of S-adenosyl-L-methionine
and S—adenosyl-D—ﬁethionine were first prepared by De La Haba
et _LH26 who determined their optical rotations. The
methionine activating enzymes (methionine adenosyltrans-
ferase) of yeast and liver were shown to yield products of
the same configuration ((-)SAM). Guanidinoacetate methyl=-
pherase, S~adenosylmethionine cleaving enzyme of yeast and
catechol O-methyltransferase were shown to exhibit identical

steric requirements with respect to the sulfonium center. A
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TABLE 3. Structural Analogs of S-Adenosyl-L-homocysteine
Modifications of the Sugar Portion

X R Ry R3 Ref .
o on on o sam
0 OH H H 21
0 H OH H 21
0] OH H OH 21
CHo OH OH H 22

OH OH

TABLE 4. Structural Analogs of S—-Adenosyl-L~-homocysteine
2°3°~Acyclic Derivatives of SAH

- - - . Sn S e e b S A A M S e e M P e D S M M e S A e e

Base ce R Ref.
Cademine L SCH,oHpCH(COORINK, T
adenine D SCHCHoCH(COOH)NH, | 23
adenine DL SCH,CH(COOH)NH9 23
adenine L (SO)CH9CHCH(COOH)NH) 23
2-azaadenine DL SCH9CHoCH(COOH)NH, 23
8-azaadenine DL SCHoCH)CH(COOH)NH) 23

T . - . . . Tt T L W ARy o W et A M e e o S e M N MR e e e . e e S T mn A .

8Configuration at alpha carbon.




mixture of sulfonium diastereomers ((+)SAM) were prepared by
methylation of S-~adenosyl-L-homocysteine. Reaction with the
enzymes described above ceased after the utilization of
approximately 50% of the (+)SAM. The sulfonium diastereomer
with the configuration opposite that of the product of the
methionine activating enzymes ({(+)SAM) waé isolated from the

reaction of (+)SAM with guanidinoacetate methylpherase.

Ry
Ro I
R3S— Z
H H
OH OH
TABLE 5. Structural Analogs of S-Adenosyl-L-methionine
2 st rg > ry Ref.
NEp (-) oms L CHpoH,GH(COOH)NH;  SAM
NHy, (+)  CH,CHj L CHpCH,CH(COOH)NH, 27
NHy (=) CHj CHyCH,oCH,oNH) 24
NHy; (-) CHj L CHpCHoCH(COOH)OH Y
0H (=) CHj L CHoCH,CH(COOH)NH) 24
OH (=)  CHj L CHoCHoCH(COOH)OH 24
NHy (?) CHyCH9CH3 L CH2CHCH(COOH)NH? | 28
NHy  (4) CHj D CHoCHoCH(COOH)NH, 29
NH, ki) CHj, DL  CHoCHoCH(COOH)NH, 29
NH, (+) CHjy DL  CH2CHC(CHj3) (COOH)NH) 29

aConfiguration at sulfonium center. bConfiguration at alpha
carbon.




1.30 nave invesigated the activity of the

Zappia et
sulfonium diastereomers of SAM with respect to the enzymes
imidazole N-methyltransferase, hydroxyindole O-methyltrans-
ferase, S~adenosyl-L-methionine: homocysteine S-methyltrans-
ferase and S-adenosyl-L-methionine decarboxylase. The
activity of (+)SAM and rate of reaction was shown to be half
that of (-)SAM with respect to N~ and O-methylatiomns. In
contrast, both diastereomers were effective as methyl donors
in the methylation of homocysteine which proceeded more
rapidly in the presence of (+)SAM then in the presence of
(-)SAM alone. Only (-)SAM was subject to enzymatic decar-
boxylation. The activity of both diastereomers in the methy-
lation of homocysteine prompted Zappia et al. to warn against
generalization regarding the sulfonium configuration of SAM
and activity. Borchardt and Wu3dl have recently continued
these investigations. ©For the transmethylations catalyzed by
catechol O-methyltransferase, phenylethanolamine N-methyl-
transferase, histamine N-methyltransferase and hfdroxyindole
O-methyltransferase, only (-)SAM was -ractive as a methyl
donor, whereas, (+)SAM was shown to be a potent inhibitor of
each of these transmethylation reactions.

S-adenosyl-L-methionine: homocysteine S-methyltrans-

ferase (HSMT) from Saccharomyces cerevisiae is unique among

the enzymes surveyed in that it utilizes (+)SAM as a methyl
donor. Zappia et al. have suggested that the utilization of
(+)SAM may be related to the limited specificity of this
enzyme which can also employ an achiral sulfonium compound,

S-methyl-L-methionine, as methyl donor. Kjaer et gi,32 have

10




demonstrated by the use of isotopically labeled S-methyl-L-
methionine that the methylation of homocysteine catalyzed by
the HSMT from jack bean meal proceeds with greater then 90%
specificity for the pro-R sulfonium methyl group. Although
the HSMTs from jack bean meal and yeast differ in many
aspects,33 the ability of the yeast enzyme to utilize S~
methyl-L-methionine is not evidence that the enzyme lacks
specificity for the sulfonium diastereomers of S-adenosyl-L-
methionine.

The transmethylation of L-homocysteine by S-methyl-L-
methionine was first reported by Shapiro34 who subsequently
detected the analogous reaction involving S-adenosyl-L-
methionine.35 Whereas dimethylacetothetin and dimethylpropio-
thetin, Figure 3, are active as methyl donors for the enzyme
from mammalian liver, they exhibit no activity with cell-free

extracts of Saccharomyces cerevisiae, Torulopsis utilis,

Aerobacter aerogenes or Escherichia coli.36 S-methyl-L~-
methionine and S—adenésyl—L—methionine exhibit equivalent
activity as methyl donors in these microbial systems.37
Shapiro and thantis38 have demonstrated that the

transmethylases of microbial origin are metalloenzymes.

FIGURE 3. Dimethylacetothetin and Dimethylpropiothetin

11




Shapiro et gi.39 have purified the HSMT from Saccharo-~

myces cerevisiae approximately 500-fold by the combination of

ethanol fractionation, DEAE cellulose ion exchange chroma-
tography and Sephadex G75 gel filtration.

Shapiro et 3;,40 then employed the purified enzyme in an
investigation of substrate specificity which revealed that
whereas either S-methyl-L-methionine or S-adenosyl-L-
methionine will serve as methyl donor, only D- or L-homo-
cysteine will serve as methyl acceptor. S-adenosyl-L-~
ethionine can replace the methyl donor, resulting in the
biosynthesis of L-ethionine. Product inhibition studies
revealed that both L-methionine and S-adenosyl-L-homocysteine
were potent inhibitors as were the methyl and ethyl esters of
L—methiohine and N-hydroxymethyl-~DL-methionine. L-homo-
cysteine serves as both substrate and disulfide reducing
reagent for the enzyme, although this latter activity can be
replaced by 2-mercaptoethanol and other disulfide reducing
reagentse. Kinetic studies in which the order of addition of
substrates was investigated have led to the proposal of a
mechaniséic scheme involving an ordered binding in which
L-homocysteine is the first substrate bound and L-methionine
the last product released. Sedimentation studies place the
molecular weight of the enzyme at approximately 30,000,

Calorimetric measurements have revealed that the
enzymatic transfer of the sulfonium methyl group from SAM or
S-methyl-L-methionine to homocysteine is highly exothermic.
Mudd et 3;.41 report that the S—methyl—L—metHionine dependent

transmethylation involves an enthalpy change of 8.0 + 0.2

12




kcal/mole, whereas, the S-adenosyl-L-methionine dependent
transmethylation involves an enthalpy change of 15.6 + 0.5
kcal/mole. The authors have suggested that differential
hydration may play an important role in explaining the
variation observed for the methyl donors.

NMR spectroscopy has provided incontrovertible evidence
that (+)SAM is a significant constituent of commercial
preparations of S-adenosyl-L-methionine of high purity
(>90%). An examination of the preparative schemes and the
reported stability of SAM suggest that fhe (+)SAM 1is of
biological origin. This poses the question of what bio-
logical role (+)SAM may play. SAM dependent transmethyl-
ations are stereospecific, utilizing (~)SAM exclusively. The
only reported exception is the methylation of homocysteine
which employs edither (-)SAM or (+)SAM, and proceeds more
rapidly in the presence of (+)SAM. The interrelationships.of
the enzymes governing intracellular levels of L-methionine,
S-adenosyl-L—methioﬁine, S-adenosyl-L-homocysteine and L-
homocysteine are illustratéd in Figure 4. De La Haba and
‘Cantonil® report that the equilibrium for the reaction of
adenosine and L-homocysteine, catalyzed by the adenosylhomo-
cysteinase from mammalian liver, lies far in the direction of
condensation. S-adenosyl-L-homocysteine will be hydrolyzed
by this enzyme, however, 1if the products of the reaction are
removed enzymatically. Consequently, the activity of HSMT
serves to tregulate the intracellular level of S-adenosyl-L-
homocysteine, which in turn regulates SAM dependent trans-

methylation by feedback inhibition. Ferro and Spence42

13
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biosynthetic enzymes and the methionine adenosyltransferase

from Saccharomyces cerevisiae are repressed by high intra-

celluar levels of S-adenosyl-L-methionine. Accompanying the
repression of these enzymes 1s the induction of HSMT,
suggesting that this enzyme may play a key role in the
regulation of S-adenosyl-L-methionine and L-methionine
synthesis and balance. The cyclic interconversion of SAMNM,
SAH, L-homocysteine and L-methionine requires the insured
availability of a source of SAM for the methylation of L-
homocysteines Yet HSMT must compete with the myriad of other
methyltransferases for the available SAM. If, however,
nature insures the activity of HSMT by providing (+)SAM for
its exclusive use, the constant availablity of L-methionine
or (=-)SAM would be insured by a biosynthetic route
independent of the Ns-methyltetrahydrofolate mediated bio-
synthesis of L-methionine.

To‘explore this possibility we have devéloped an
improved procedure for the purification of HSMT. It is hoped
that the observations described herein will provide the basis
for an investigation of enzymatic transmethylation in which
the fate of the sulfonium diastereomers of S—adenosyl-L-

methionine is directly observable by NMR spectroscopy.

15




MATERIALS AND METHODS

Materials

S-adenosyl-L-homocysteine, DL-homocysteine thiolactone
hydrochloride, S-methyl-L-methionine iodide, (-)S—adenosyl-L~
methionine chloride, L-methionine, L-methionine methyl ester,
S-adenosyl-L-ethionine iodide and 5°-deoxy-5"-methylthio-
adenosine were purchased from Sigma Chemical Co., St. Louis,
MO. (+)S-adenosyl-L-methionine iodide, 5’-deoxy-5’~dimethyl-
thicadenosine iodide and S-methyl-L-methionine iodide methyl
ester were prepared by reaction of the corresponding thio-
ethers with meth?l iodide in formic and acetic acids as
described by De La Haba et al.26 (+)S-adenosyl-L-(l3cu48)-
methionine iodide was gimilarly prepared by reaction with
l3CH3I. Sephadex G25, DEAE Sephadex A50 and AH-Sepharose 4B
were purchased from Pharmacia Fine Chemicals, Piscataway, NJ.
Spectraphor 1 membrane tubing was purchased from Spectrum
Medical Industries Inc., Los Angeles, CA. Bio-phore 7.5%
Precast Polyacrylamide Gels, SDS-PAGE Low Molecular Weight
Standards, Protein Assay Dye Reagent Concentrate and Protein
Aassay Standard 1 were purchased from Bio-rad Laboratories,
Richmond, CA. Adenosine Deaminase (EC. 3.5.4.4) was purified

from Sanzyme, a preparation of Aspergillus oryzae purchased

from Calbiochem-Behring Corp., La Jolla, CA. The deaminase
was purified approximately 200-fold by fractionation with
acetone and ethanol as described by Sharpless and

Wolfenden.%3 Saccharomyces cerevisiae was purchased as

16




bakers’ yeast cakes from Anheuser Busch, St. Louis, MO.

Spectroscopic Methods

1

H NMR spectra at 259C were obtained on a Nicolet 360
MHz FTNMR spectrometer and on a Brucker HXS-360 spectrometer.
The free induction decays, with up to 16 K points, were
apodized by exponential multiplication prior to Fourier
transformation, and the final spectra were base-line
corrected. The residual water line was suppressed from the
spectra by progressive saturation of the water.44 Computer
simulations of the five and six spin systems by the LOACNS3
algorithm,45 and least squares iteration converged with the
obsgrved spectral lines within an RMS deviation of 0.03. lyg
chemical shifts were measured versus internal TSP, sodium 3-
(trimethylsilyl)-tetradeutero propionate. 13¢c NMR spectra
were obtained on a Nicolet 200 MHz FTNMR spectrometer
operating at 50.3 MHz and digitizing free induction decays as
16 X points., 13¢ spin lattice relaxation times (T]) were
méasured using a 180°-t-90° inversion recovery technique
where t is the time interval between 180° and 90° pulées.A6
Routine samples for spectroscopic study were twice
lyophilized from 2H20 with the final concentration adjusted
to 0.025 M. The pD (pD = pH + 0.4)47 was adjusted to 3.4 by

the dropwise addition of 10% 2HCL.

Enzyme and Protein Assays

The activity of S-adenosyl-L-methionine: Homocysteine
S-methyltransferase (HSMT) can be assayed by independent

procedures for the determination of each of the reaction

17




products. Methionine was determined colorimetrically by
reaction with sodium nitroprusside, whereas, S-adenosyl-L-
homocysteine was determined by enzymatic deamination of the
purine ring and spectroscopic quantitation of the resulting
inosyl derivative. The methionine assay allowed for several
simultaneous determinations but offered limited sensitivity.
Consequently, it was employed exclusively for the detection
of enzymatic activity in chromatographic fractions. Spectro-
scopic determination of S-inosyl-L~homocysteine offered the
detection of nmanomolar quantities and was routinely employed
to determine the specific actifity of purified enzyme prepar-
ations. The concurrent use of two dinterrelated assays
confirmed that S-adenosyl-L-methionine consumed in the
activity studies resulted in the biosynthesis of methioniné.

Methionine Assay. McCarthy and Sullivan48 first

employed the reaction of sodium nitropruséide (NazFe(CN)5N0)
with methionine for the colorimetric determination of
methionine. This reaction has found wide use in the analysis
of protein hydrolysaﬁes.49 The exact nature“of the resulting
chromophor is presently unknown, but its absorbance spectrum
is 1illustrated in Figure 5. Compounds interfering with the
nitroprusside reaction were first removed by precipitafion
as described by Shapiro,50 which included deproteination by
the addition of perchloric acid,>l removal of S-adenosyl-L-
methionine or S-methyl-L-methionine by the addition of
phosphotungstic acid’2 and removal of DL-homocysteine by the
addition of p-chloromercuribenzoic acid.>3 Attempts to detect

methionine in the presence of the disulfide reducing reagents
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disulfide reducing reagents 2-mercaptoethanol or dithio-
threitol resulted in dinterference. Consequently, L-cysteine
was substituted as a disulfide reducing reagent and the
amount of p-chloromercuribenzoic acid increased to yield the
quantitative precipitation of both DL-homocysteine and
L-cysteine.

Micro-centrifuge test tubes (l.5 mL) containing 0.2 nL
0.2 M Nat phosphate buffer (pH 6.8), 0.1 mL 0.00L M ZnSO04>»
O+l mL 0.06 M L-cysteine, 0.2 mL 40 mM DL-homocysteine and
0.2 mL enzyme solution were preincubated for 15 min. at 37°C.
DL-homocysteine was freshly prepared from the corresponding
thiolactone by reaction with 0.3 N NaOH followed by neutral-
ization with 0.3 M NaHyP04. The enzymatic reaction was
initiated by the addition of 0.2 mlL 20 mM S-methyl-L-
methionine or S-adenosyl-L-methionine and the solution
incubated for one to eight hours. Control experiments
contained all reagents except the methyl donor and were
adjusted to a volume of | mL by the addition of 0.2 mL 0.1 M
Nat phosphate buffer (pH 6.8). The enzymatic reaction was
terminated by the addition of 0.2 mL 54% perchloric acid,
0.2 mL 30% phosphotungstic acid and 0.1 mL 0.16 M p-chloro~
mercuribenzoic acid. Precipitates were removed by centrifu-
gation at 15,000 x g for 30 min. The colorless supernatant
liquid (1l mL) was transferred to a 13 mm x 100 mm test tube
containing 1 mlL 0.5 N NaOH and 0.5 mL sodium nitroprusside,
heated for 10 min at 379C then cocled on ice to room temper-
ature. To the bright yellow solution was added 1.3 mL 6 N

HCl and the test tube was allowed to stand for exactly 15
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min. while the red color associated with methionine formed.
The test tube was then placed in a Bausch and Lomb Spectronic
20 specfrometer and the absorbance at 515-nm recorded.
Methionine was determined from a standard curve which was
linear over the concentration range 0.2 to 6 mM, Figure 6.

S-Adenosyl-L-homocysteine Assay. The specific activity

of purified enzyme preparations was determined spectro-
scopically as described by Schlenk and Zydek.54 The progress
of transmethylation was monitored by enzymatic deamination of
S~adenosyl-L-homocysteine, formed from S-adenosyl-L-
methionine, and quéntitation of the inosine derivation at 265
nm. The absorbance spectra of S-adenosyl-L-homocysteine and
S-inosyl-L-homocysteine are illustrated in Figure 7. For
each decrease of 0.1 absorbance units at 265 nm, 11.6 nano~-
moles of S-adenosyl-L-homocysteine have been deaminated.
Deamination results from the action of the nonspecific

Adenosine Deaminase from Aspergillus oryzae which proceeds at

a rate .at least 100-fold greater then that of the trans-
methylation reaction.

To a 1l cm spectrophotometer cell was added 2.2 mL of a
cocktail reagent containing 0.25 Pmﬁle Nat phosphate buffer
(pH 6-%), 0.05 PmOle ZnS0y, and 3 rmoles dithiothreitol.
DL-homocysteine was freshly prepared as described above and
3.6 Fmoles added in a volume of 0.2 mL. Purified adenosine
deaminase (20-30 ug) was added in a volume of 0.2 mL along
with 0.2 mL of a solution of HSMT containing approximately
0.5 mg/mL protein. The transmethylation reaction was

initiated by the addition of 0.36 Fmole S~adenosyl-L-
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methionine in a volume of 0.2 mL and the course of the
reaction monitored at 265 nm with a Cary 219 spectrophoto-
meter at 25°C, Figure 8.

One unit of enzyme activity was defined as the amount of
enzyme catalyzing the synthesis of 1.0 rmole of S~adenosyl-L~-
homocysteine or DL-methionine per hour under the reaction
conditions described above. Protein was determined by the
dye-binding method of Bradford,55 with gamma-globulin as the

reference standard.
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Purification of HSMT

The purification of HSMT is summarized as follows: A
cytoplasmic extract was first obtained by incubation in the
presence of toluene followed by the removal of cellular
debris by centrifugation. To the cytoplasmic extract was
added solid ammonium sulfate. Protein precipitating between
60% and 85% ammonium sulfate saturation was collected,
suspended in buffer and desalted by gel exclusion chroma-
tography. Ion exchange chromatography was next employed and
protein exhibiting no affinity for the cationic gel dis-
carded, Finally, the ion-exchange fraction was freed from
salt by dialysis and was purified by affinity chromatography.
The course of the purification was monitored by isoelectric

focusing and SDS gel electrophoresis.

Toluene Extraction. Cell-free extracts of Saccharomyces
cerevisiae were obtained by toluene extraction as described

by Shapiro et 31.40 Refrigerated bakers' yeast cakes (5009)

were suspended in 250 mL distilled water and heated in a
water bath to 370 C. To the cell suspension was added 32.6 ¢
NaHCO3 and 88 mL toluene. The suspension was incubated for
1.5 hours while shaking at 150 r.p.m. The resulting cyto-
plasmic extract was removed from the water bath and an equal
volume of cold water added. Cellular debris was removed by
centrifugation at 5,000 x g for 30 min. and the supernatant
fluid filtered through four layers of cheesecloth, The
supernatant fluid was then centrifuged ét 15,000 x g for 30

min. and filtered as described above. The resulting solution

was collected and stored frozen at -150C for up to 6 months.
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Ammonium Sulfate Precipitation. An aliquot of the frozen
soiution was allowed to thaw overnight in a cold room at 40C
where all subsequent fractionation steps were performed. To
the solution was added (NH4)2504 (361 g) to afford a 60%
saturated solution which was shaken at 150 r.p.m. for 30 min.
The resulting suspension was clarified by centrifugation at
20,000 x g for 30 min. and the supernatant fluid filtered
through four layers of cheesecloth. To the supernatant fluid
was added (NHy),504 (164 g) to yield an 85% saturated
solution. The suspension was again shaken at 150 r.p.m. for
30 min, Protein precipitate was collected by centrifugation
at 20,000 x g for 30 min, The precipitate was dissolved in 40
mL 0.02 M Nat phosphate buffer (pH 6.8) containing 10%
propylene glycol as an anti-foaming agent and desalted by gel
exclusion chromatography.

Sephadex G25 Gel Exclusion Chromatography. Sephadex G25

medium (15.4 g) was suspended in 75 mL of 0.02 M Na™t
phosphate buffer (pH 6.8) and kept at room temperature for 30
min. The slurry was added to a 1.6 cm x 40 cm column and the
gel equilibrated by the addition of 1 L 0.02 M Nat phosphate
buffer (pH 6.8) from a mariotte flask suspended at a height
of 80 cm above the column.,

The protein solution'obtained from the ammonium sulfate
precipitation was divided into three fractions of gqual
volume and each applied to the column from a sample applica-
tor attached through a 3-way valve to the column inlet line.
The sample was applied from a height of 80 cm at a rate of

2.6 mL/min., The active protein was eluted from the column at
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a rate of 3.5 mL/min. by the addition of 0.02 M Nat phosphate
buffer (pH 6.8) and collected in a volume approximately twice
that of the sample. The column was then washed with addi-
tional buffer and the next sample applied when the absorbance
of the effluent was less than 0.00L. A volume of 125 ml was
obtained on combining the active protein fractions.

DEAE Sephadex A50 Ion~Exchange Chromatography. DEAE

Sephadex A50 (15 g) was suspended in le of 0.02 M Na+
phosphate buffer (pH 6.8) and heated in an oven at 900C for 3
hours. The gel was then allowed to qool overnight at 49°C and
the fines removed by aspiration. A lower flow adapter was
fitted in a column of 5 cm diameter and sufficient gel added
to provide a settled bed height of 20 cm. The column was
fitted with an upper flow adapter and the gel equilibrated by
the addition of 4 L 0.02 M Nat phosphate buffer (pH 6.8).

The fraction obtained by gel exclusion chromatography
was added to the column from a sample applicator at a rate of
1.6 mL/min. Nonbonding protein was eluted by the addition of
600 mL 0.02 M Nat phosphate buffer (pH 6.8) at a rate of 2.4
mL/min. Fractions were collected at 8 min. intervals as the
active protein was eluted by the addition of 800 mL 0.2 M Na+
phosphate buffer (pH 6.8). The column was regenerated by
equilibration with 0.5 L 0.5 M Na+ phosphate buffer (pH 6.8)
followed by L L 0.02 M Na* phosphate buffer (pH 6.8). Those
fractions exhibiting detectable activity by the nitroprusside
assay after 1 hour of incubation were pooled and dialyzed
overnight against 5 L of 0.0l M Nat phosphate buffer (pH 6.8)

and yielded a volume of 130 mL.
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L-Methionine AH-Sepharose 4B Affinity Chromatography.
AH-Sepharose 4B (5.0 g) was deposited in a sinterred glass
funnel, suspended in excess 0.5 M NaCl and washed with 1 L
0.5 M NaCl followed by 0.5 L distilled water. The gel was
allowed to settle for 30 min. in water after which excess
water was removed by aspiration. A solution of L-methionine
(015 g) in 40 mL distilled water was added to the gel to
yield a slurry containing three parts liquid and one part
gel. To the slurry was added 0.2 g of finely powdered 1-
ethyl-3-(3~-dimethylaminopropyl) carbodiimide hydrochloride.
The pH was adjusted to 4.5 by the slow addition of 10% HCLl.
The slurry was placed on a rotary shaker at 150 r.p.m. for 24
hours. The resulting gel was transferred to a sinterred
glass funnel and washed successively with 0.5 L of 0.1 M Tris
HC1-1 M NaCl buffer (pH 8.3) and 0.1 M Nat citrate-l1 M NacCl
buffer (pH 4.7), each in 100 mL aliquots. The gel was
finally washed with 0.5 L distilled water, suspended in 50 nL
0.02 M Nat phosphate-0.05 M NaCl buffer (pH 7.0) and addea to
a 0.9 cm x 30 cm column. A mariotte flask was attached at a
height of 80 cm and the gel equilibrated with 1 L 0.02 M Na't
phosphate buffer-0.05 M NaCl buffer (pH 7.0). The gel
contained apéroximately 160 rmoles 0of L-methionine bound
through the a-carboxyl group by formation of an amide bond
with the amino group of AH-Sepahrose 4B.

The dialyzed protein solution obtained from the DEAE
Sephadex chromatography was divided into three samples of
equal volume and each sample was added to the column from a

sample applicator at a rate of 2.0 nL/min. Protein
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exhibiting no affinity for the gel bound ligand was eluted
with 200 mL 0.02 M Nat phosphate-0.05 M NaCl buffer (pH 7.0).
Fractions were collected at 3 min. intervals as ligand bound
proteins were eluted by the application of a NaCl gradient
prepared by the addition of 250 mL 0.02 M Nat phosphate-0.05
M NaCl buffer (pH 7.0) to 250 mL 0.02 M Nat phosphate-0.4 M
NaCl buffer (pH 7.0). The gradient was prepared at a rate of
2.0 mL/min. in a constant volume mixing chamber which was
suspended at a height of 80 cm above the column. The active
protein was confined to the forth peak eluted. The column
was regenerated by equilibration with 250 mL 0.02 ¥ Nat
phosphate~0.05 M NaCl buffer (pH 7.0). Fractions exhibiting
activity by the nitroprusside assay after 8 hours of incuba-
tion Qere pooled and dialyzed overnight against 5 L 0.005 M
Nat phosphate buffer (pH 7.0) and yielded a volume of 120 mL.
To preserve enzymatic activity the dialyzed sample was
lyophilized and stored at -15°C.

Iscelectric Focusing in Polyacrylamide Gels. A monomer

stock solution containing 73.12 g acrylamide and 1.875 g
methylene-bis-acrylamide in 250 mL distilled water was pre=-
pared and stored in an amber bottle at 4°C. To 625 mL of
the monomer stock solution contained in a 25 mL volumetric
flask on ice was added 1.25 g glycerol, 10 mL distilled water
and 1.25 mL Bio-Lyte 3/10. After mixing, 0.5 mL 0.02% ribo-
flavin solution was added and the volume contained in the
flask adjusted to 25 mlL by the addition of distilled water.
To each of eight 5.5 mm x 125 mm glass tubes was added

approximately 2.5 mL of the gel solution. The contents of
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each tube was overlayered with water, placed in a vertical
position and polymerized overnight by UV irradiation.

Samples containing 10 to 50 mg protein were prepared as
25% sucrose solutions and 100 FL aliquots applied to the
drained surface of each polymerized gel. Each sample was
overlayered with 100 rL of 207% sucrose, 100 FL of 107% sucrose
and sufficient 0.06 N HpS04 to £ill each tube. The tubes
were placed in a electrophoresis cell containing a lower
electrolyte solution of 0.02 N CaCOj3 and 0.04 N NaOH. An
upper electrolyte solution of 0.06 N Hp80,4 was added and
electrophoresis conducted at 210 V for 20 hours with the
anode in the upper reservoir.

The gels were stained 4 hours in 0.04% Coomassie
Brillant Blue R-250, 0.05% Crocein Scarlet and 0.5% CuSO4 in
10% acid=-27% isopropanol and destained by diffusion for 2
hours in 0.5% CuSOy4 in 7% acetic acid-12% isopropanol
followed by 12 hours in 7% acetic acid-12% isopropanol.

SDS Polvacrvlamide Gel Electrophoresis. Bionhore 7.5%

precast polyacrylamide gels (0.5 x 125 mm) were prepared by
electrgphoretic buffer induction for 8 hours at 4 ma/tube in
a running buffer containing 0.1% SDS and 0.041 M Tris~0.041 M
acetic acid (pH 6.6), The gels were stored at 49 C for up
to one month prior to usef Samples were prepared by
reconstitution of salt free lyophilized preparations and
adjusted to approximately 20 mg/mL protein by 1l:1 dilution
with a sample buffer containing 1% SDS, 0.04 M dithio-
threitol, 0.00l M EDTA and 0.041 M Tris-0.041 M acetic acid

buffer (pH 6.6) and the disulfide bonds reduced by heating at
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10 FL of Bio-phore basic tracking dye and a 25 PL aliquot was
applied to the gel. Electrophoresis was conducted at 4
ma/tube for one hour followed by 6 ma/tube until the tracking
dye was 1 cm from the bottom of the gel. Gels were stained
overnight in 0.057% Coomassié Brillant Blue R=-250 in 10%
acetic acid-10% isopropanol and destained by diffusion in 107
acetic acid-10%Z isopropanol.

For molecular weight determination Bio-phore SDS-PAGE
low molecular welght standards were prepared by 20:1 dilution
with sample buffer and the disulfide bonds reduced as
described above. A 25 FL sample was applied to each gel
prior to electrophoresis, staining and destaining with

accompanying SDS gels.
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RESULTS AND DISCUSSION

NMR Spectroscopy of SAM and SAH56

The proton resonances of SAM and SAH have been assigned
unambiguously based on chemical shift values, spin multi-
plicities, decoupling experiments and direct comparison to
the previously assigned spectra of the model compounds:
adenosine, L-methionine, S-methyl-L-methionine iodide and 5°-
deoxy~-5’'~dimethylthioadenosine iodide. All assignments have
been confirmed by computer simulation to within an RMS devia-
tion of 0.03. The chemical shifts and coupling constants for
S-adenosyl-L-methionine iodide, S-methyl-L-methionine iodide
and 5°-deoxy-5'-dimethylthioadenosine iodide are given in
Table 6. The 360 MHz NMR spectrum and computer simulation of
the methionine side chain of SAM appear in Figure 9.
Although we have reported details of the NMR spectrum of SAM
previously,57 these experiments have been repeated on instru-
mentation offering an improved signal to noise ratio. The
coupling éonstants obtained for model compounds structurally
related to SAM are here reported for the first time. The
chemical shifts and coupling constants for S-adenosyl-L-
homocysteine, L-methionine and adenosine are given in Table 7
and the NMR spectrum and computer simulation of the homo=-
cysteine side chain of SAH appear in Figure 10. The
following discussion deals first with the conformational
information, prqvided by vicinal proton coupling coanstants,

which permits a comparison between SAM and SAH, and second
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TABLE 6. NMR Parameters for S-Adenosyl-L-methionine
and Related Sulfonium Compounds

Compound Ha Hg HY HSCHj Hg-gn
SAMa 3.81 2.36 3.48 2.96 3.92
3.70 3.01 4.06
MMetP 3.89 2.39 3.45 2.97 -
3.54
DMTAC - - - 2.92 3.79
2.94 3.85
Hy - Hj- Hy- Hye Hy Hg
a 4.60 4.86 4.97 6.12 8.27 8.29
b - - - - - -
c 448 4.52 4,84 6.05 8.26 8.28

Compound 3348 33ap 23gg 35y 23y
saMd 6.6 6.6 o 7.4 -1l.2
MMet P 6.5 6.5 0 8.7 -14.6
DMTAC - - - - -
g, 35,.5. 334.4. B.5. 33,esm 23gegn
a 4.4 5.3 <0.s 9.5 2.4 -12.8
b - - - - - -

c b 449 <0.5 8.8 3.1 -13.6

aS-Adenosyl—L—methionine I-. bS-Methyl—L-methionine 1~
C5’-Deoxy=~5"~dimethylthioadenosine I~.
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FIGURE 9. Below: NMR Spectrum of the Methionine Side Chain
Region of SAM. Above: Computer Simulation of the
Methionine Side Chain of SAM.
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a 5.2
b -
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NMR Parameters for S~Adenosyl-L-homocysteine
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FIGURE 10. Below: NMR Spectrum of the Homocysteine Side Chain
Regionof SAH. Above: Computer Simulation of the
Homocysteine Side Chain of SAH.
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with the NMR evidence concerning the stereochemistry of the

sulfonium methyl group of S—-adenosyl-L-methionine.

Conformational Analysis of S~Adenosyl-L-methionine

The analysis of the conformational properties which
result from the rotation about single bonds depends on
relating observed vicinal coupling constants (3J) to the
dihedral angles (&) between vicinal nuclei using an

appropriate Karplus-type relation,38 equation (l).
3J 2
(H.H.) = Acos 6 - Bcose + C (l)

The various coefficients in equation (1) have been evaluated
theoretically,59’6o’6l but generally differ significantly
from experimental values. Limitations of the Karplus
relation arise from the dependence of vicinal coupling on
molecular parameters including bond length, bond angle,
electronegativity and the orierltat;on of attached
substituents.62’63 Consequently, parameters for equation (1)
have been determined empirically from models of the various
coupling paths. In principle, separate Karplus relations
need to be determined for each molecular fragment before a
proper analysis can be undertaken. However, a number of
approximations64,65,66 suggest that the analysis of the ribo-
furanose ring requires only two sets of Karplus parameters,
one for the sugar ring and one for the exocyclic group.

Conformation of the Ribofuranose Ring. Davies®7 has

derived Karplus parameters appropriate to the furanose ring

system from the pseudorotational68 analysis of the coupling
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constants obtained from 140 spectral analyses of nucleosides

and nucleotides, equation (2).
33 2
(HH) = 10.2co0s“8 - 0.8cos® (2)

In practice, investigators have attempted to fit the
observed vicinal coupling constants to various models
predicted for the furanose ring. In 1968, Smith and
Jardetsky69 derived approximate dihedral angles between
vicinal protons (8172°, ©92737, ©3747) for each of twenty
symmetrical envelope and twist conformations of the furanose
ring from molecular models, Table 8. The coupling constants
which appear‘in Table 8 were calculated from equation (2),
and differ from those proposed by Smith and Jardetsky.

When observed at 360 MHz, the ribose ring protons of SAM
constitute a six-spin ABKMNX spectral‘system where A = Hgm, B
= Hgs, K = Hy4’, M = H3’, N = Hp” and X = Hy’. Only the Hy-,
Ho- interaction 1is first-order. The observed coupling
constants are: 3Jjspr = 4.4 Hz, 3Jg-3° =‘5.3 Hz and 3J3747 =
<0.5 Hz. Inspection of Table 8 reveals these results to be
most consistent with the Cj37/-exo0 conformer, Figure ll. As
authors have differed in their choice of dihedral angles
employed to approximate the ribose ring conformers, consider-
able variations among theoretical estimates of coupling
constants have appeared in the literature.’0,71,72 rThe
correlation of our data with the C3’—-exo conformer remains
firm, however, regardless of the source of theoretically
predicted angles and couplings. The Cj3s-exo conformer has

been detected crystallographically for certain nucleotides.’3
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TABLE 8. Dihedral Angles and Calculated Coupling Constants
for Twenty Possible Conformations of D-Ribose
in Nucleosides and Nucleotides.

C(l’)=-endo

C(l’)-exo

C(2’)=-endo

C(2’)=-exo

C(3")-endo

C(3’)-exo

C(47)=-endo

C(47)=-exo

O-endo

O-exo
C(l’)-endo-C(2’)-exo
C(L")=ex0~C(27)-endo
C(l°)=-endo-0=~exo
C(l’)~exo-0-endo
C(2")-endo=-C(3")-exo
C(2°)~exo0-C(37)=-endo
C(37)=endo~-C(4°)=-exo
C(37)=ex0-C(47)=-endo
C(4”)=-endo-0-exo

C(4’)-exo-0~endo

165

75

105

135

120

120

135

105

60

180

75

165

165

75

105

135

45

45

45

15~

15

45

45

15

15

60

60

45

45

L35

165

75

75

165

135

105

135

105

105

135

75

165

180

60
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FIGURE ll. Representative Ribofuranose Ring Conformations.
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Current data indicate that furanose rings do not possess
a unique rigid structure in soluion, but exist as a dynamic
equilibrium between at least two favored puckered confor-
mations. If the interconversion rate between conformers is
sufficiently rapid, then the observed couplings represent
weighted averages of couplings in the individual conformers.
The vicinal couplings observed for SAM correspond to A
conformer in Table 8 better then those observed for most
nucleosides and nucleotides. In general, couplings are
analyzed in terms of a conformational equilibrium between
various puckered forms./1,72,74

A number of reliable methods for estimating the relative
contribution of N- and S-type conformers (Figure 12) in a
rapid equilibrium situation have been proposed. Davies and
Danyluk64 have shown that the equilibrium constant for the
NS equilibrium can be calculated direcfly from the ratio
of the observed 3Jl'2’ and 3J3'4' coupling constants without
invoking particular magnitudes for J(N) if the effect of

electronegativity on J is negligible.
Keq = S/N = 3Jl'2'/3J3'4’ (3)

Within the confines of this reasonable assumption, the Aata
clearly indicate the marked predominance of an S-type confof—
mation such as C3s-ex0. Purine nucleosides and nucleotides
in anti~type conformations perfer S-type conformers.67 1In
SAM, the C3s-exo conformation tips the Hys proton away from

the bulky sulfonium center at Cge,

42




Conformation About the Exocyclic Bond. The relative

populations of rotational isomers corresponding to the energy
minima which occur upon rotation about the C4'-C5' bond can
be estimated from the analysis of the appropriate 37, The 3J
associated with the fragment of interest are assume&
equivalent to the weighted average of the 3J in the three
roctational disomers. This 1is expressed algebraically by
equations (4), (5) and (6), where p;, po and p3 are the
relative populations of each rotamer and 3Jl', 332,’ etc. are

the vicinal coupling constants associated with each rotamer.

Si4es0 = 1300 4 p230g0 4 pyduse (4)

334o5m = pr33yn + po33gn + padage RS

L =Py +p2+p3 (6)

Davies®7 has recommended the Rarplus parameters A = 9,7, B =
l.8 and C = 0 Hz for the analysis of the exocyclic bond in

nucleosides and nucleotides. In calculating the 37 appro-
priate to equations (4) and (5), the effects of substituent
orientation and electronegativity were considered in the

proposal of equations (7) and (8).75

3
J4og- 1e3p)] + 2.7pp + 11.7p3 (7)

3J4'5H 1.3pp + 11.5p2 + 5.8p3 (8)

The Hys, Hs5” and Hgn protons coustitute a three-spin

system of the ABX spectral type with coupling constants

3J4'5' = 9.5 Hz, 3J4'5n = 2.4 Hz and 2J5'5n = -12.8 Hz. An
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estimate of the rotational isomer population about the Cyu--

Cgr bond indicates that one of the gauche-anti conformations
(2 or 3) is very highly favored, Figure 13. Rotamer 1l is
populated to about 2% and either 2 or 3 to about 937%. We
cannot tell from the coupling constant alone whether it is
rotamer 2 or 3 that is so profoundly favored; however, CPK
molecular models indicate that there is less steric inter-
action between the methyl group and the purine and ribose
ring systems in rotamer 3. Our estimate for the conforma-
tional preference for rotamer 3 is considerably larger than
that found in most rotational isomer distributions. If
rotamer 3 is the preferred ground state orientation about the
C4’-Cs’ bond then the S-methyl group can project to the less
hindered éide making i1t more accessible to nucleophiles.,
This may have mechanistic significance-14

Remin and Shugar76 have concluded that assignment of the
downfield Hs signal to Hss is correct by comparison to the
chemical shifts of uridine, ﬁ-pseudo@ridine'and their 37~
monophosphates. This conclusion was reached indépendently in
thé analysis of N(3)-methyl-2",3"-0-isopropylidene uridine’’
and N(6)-dimethyl=-2’3"-O-isopropylidene adenosine.’8 It is
presently believed that the aforementioned assignment 1is
correct for all nucleosides and for both 2°- and 3’-nucleo-
tides.’? For S-adenosyl-L-methionine, this assignment

supports the conclusion that rotamer 3 is the preferred

ground state orientation about the C4/=Cs- bond.
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FIGURE 16. Rotational Isomers About the C,4--Cqg- Bond
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FIGURE 14. Rotational Isomers About the C -C Bond
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FIGURE 15, Rotational Isomers About the C -C Bond
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Conformation of the Methionine Side Chain. The a-

proton of the SAM methionine side chain appears as a triplet
(3Ja6 = 6.6 Hz), the yprotons as a quartet and the f-protons
as a l2-line multiplet (Figure 9). Homonuclear decoupling of
the a-protons leaves the f-~proton signal a triplet (3J37=
7.4 Hz) and the y-resonance unchanged. Irradiation of the (-
protons results in a singlet for the a-resonance and an AB
quartet (2J77= ~11.2 Hz) for the y-protons. Hence the f-
protons are equivalent but the #w-protons, next to the
assymetric sulfonium group, are non-equivalent. Because the
same coupling constant is obtained for both a-finteractions,
the three rotational isomers about the Cg-Cgbond must be
equally populated, Figure 1l4. The +y-protons differ in
chemical shift but the f-yinteractions can also be described
by a single coupling constant, again indicating that the

rotational isomers are equally abundant, Figure 15,

Conformational Analysis of S-Adenosyl-L-homocvsteine

The ribose ring protons comprise a six-spin systen
analogous to that of SAM. The observed coupling constants
are: 33 s9s = 5.21 Hz, 3J5-.3- = 5.0 Hz, 33347 = <0.5 Hz,
33450 = 4.85 Hz, 3J479m = 6.44 Hz and 2J5s5n = -14.13 Hz.
These values are also consistent with a C3’/—-eXo ribose ring
conformation. The rot;tional equilibrium about the C4--Cgq-

bond also exhibits a preference for an anti-gauche

orientation although, unlike SAM, both such orientations are

significantly populated (35% and 56%). The gauche~-gauche

orientation is populated to about 97%.
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The a-proton of the SAH homocysteine side chain appears
as a four-line multiplet (33a6= 4.68 Hz and 3JaB= 6.80 Hz),
the f-protons as a 24-line multiplet and the y-protons as a
triplet (Figure 6). Irradiation of the y-protons decouples
the f-protons resulting in an 8-line AB portion of an ABX
spin system. The B—protons are non—equivalent (2J55= -14.1
Hz), whereas the y-protons have equivalent chemical shifts
(3J57 = 7.45 Hz), Abraham and Gatti80 have derived equations
(9) and (10) for the analysis of rotational isomer popula-

tions about the Cg-Cgbond of amino acid residues.

3

Ja g 3.0pp + 12.7pg + 3.2p3 (9)

3Ja5 12.7p1 + 3.9p2 + 2.2p3 (10)

Equations (9) and (10) indicate a preference for the two

anti-conformations about the Ca-CBbond. The gauche-gauche

conformer is populated to about 8% and the two gauche-anti

conformers to about 33% and 59%. The fB-yproton interaction
is fully described by a single coupling constant indicating
that the rotatiomnal conformers about the Cﬁ—C7bond are

equally abundant.

Comparison Between SAM and SAH

The two cofactors have nearly equivalent ribose ring
coupling constants and both clearly have C3’-gxo ring confor-
mations. The slight differences 1in observed <coupling
constants are real and probably imply differences in the
extent of ring deformation and dynamics, but no more can be

said with certainty. OSAM exhibits one highly favored gauche=-
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anti conformation about the C4-Cs5- bond whereas SAH is

distributed between both gauche=-anti rotamers. In almost all

other nucleosides and mononucleotides, the ribose ring has

been shown to prefer a Cj7-endo conformation with the C4’~Cs”°

bond in a gauche-gauche conformation.’/3,79 The different

steric demands of the methionine and homocysteine side chains
must account for the different conformations of SAM and SAH.
The methionine side chain of SAM exhibits no preference for
specific rotamers about the Cg-Cgand CB-Cybonds whereas SAH

.reveals a preference for the gauche-anti rotamers about the

Ca-C3 bond. In this regard we poin; out that rotation is
unhindered about both side chains in SAM aﬁd S-methyl-L~-
methionine iodide whereas rotatioﬁ about the Ca-CBbonds of
methionine and homocysteine encounters a significant
torsional barrier. The rotation about the Cg=~Cgbond of the
methyl ester of S-methyl-~L-methionine iodide is hindered and
the Y-protons are non-equivalent: 3Jaﬁ= 5.5 Hz, 3JaB= 7.9
Hz, 2Jgg= -14.9 Hz, 3Jgy= 5.9 Hz and 2Jyy= -19.0 Hz. This
suggests'thag electrostatic interaction between the carboxyl
group and the sulfonium center is not the dominant factor in

determining the side chain mobility.

The Sulfonium Methyl Group

The functional portion of the SAM molecule is the
sulfonium methyl group. The sharp singlet at 2.96 ppm can
clearly be attributed to the methyl protons both by its
chemical shift and the absence of coupling. However, in 1978

we have found that the sharp singlet attributed to the §-
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methyl resonance is always accompanied by a second smaller
upfield singlet regardless of commercial source, counter ion
or solvent origin (Table 9). Our samples of (-)SAM were
stable at room temperature and the relative intensities of
these two peaks for a fresnly prepared sample did not change
over the course of several hours., Moreover purification of
SAM by 1onm exchange chromatography on Amberlite IRC-150 did
not change the relative intensities of these two peaks.
Having accounted for all other observable spectral features,
we are forced to attribute the upfield peak to the S-methyl
protons of the "unmnatural" sulfonium diastereomer (+)S-
adenosyl-L-methionine and the downfield peak to the (~) dia-
stereomer. This is confirmed by our observation that both
peaks appear in the lg NMR spectrum of (+)8SAM prepared by the
reaction of SAH with methyl iodide in formic and acetic
acids.26 The starting material did no exhibit extraneous
resonances and was stable in cold formic acid. Moreover, the
spectrum of purified (+)SAM indicates that the'(+) dia-

stereomer is the major component (6%, see Figure 16).

TABLE 9. Chemical Shifts of the S-methyl Protons of
Various S-Adenosyl-L-methionine Salts

e - S v W b 4 e N S S M AR e NS e e e A S T S R e D A G A e G e - S S S e S Y am e e = -

Iodide Chloride Bisulfate
(=)SAM 3.01 3.00 3.01
(+)SAM 2.96 2.96 2.97

e - . A o G A e - S S . e D et e e W et A S ke e e A e T e S e M A v S N N e = - -
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FIGURE 16. A: NMR Spectra of the Sulfonium Methyl Groups of
(+)SAM (above) and (~)3aM (below). B: NMR Spectrum of
the Sulfonium Ethyl Groups of S-Adenosyl-L-ethionine.
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Recently, we have reexamined the 13¢ spectrum of
synthetic (i)S-adenosyl—L—(l3CH3S)methionine at increased
magnetic field. Two intense !3C resonances (24.93 and 24.73
ppm) were observed in the proton decoupled spectrum with
chemical shifts consistent with those found for methyl-
sulfonium compounds.81 The two 13C methyl resonances exhibit
equivalent spin lattice relaxacion times (Tl = 300 ms) as
well as equivalent C-H coupling constants (Jgg = 150 Hz.).

The 360 MHz lH spectrum of S-adenosyl-L-ethionine
reveals the near equal abundance of two sulfonium ethyl
groups (Figure 16). This compound was a commercial product,
isolated from yeast grown in the presence of L~ethionine.
The spectrum appears to be composed of gwo complete sub-
spectra, one for each sulfonium diastereomer.

The upfield singlet peak in the spectrum of SAM cannot
be attributed to methyl iodide or methanol because of its
chemical shift and its presence after purification. It
cannot be due to any known degradation product because these
‘would exhibit additional peaks which are not observed. A
diastereomer epimeric about the a-carbon of methionine can be
ruled out because the SAH used to synthesize (+)SAM was
clearly the L-epimer. Moreover, Schlenk32 has shown that SAM
biosynthesized using racemic methionine is still exclusively
S—adenosyi-L-methionine. There has been no report of
spontaneous racemization at the sulfonium center of the (=)
diastereomer, and the structurally related S-carboxymethyl-L-
methionine sulfonium salt racemizes at the sulfonium center

only after prolonged heating (tj;p @ 609C = 24 hours).
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Talalay et al.ll did observe that degradation of S-adenosyl-
L—(lACH3S)methionine, prepared enzymatically, yielded about
iOZ of some radioactive impurity, chiral at sulfur but with
the opposite sulfonium configuration.

We cannot say whether the (+) diastereomer in commercial
samples is the result of some reaction during purification or
whether both diastereomers are biosynthesized under the
conditions used by suppliers. However, the widely held view
that the naturally occuring cofactor is only the (=)
diastereomer is based upon the assumption that synthetic
(+)SAM is an equal mixture of both sulfonium diastereoners.

Figure 16 shows this is not the case. De La Haba et al.,26

.Zappia, Zydek-Cwick and Schenk,30 ‘and Borchardt and Wu,3l
found that synthetic (+)SAM exhibited about half the activity
of SAM of biological origin and, by applying the reasonable
assumption that (-)SAM was active and the (+) form inactive,
concluded that biological SAM was entirely the (~) form. 1f
samples of biological origin contain 10-20% of the (+) dia=-
stereomer, (Table 9, Figure 16), and if synthetic samples
contain an excess of the (+) diastereomer, (Table 9{ Figure
16) then the relative activity of the synthetic mixture would
still be approximately half that of bioclogical SAM.
Commercial preparations of SAM containing a small amount
of (+)SAM have been widely employed in the analysis of
transmethylation reactions.26,30,31 Borchardt and Wu3l have
demonstrated that.(+)SAM is a potent inhibitor of many traas~-
methylation reactions. This suggests that the conclusions of

prior invesigations must be viewed with considerable caution.

52




Purification of HSMT

The purification of S-Adenosyl-L-methionine: L-Homo-

cysteine S~Methyltransferase (HSMT) (EC. 2.1.1.,10) from

Saccharomyces cerevisiae is summarized in Table 10. The
procedure offers a 12-fold increase in yield and a 3—fold
increase in purification over the previous scheme,40 Table
11. The various fractionations were repeated numerous times
until optimal conditions were determined. Values appearing
in Table 10 represent the average values obtained from seven
repetitions of the purification sequence, The initial
activity of the commercial yeast employed in this investiga-
tion was approximately half that reported for the previous
purification scheme. This probably reflects the presence of

methionine in the growth medium.42

TABLE 10. Purification of S-Adenosyl-L-methionine:
L-Homocysteine S-Methyltransferased

Protein Activity
Volume mg/mL Total  Total vield Specific Purification
L Protein Activity % Activity Factor
"lo00b 30.50 30500 2440 100 0.08 1
125¢C 4,36 545 1439 60 2.64 33
1304 0.29 38 475 20 12.42 155
40¢e 0.028 1.1 357 15 118.40 1480

40ne unit of enzyme activity was defined as the amount of
enzyme catalyzing the production of 1 umole of SAH per hour,
Total activity was measured in units. Specific activity was
measured in units/mg protein. PToluene extraction. dAmmonium
sulfate precipitation followed by Sephadex G25 gel exclusion
chromatography. CDEAE Sephadex AS50 lon-exchange chromatog-
raphy. eL-Methionine AH-Sepharose 4B affinity chromatography.
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TABLE ll. Previous Purification of S-Adenosyl-L-methionine:
L-Homocysteine S-Methyltransferase?’

Total Total Yield Specific Purification
Protein Activity % Activicy Factor
¢ 30000 se00 100 0.7 1
d 360 1270 25 3.50 21
e 43 449 5 11.70 69
f 0.77 63 1.26 82.30 484

a3ee reference 40. PSee reference 83 for details of assay.
“Toluene extraction. 9Ethanol fractionation. ©DEAE cellulose

?atch treatment followed by DEAE Sephadex chromatography.
Sephadex G75 gel exclusion chromatography.

Toluene Extraction. Cell-free extracts of Saccharomyces

cerevisiae were obtained by toluene extraction as described
by Shapiro et éi,“o The resulting‘solution was stored frozen

at -159C for up to 6 months prior to use.

Ammonium Sulfate Precipitation. Precipitation due to the
addition of solid ammonium sulfate 1is iliustrated in Figure
17, The enzyme activity was confined to fractions
precipitated by the addition of 60 to 857 ammonium sulfate.
This technique provided a rapid and convenient way to reduce
the volume of working material in preparation for column
chromatography. Ammonium sulfate precipitation compares
favorably with tﬁe ethanol fractionation previously employed.
Although the reduction in total protein is only one tenth
that obtained by ethanol fractionation, 60% of the original
activity is recovered as compared to 25% for the ethanol
fractionation. Additionally, this procedure can be complated
in only 3.5 hours as compared to the 20 hours required for

the previous technique.
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Sephadex G25 Gel Exclusion Chromatography, The ammonium

sulfate protein precipitate was dissolved in 0.02 M Na+

phosphate buffer (pH 6.8) and desalted by chromatography on
Sephadex G25 as illustrated in Figure 18. One third of the
available material was purified during each chromatographic
run. Chromatography resulted in a 2-fold increase in sample
volume. The Enzyme activity was confined to the first peak
eluted which corresponded to the void volume of the column.
The chromatogram clearly indicates the removal of a low
molecular weight protein fraction (<15,000) in addition to
the removal of ammonium sulfate. Fractions obtained from
three chromatographic runs were combined prior to the deter-
mination of enz?matic activity. The typical experiment
resulted in a 33-fold purification with 60% recovery of the
original activity.

DEAE Sephadex A50 Ion-Exchange Chromatography. The

combined fractions from gel exclusion chromaography were
purified by Ion-exchange chromatography on DEAE Sephadex AS50
as illustrated in Figure 19. The inactive protein was eluted
by the addition of 0.02 M Na%t phosphate buffer (pH 6.8) and
emerged as a discrete peak immediately after the hold-up
volume of the column. Protein exhibiting affinity for the
cationic gel was eluted by the addition of 0.2 M NaT
phosphate buffer (pH 6.8). The enzyme activity was confined
to the first peak eluted at high ionic strength. Gradient
elution (0.02-0.2 M Nat phosphate) was found to yield a
similar peak profile but resulted in a broadening of the

activity peak. Active fractions were combined and dialyzed
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against 50 volumes of 0.02 ¥ Na¥ phosphate-0.05 M NaCl buffer
(pH 7.0) prior to the determination of enzymatic activity.
The typical experiment resulted in a 4.7-fold purification
with 33% recovery of the original activity.

L-Methionine AH-Sepharose 4B Affinity Chromatography.

The dialyzed ion-exchange fraction was devided into three
fractions of equal volume and each purified by chromatography
on L-methionine AH-Sepharose 4B as illustrated in Figure 20.
Protein exhibiting low affinity for the gel bound ligand was
eluted by the addition of 0.02 M Na¥ phosphate-0.05 M NacCl
buffer (pH 7.0) before fractions were collected. Ligand
bound protein was eluted by the addition of a 0.05-0.4 M NacCl
gradient prepared in a constant volume mixing chamber. The
enzyme activit? was confined to the forth peak eluted. NaCl
gradients ranging from 0.05-0.45 to 0.05-1 M resulted in
reduced resolution. Reduction in the slope of the Na(Cl
gradient below 0.,05~0.4 M resulted in increased resolution
accompanied by a significant broadening of the peaks.
Fractions exhibiting activity by the methionine assay after 8
hours of incubation were pooled and dialyzed against 50
volumes of 0.005 M Nat phosphate buffer (pH 7.0) prior to the
determination of enzymatic activity. The typical experiment
resulted in a 10-fold purification with 75% recovery of the

original activity.
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