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ABSTRACT
A

£
»

The methods of affinity chromatography, heat
treatment, and chromatography on agarose with (NH,},SO,
were used in the presence of high salt concentrations to

purify halophilic enzymes. The emphasis was on the

+purification of tf}ptophanase and tryptophanyl-tRNA ligase.

Tryptophanyl—-tRNA ligase was purified to homogeneity
and its molecular weight and amino acid composition was
determined. Its kinetic propertie§ were examined. The
properties of this halophilic enzyme were compared to the

properties reported for non-halophilic tryptophany1~tRNA

ligases.
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1. INTRODUCTION

1.1. Halophilic bacteria and their proteins

Extremely halophilic bacteria are adapted to érowing
in 20-30% salt and the genus Halobacterium can only tolerate
NaCl concentrations as low as 12~15%. 1In adapting to such
a highly ionic environment, the internal concentration of
monovalent cations ih,these pacteria has bgcome very high.
Christian and Waltho (1962} reported that\éﬁe intracellular
K' concentration was 4.6 moles/kg cell water and the Nat
concentration was 1.4 moles/kg cell water for Halobacterium
salinarium which was grown in 4 M NaCl + 0.03 M KCl.

The dependence of halobacteria on concentrated salt
appears to be attributable to properties of their proteins.
lysis in ailute salt is due not to osmotic shock but to the
disintegration of the cell envelope. This has been suggested
Eo be due to the mutual repulsion of acidic envelope proteins
(Kushner and Onishi, 1966; Stoekenius and Kunau, 1968;
Kushner, 1968). Ribosomes of Halobacterium cutirubrum are
similar to the ribosomes of non-halophilic bacteria but
rely on high ionic strength for .their stability. At low
ionic strengthgmany of the r;bosomal proteins dissociate
(Bayley and Kushnexr, 1964; Bayley, 1966). This dissociation

has been attributed to the acidity (Bayley, 1966) and

Thus
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polarity (Lanyi, 1974) of the proteins. Furthermore, many
enzymes from halophilic bacteria redhi;e concentrated salt

for their stability and activity (for review see Lanyi, 1974).
By contrast, studies on tRNA's from H. cutirubrum and E. coli

in heterologous cell-free protein synthesis systems (White

and Bayley, 1972) suggest thgt nucleic acids are not critically-
dependent on salt concentrations for their functioning.

A study of the proteins of halophilic bacteria should
therefore provide an important approach to understanding how
the molecular biology of these bacteria has adapted to an
environment of saturated salt. In particular, enzymes
offer a convenient means for investigating salt-protein
interactions since, as they are biochemical catalysts, their

gfily monitored.

\

1.2. furification of halophilic enzymes

activities and stabilities can be e

The major difficulty of studies on halophilic bacteria
is that many of the enzymes are inactive and unstable at
the low ionic strengths employed by conventional purification
procedures such as ion exchange and elgctrophoresis.

For studies.of enzyme kinetics, purification méy be
necessary because in most cases crude mixtures of enzymes
contain other enzymes which can act on substrates, products
and the enzyme of interest and the mixtures also may contain

substrates, products and interfering compounds. Also the

determination of molecular activity and amino acid composition

L A
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requires pure enzymes free of contaminating proteins. -

To purify halophilic malate dehydrogenase, Holmes
an& Halvorson (1965) dialyzed cell extracts against low
ionic strength buffers containing st4bilizing substrate,
purified the enzyme by conventional techniques and then
reactivated the enzyme by dialysis against high ionic
strength buffers. Yield was less than 1%. éimilar procedures
were used to purify or partially purify a number of other !
halophilic enzymes inclu@ing isocitrate dehydrogenase,
citrate synthetase and aspartate transcarbamylase. Recoveries
. of enzyme activity byvthese types of'érocedures were generally
quite iow which may indicate that the final products were
contaminated with inactive enzyme molecules. This method
often irreversibiy inactivated halophilic enzymes completely,
while enzymes that were reactivated often required less than
1 M salt for maximum activitg.

Some hélophilic enzymes are able to tolerate high
and low levels of salt (salt-tolerant) while others depend
on high levels of salt (salt-dependent).. This may be
related to the nature of the reactions .they cataléze: For
example, MDH and catalase bind substrates quite well in
high and low levels of salt (Lanyi and Stevenson, 1969);
aminoacyl-tRNA ligases could not reversibly bind tRNA if

removed from their normal salt concentrations because



(Loftfield, 1972). To purlfy salt—dependent enzymes special

protein-nucleic acid 1nteract10ns are salt-sensitive t
techniques are required. i

Ornithine transcarbamylase could not be

P s

reactivated from lower ionic strength solutions but was
purified in the presence of 4.3 M NaCl and 0.1 M ornithine
by acetone fractionation, gel filtration, sucrose gradient T
centrifugation and calcium phosphate gel chromat?graphy
kaundas} 1970). The enzyme was 50-fold purifjed and showed
malnly one band on polyacrylajgge gels.

Louis and Fitt (1971la, l97ib) describe the purification
of RNA-~ and DNA-dependent RNA polymerases and Peterkin and
Fitt (1971) describe the partial purification of polynucleotide
phosphorylase by a combination of pH 4 precipitation, (NH,), SO,

precipitation, dextran gel chromatography and hydroxyapatite

I T

chromatography. High salt solutions were used throughout.
Purifications were extensive and homogeeous protein
preparations were achieved on the first two enzymes but a
great deal of the purification depended on the very unusually
small size .(11,000-18,000 daltons) of these enzymes and
separation from nucle§c acids was not shown.

Thus, although a number 6f techniques have been
used to purify particular halopliilic enzymes, in some
cases to homogeneity, some of these techniques apply only
to ealt—tolerant enzymes while other techniques are not

3 . .
adequate to extensively’ purify most halophilic enzymes



which are present in small amounts.

In this thesis a variety og purification technigues
were adapted or developed to help separate halophilic enzymes.
Most of these techniques frely on adsorption chromatography
in the presence of high salt concentrations. Some techniques
could be applied to all halophile enzymes while others were
more specific in application. All avoided the use of low
ionic strengths.

.

Properties of halophilic enzyméé

l.\:'f.

of salt for stability (von Hippel and Schleich, 1969) and

Many non-halophilic enzymes require small amounts

_activity (Suelter, 1970); halophilic enzymes generally
require larger amounts of saltsy; Studies of halophilic

)

‘ enzymes have‘concentrated on the effects of ions to learn

3

how these Proteins are able to function in such an unusual
*—t> environment and to help .ta understand protein-ion interactions

in general. That halophilic proteins would need to be different
from non-halophilic proteins has beeh indicated by

© Jencks (1969). He noted that high concentrations of
monovalent salts had deleterious effects on non-halophilic
proteins largely due éo the unfolding of the tertiéry
and quaternary structures normally maintained by ionic

- forces. | |

Indeed, the physical properties, activity and

stébilit& of halophilic enzymes may‘respond differently to

ionic strength when compared to those of enzymes from -

2

-
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non-halophilic organisms. Holmes and Halvorson (1965) found
that the sedimentation coefficient of halophilic MDH was much
reduced iﬂ low salt concentrations while Hubbard and Miller (1969)
found that halophilic isocitrate dehydrogenase in lower salt
concentrations was inactivated, sedimented more slowly on
density gradiehfg and eluted more rapidly from dextran gel
columns. These obsexrvations on the effect of low ionic
strength on halophilic enzyﬁes are similar to the resu;ts
of Tanford (1968) on expé@&ng non-halophilic proteins’%o'
guanidinium chloride. Hérsuggests that low salt concentrations
also denature the protein by opening up its tightly-foléed
native structure. - |

Evidence for the influence of salts on proteins
comes also from the work of Holmes (1964). In the appendix
of his thesis he gives data indicating that while bovine
serum albumin and crude protein extracts from Bacillus cereus
showed a 2-fold and a 10-fold increase, respectively, in
viscosity when the concentration of NaCl1was increased from
0.17 M té 4.3 M, a crude protein extract from H. salinarium
showed only a 30% decrease in viscosity. This data suggests
that salté dissociate groups and subunits of non-halophilic
protéins while neutral monovalent salts give halophilic
prbteiqs a ﬁqre tightly-folded conformation as suggested
by Holp;s and Halvorson (1965). Whether salts are chao-
trophic (i.e.,those that disrupt the secondary, tertiary and

quaternary structures of the proteins) or antichaotrophic
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thus depends on the nature of the proteins as well as
on the nature of the salts.

Three features common to many halophilic enzymes
are related to their unusual physical properties and salt
requirements. One is that they are often more acidic
than their non-halophilic counterparts because they contain
moxre acidic and/or fewer basic amino acid residues (Lanyi,
1974). In low ionic strength solutions negatively charged
groups would repel each other and would tend to unfold
the protein structure (Baxter, 1959). The brotecﬁion of
halophilic enzymes by salts or "charge-shielding" should
be complete at less than 1 M salt, whereas many halophilic
proteins require much highexr concentrations for stability.

Another feature of halophilic enzymes is decreaséd
hydrophobicity (Lanyi, 1974). Proteins are generally
built up around a core of hydrophobic amino acid residues.
This configuration is probably the most stable because
whgﬂ hydrophobic amino acid reéidues are exposed to water
they form clathrates which are relativgl&)rigid strLctures.
This decreases tge entropy of the protein solution. The
formation of a hydrophobic core stabilizes enzymes in the
;pecific conformation which'allows catalysis by highly
specific arrangemens of amino acid residues. Halophilic
enzymes appear to contain fewer hydrophobic amino acid
;esidues which do not allow the formation of a compact

-

structure in a low ionioc strength environment. Therefore,
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these enzymes need té be "salted-out" to allow a 'stable,
active conformation. Salt-stabilization may also involve
the decreased "solubility" of the amide backbone (peptide
bondé)‘of the protein and/or the effects of salts on
"Héo—séiucture" (Jencks, 1969).

A third feature,which is shared by non-halophilic
and halophilic proteins, is interactions with specific
ions. Binding of ions té proteins probably requires a
specific configuration of amino écid residues as was
observed for Na+‘binding to myosin (Saroff, 1967). The
activation of non-halophilic enzymes by monovalent caé}ons
has been reviewed by Suelter (1970) and Evans and Sorger
(1966). Most of these non-halophilic enzymes were activated
specificall& by Na+ or K+ and Rb* while NHL,+ often substituted
K.

«<y Halophilic ehzymes usually are activated and/or
stabilized to various degreesj by differént monovalent and
divalent ions. Lanyi (197 surveys a numbef of enzymes~’
and finds that some enzymes from halophilic bacteria do
and others do not require multimolar salt concentrations
for activity and/or stability. He observed ;Qat the ratio
of the maximum activities with K+ versus Na+ varies from
less than 2 to much greater than 5. ﬁiga et al. (1974)

examined the effect of different salts and salt concentrations

on the activity of 7 halophilic enzymes and found that



maximal activities were at 0.4 M CaCl,, 0.2 M CaCl,, 0.1 M
NaCl and 3 M NaCl. When stability was examined for l.M
monovélent and 0.1 M divalent cations, five enzymes were
most stable.in NaCl while the other two were most stable
in KCl and MgCl,. The salt giving maximum stabillty and
activity was the same in only one case. Specific ions
effects have also been observed in enzyme kinetics with
specific ions acting as competitive or non-competitive
inhibitors for substrates or allosteric effectors (Lanyi,

1974).

1.4. Tryptophanyl-tRNA ligase and tryptophanase

L-Tryptophan: tRNA ligase (AMP).(E.C.G.l.l.Z),
referred to as TRS was chosen for detailed study in this
thesis. In addition to the information that may be gained
on the interaction of monovalent cations with the protein
itself, this class of enzymes sefves as q}model system for
protein-nucleic acid interactions (Kisselev and Favorova,
1974) as they contain no nucleotide cofactors. For
halophilic ligases the influence of salt on these tRNA-
ligase interactiong)can be studied. TRS catalyzes the

following reaction:

- T
rp ++
Mg

=i

L-Trp + ATP + tRNA

p

T
L-tryptophanyl-tRNA + AMP + PP..

TRS is present in all organisms and is one of 20 enzymes

which "activate" amino acids as a first step in the synthesis
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of proteins. These enzymes react with three different

substrateé and produce three products. Also, as 1is

necessary for the-fidelity of protein synthesis, they
discriminate among 20 amino acids and at least 60 tRNA

species in this very important step of the genetic determination
of protein primary structure. For these reasons, these

enzymes have been extensively studied in non-halophilic
organisms.

In spite of gross changes in the physiological
response to ions, the prot;}n synthesizing system of extremely
halophilic bacteria has not lost its fidelity (Bayley and
Griffiths, 1967; Ba?ley and Griffiths, 1968; White and
Bayley, 1972). Thus the influence of salts on the structure
and function of TRS and especially the interactions between
TRS and tRNATrp in the presence of high sglt concentrations are
of interest. Loftfield and Eigner (1967YAand Loftfield (1972)
have found that high concentration of salt reduce the binding
of tRNA to- non-halophilic aminoacyl-tRNA ligases but such
a result is not obtained for halophilic enzymes. An
aftdlysis of the results of Griffiths and Bayley (1969) led
Loftfield (1972) to the conclusion tﬁat the rate-limiting
step for halophilic tRNA ligases in low salt concentrations
is the dissociatio? of tRNA from the enzyme,

The tRNA molecule is a strongly charged polyanion

which, it has been suggested (Loftfield, 1972), interacts
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electrostatically with the aminoacyl-tRNA ligase. If these
forces are of primary imporggnce then halophilic TRS must
compensate the weakening of these forces by salts.

An examination of purified H. cutirubrum TRS
activity and stability was conducted with an emphasis on
the effects of salts. It was hoped this would further the
understanding of halophilic protein structure and function
and also increase the understanding of the aminoacyl-tRNA
ligase reaction. Specifically, how does salt affect the
kinetics of this importan€ and highly specific reaction
which usually requires the tight binding of tRNA and enzyme
(Kisselev and Favorova, 1974)? ‘

An examination of purification methods for L-trypto-
phan indole ligase (deaminating) (E.C. 4.1.99.1), or
tryptophanase (originally identified as a contaminant in
the purification of TRS) was also coﬁducted in this thesis.
Tryptophanése is found only in bacteria and almost always in
bacteria of the animal intestinal tract (DeMoss and Moser,
1969). The role of tryptophanase appears to be to regulate,
in conjunction with tryptophan synthetase, the level of
tryptophan within the bacterial cells (Snell, 1975). While
tryptophanase from different bacteria have significantly
different amino acid compositions, their structure and
enzymology appear guite similar (London and Goldberg, 1972;
Hoch et al., 1966; Cowell et al., 1973; Yoshida et al., 1974).

The enzymes are tetrameric molecules with molecular weilghts
X :
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slightly greater than 200,000 daltons. They show
transitions between tetrameric, dimeric and monomeric
forms which suggest that hydrophobic and ionic forces
stabilize the tetrameric structure. Tryptophanases are |\

. +
activated by NHQ+, K

or Rb' and are inhibited by Na® \\

or Li*. 1Ions have been shown to affect the association

of subunits and of the single pyridoxal 5'-phosphate

(PLP) cofactor bound to each subunit. The reaction

mechanism of tryptophanase has been studied in considerable

detail and appears to be similar to that of other PLP

enzymes which catalyze by an a,8-elimination reaction.
Tryptophanase from H. cutirubrum is induceable

and stable and represents a protein thch is present in

relatively high amounts and is easy to work with. /}ts

requirement for saturated KCl for maximum activi); ;;3\

stability distinguishes it from other tryptophaJ:ses.

The effects of salt on the interactions of the subunits

and PLP cofactor, activity and stability of halophilic

tryptophanase could increase Qur understanding of this

and similar enzymes.

g -
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z. MATERIALS AND METHODS
\
2.1. Materials
- All chemicals and reagents were reagent grade and

obtained from commercial sources.

Singly or uniformly labelled L-amino acids, toluene-
I8¢, and sodium pyrophosphate-32p were obtained from New
England Nuclear Corp. Deoxyribonuclease I was obtained
\from Worthington Biochemicals. Sephadex, Sebharose 4B,
Blue Dextran 2000; aldolase, ribonuclease, chymotrypsinogen
and ovalbumin we%é obtained from Pharmacia Fine Chemicals.

HaZobacté;ium cutirubrum strain 9, from the

National Research Council in Ottawa, were used in all the

studies reported, in this thesis.

<

2.2 Growth of bacteria

H. cutirubrum were ¢grown in complex medium using a
bench fermentor and harvested with a Sharples centrifuge
as described by Bayley (1971).
When tryptophanase was to be induced, 1.5 mM L-Trp
was added to the sterilized medium. The medium pontained
about 0.04 mM Trp added with casamino acids. Logarithmically
growing cells to be used as a source for enzyme were grown
to a final optical density at 650 nm of 0.65-0.80 before .

harvesting. Cells to be used for their tRNA were grown to

13
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2.3. Preparation of biological extracts

14

late log phase to a final Aggsg of 1.5-2.0. .Medium which
had been used to prepare cells for their enzymes could be
reused to provide cells for tRNA. Cells to bé extracted
for tRNA either were used immediately or were stored frozen

<«

at -50°C following the washing of the cells.

,

Note : all procedures were performed at 0-4°c
unless otherwise specified. Buffers
containing multimolar salt were filtered
through 0.45 micron nitrocellulose filters.

-~
~

~
\J

2.5.1. S~-150 extract
Freshly harvested, washed cells were homogenized for

20 seconds at full power in a Virtis.omnimixer with 1 ml

of solution D [3 M KC1l, 20 mM Tris-HCl pH 7.6, 0.1 M Mg

(C2H30,), and 0.8 mM 2-mercaptoethanol (ME)} or D' [3 M KC1,

0.1 M Mg (CpH30,),, 10 mM Tris—-HCl, pH 7.6, and 8 mM ME]

per gram wet weight of cells. One mg of DNase per\30 ml of
solution D or D' was added and homogenization was continued
for a further 20 seconds. The homogeénate was then centrifuqed
at 150,000 x g for 2.5 hr. The clear §u§ernatant was

removed and dialyzed against 400 volumes of soiution D or D'.
This préparation, the S-150 extract, was then either used
directiy or frozen wifh‘liquiﬂ Ny in O.I—B_hl volumes in
nitrocellulose tubes and stored at -50°C (at which temperature
it was stable for several months) until thgyewere quick-

thawed in au37°é water béth before useb‘ -
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2.3.2. Transfer RNA

The method of preparation was modified from that of
von Ehrenstein (1968). The cells were homogenized i% 10 ml
of 10 mﬂ MgCl,, 10 mM Tris-HCl, pH 7.5, and 1 mM ME_aﬂd 10 ml
of 88% phenol.per gram of cells in a Waring blender atihigh
speed for 1 min. The agqueous and phenolic phas@ébwere
separated by centrifuging, the upper, aqueous phase was
removed and.the phenolic phase was reextracted with an equal
volume of agqueous buffer. The pooled aqueous phase was
then precipitated by ethanol and fractionated by isopropanol
(von Ehrenstein, 1968). The final precipitate was washed.

N
with 95% ethanol and then withganhydrous ether; it was dried

N

in a vacuum and stored at -20°C.) ‘

The tRNA prepared as degQ;ibed above was discharged of
amino acids by diisolving it in 2 M\Txis-HCl,pH 9 and incubating
at 37°C for 1 hr. Precipitation wa achieved by adding 0.1
volume of 20% KC,H30,,pH 5 and 2 vonmes of ethanol, cooliné to
-15°C for 10 hr and then centrifuging at 6000.g for 15 min.

The precipitated tRNA was further purified by the method

of Kelmers et aZ.‘(196§). The tRNA was dissolved in starting
buffer (10 mM Tris-HCl, pH 7.5, 10 mM MgClg and I mM ME).

It was charged onto a column of DEAE-cellulose equilibrated
in the starting buffer and was then washed with 7 column
volumes of the same buffer and then with 12 column volumes

of starting buffer containing 0.3 M NaCl. The tRNA was

eluted by sfarting buffer containing 1 M NaCl and precipitated
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as described above, washed with 95% ethanol and freeze dried.

This crude tRNA was used routinely for aminoacylation assays

TXp

and contained 19 pmole tRNA per Ajgo unit.

2.4. Preparation of agarose-hexamethylenediamine-Trp ' \\\i
The procedure was modified from that described by
Robert-Gero and Waller (1972) and is summarized‘in Figure 1. \\5
In the hexamethylene substitution of agarose (Sepharose 4B)
the pH was maintained at 10.5-11.5 by adding 4 M KOH dropwise.
The degree of substitution was estimated éualitatively by
the colour test of Inman and Dintzis {1971).
The preparation of~9—nitr0phenylsulphenyf derivatives
of amino acids was as described by Zexvas et al. (1963) with
the following alterations:” To the reaction mixture was u}
added 100-300 cpm of L-Trp-3-1%C per pmole of L-Txp in order
to determine the purity of products and the amount of amino-
acyl substitution of the agarose. The purity of the two -
o-nitrophenylsulphenyl derivatives of Trp (Fig. 1) was 95-105%,
based on the 'cpm per mg, when counting efficiency was
calculated using toluene ! *C as an internal standard. After
the o-nitrophenylsulphenyl-Trp esters had been synthesized, %
filtered,Aneutralized and washed extensively with H,0, they
wére freeze-dried for 3-9 hr to a constant weight.
The activation and coupling of o-nitrophenysulphenyl-
Trp (Figure 1) were as described by Robert—-Gero and Waller i

(1972) for methionine. Some preparations required a

repetition of the Nazszogfreduction to remove the protecting
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\
? /CO - CH,
NpS - NH -~ CH - COOH + HON_ | + DCC
CO - CH,
R £0 - cH,
~—> NpS - NH - CH - cooy ' + g- NH- (CH, ) ¢ NH,
Co - cH,

- §~- NH-(CH,) ¢ - NHCO - CH - NH - Nps
R

Na$203; | { ~ NH-(CHj)¢ ~ NHCO - CH - NH,

R

Figure 1: Summary for the PXeparation of the affinity column

Abbreviations: NpS, o-nitrophenylsulphe_nyl; DCC, dicyclo-~
hexylcarbodiimide; ¢ , agarose or Sepharose 4B; and the R~

group for L-Trp is OU CHy~.
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groﬁp, as a residual yellow co}our was observed. The amount

of aminoacyl substitution was controlled by @dding different

anounts of o-nitrophenylsulphenyl-Trp and ranged from 3.9

to 12 umofes Trp per g wet weight of substituted agarose.
Derivatized agarose could be reused after chroma-

tography of S-150 extracts by washing extensively with H,0,

several volumes of 1 M urea, 0.5 M sodium dodecyl sulfate

(SDS) folléwed‘by H,0 and then starting buffer for the next

chromatography.

2.5. Enzyme assays

2.5.1. Aminoacyl-tRNA ligases

Assays were done in 10 x 75 mm tubes and contained
in 0.25 ml or 0.13 ml each of the following: 1.2 mM ATP
(neutralized), 23 mM Tris-HCl, 4.8 KCl, 1 M NaCl, 40-300 pmoles
of H. cutirubrum tRNA (2-15 RA,¢p units, prepared as described

in Section 2.6.), 25 mM Mg (C,H30,), and 10 or 20 ul enzyme,

usually in solution D'.

\ Assays for the phenylalanyl-tRNA ligase were at
pH 7.9 and contained 2.7 nmole of 470 ycurie per’umole
L-Phe~! %C and 2.9 mM ME. ssays for the TYX enzyme were
at pH 7.2 and contained 2.6 nmoles of 460 ycurie per ymole
L-Tyr-1*C and 2.9 mM ME. Assays for the Trp enzyme (TRS)
were at pH 7.5 and c¢ontained 0.4 =1 nmoles of 45-53 pcurie
per umole L-Trp-1*C (purified as described in Section 2.6.)
and d.l qM ME. Unless otherwise specified, kinetic and

stability studies of TRS were in 0.13 ml volumes and
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confained 9.5 mM Mg(C,H30,),, 78 mM Tris, 150-350 pmoles
of tRNA, 3.5 mM ATP and 7.4 uM L-Trp-!%C. Control
assays contained buffer instead of enzyme solution.

To measure the amount of tRNA in a sample assays
contained the tRNA sample of interest in place of crude tRNA
and an excess of S-150 extract. A control to measure
eqdogenoué tRNA contained no added tRNA. z

Assays were preceded by a 5 min preincubation at 37°c
during which rapid shaking was used to dissqlve KC1l added
to the assay as a dry solid. The enzyme was added and the
shaking incubation was continued for 30 min. The reaction
was terminated by the addition of 0.4 mg BSA and 5 ml of
58 TCA at 0°C. The mixture was shaken, allowed to stand
for 10 min and centrifuged for 10 min at 1000 x g. The
precipitate was resuspended in 1 ml of 5% TCA and filtered
on 0.45 micron nitrocellulose filters, washed with 5 ml of
5% TCA, dried at 90°C for 20 min and counted to determine
the amount of !%C-labelled amino acid which had been
charged onto the TCA-precipitated tRNA. With each set of

assays control assays lacking enzyme were included ahd

their radiocactivity was subtracted from the others.

2.5.2. Tryptophanase

»

Assays were‘done in 15 x 150 mm tubes and consisted
of 0.8 ml solution D' containing 4.4\mM.&:Trp, 0.4 mM

pyridoxal-5'-phosphate (PLP) and 0.13‘mg bovine serum

4
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albumin; 0.8 ml of toluene was added to remove the préduct,
indole, from the reaction mixture. Enzyme was addeé to the
assay last and the assay was incubated at 37°C for 60 min
using a shaking frequency of 130 cycles per min. The
production of indole was determined by gently vortexing the
assay}carefully rem0vi;§ 0.2 ml of the toluene layer and
assaying for indole by adding cgiour reagent and measuring
the Agyo as described by anofsky (1955) . Control assays

without enzyme and with various amounts of indole were used

to determine standard curves.

2.5.3. Assays for other halophilic enzymes

The assay for isocitrate dehydrogenase was described:
by Aitken et al. (1970)“and that for. catalase was described
by Lanyi and Stevenson (1969). The assays for malate
dehydrogenase (MDH) contained, in 1.2 ml of solution D',
0.42 mM cis-oxaloacetate, 0.17 mM NADH and enzyme. The’A3u;‘
was recoided continuously and the recording of the initial
30 seconds was used. to determine MDH activity. The assay
for aldehyde dehydrogenase (ADH) was analogous to that for
MDH except that no cis-oxaloacetate was inéludéd (the 0.1 M
Mg (C;H30,), in sélution D' served as substrate). MDH

assays were corrected by subtracting ADH activity.

3

2.6. Purification of L-Trp-3-!%C

Tﬁe labelled compound as supplied commercially was
found to give a verj higﬁ}backgroundmin control assays,

probably due to‘radiolytic decomposition. - To- remove

[ RR—

P —
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impurities, the substrate was chromatographed on Whatman

3MM paper using H,0 as the solvent in the ascending manner.
There Qere 5 UV-absorbing. or -fluorescing bands. The most
strongly UV-absorbing band migrated with the R. of L-Trp

and gave a UV spectrum of Trp. This band was cutloué and
eluted witﬁ H,0 in a descending fashion. Impuriéies accounted
for approximately 10% of the radioactivity &itd were associated
predominantly with the UV-absorbing and -fluorescing bands.

s
2.7. Analytical techniques

2.7.1. Protein concentration determined by the method of
Lowry et al. (1951). N N

The method was scaled down to give a final ;olume of
1.3 ml and the volume of the enzyme solution varied from 5-200
pl. BSA standards of 20 or 40 ug were used for eaéh assay
series., The enzyme was usually in high concentrations of
salts and ME which necessitated the restriction of volumes
to 40 ul or less. Control assays contained equal volumes
of the same buffer and when the enzyme had been osoncentrated

and dialyzed to remove LfTrp, an equal volume of 20 mM L-Trp

buffer was also concentrated, dialyzed and assayed as a control.

2.7.2. SDS-polyacrylamide gel electrophoresis
Mplectrophoresis of proteins in the pfesence of SDS

dissociates proteihs into their subunits which then migrate

according to molecular weight. The method of Weber and

Osborn (1969) was used. Halophile proteins were dialyzed
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agains§ H,0 first to remove salts and only 1/3 of Weber and
Osborn's amount of (NH,), S,03 was used. Ribonuclease,
catalase, and ovalbumin were used as molecular weight markers.
Gels were fixed for 15 min in 10% acetic acid at 23°C and
stained for 30 min in 10% acetic acid, 25% methanol and 0.25%
Coomassie Blue at 37°C and then were destained in sé;Eral
changes of 10% acetic acid in 25% methanol at 37°c. Gels

were stored in 10% acetic acid. The electrophoretic

mobility relative to bromophenol blue was calculated and

was graphed as a function of the log of the molecular weight

as described by Weber and Osborn (1969).

2.7.3. Molecular weight determination on dextran gels
Molecular weights of halophilic enzymes were estimated
by dextran gel chromatography using Sephadex G-100 Supexfine.
A 1.25 x 28 cm column of dextran gel was equilibrated'
in solution D'. The following samples were applied to and
eluted from the column with solution D': 1 ml containing
S~150 extract (25 mg protein) and 0.33 mg of Blue Dextran
2000 (the latter was used to determine the column void
volume); 0.5 ml containing 0.43 ﬁb Blue Dextran, 3.2 mg
aldolase and 2.8 mg chymotrypsinogen; and 0.5 ml containing
0.43 mg Blue Dextran, 3.4 mg ribonuclease and 3.1 mg
ovalbumin. Fraction volumes were approximately 1.1 ml

and were determined by weighing the tubes empty and full.

An estimate of molecular weight was determined by calculating

-

14
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the KAV and plotting the KAV against the log of the

molecular weight (see Section 4 below).

2.7.4. Amino acid analysis

The amino acid composition of S was determined
by the methods described by Blackburri (1968) based on
the work of Moore and Stein (1963) and Spackman et al.
(1958) . TRS and a control sample of 20 mM L-Trp in
solution D', prepared as described in Section 3.1.1.
was dialyzed against water and dried under reduced pressure
in 5 ml ampules. Redistilled 6 M HCl was added to the
ampules. They were evaculated, flushed with N, and sealed.
The samples were heated to 100°c for 25 hr, dried under
reduced pressure and resuspended in buffer. The samples
were analysed in a Beckman 120C or 119 amino acid
analyzer and the amount of each amino acid was determined.
Corrections were made for the reduced recoveries of Thr,
Ser and Cys (Blackburn, 1968).

The Trp content was calculated from the UV
spectrum of TRS and control samples dialyzed against

water. BSA was used as a standard.

-

K4
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3. PURIFICATION PROCEDURES "FOR HALOPHILIC ENZYMES Y.

Three main procedures of protein purification are
presented in this section: -
a) Affinity chromatography (3.l1.) for the purification of
enzymes for which tryptophan is a substrate was the first
method. This was des}gned originally for the purification
of TRS (Trp-tRNA ligase). Some of the TRS preparations
were found to contain appreciable amounts of tryptophanase.
Chromatography conditions were therefore examined and a
method was found to separate these Fwo enzymes and to
purify TRS to homogeneity and tryptéphanase to near-homogeneity
when analyzed by sodium dodecyl sulfate polyacrylémide gel
electrophoresis (SDS-PAGE). ~
b) Tryptophanase was also purified by the simpler method
of heat treatment followed by (NH,),SO, fractionation (3.2.).
The purification achieved by this method was compared to
that obtained by affinity chromatography.
c) A new method of adsorption chromatography involving the
binding of nucleic acids and proteiné to agarose in the
preéence of multimolar (NH,),S0, and their elution with a
gradient of decreasing (NH,),SO, concentration has been

4
devised (3.3.). It results in the effective separation of ) 4

24
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halophilic enzymes and tRNAs from a crude cell lysate, as
judged by results with ADH, MDH, TRS, tryptophanase and
tRNAPhe. An effective purification of tryptophanase after

heat treatment was also achieved by this method.

3.1. Affinity chromatography

In the last 5-10 years, methods of protein
purification, which have traditionally been very time-
codsuming, tedious and uncertain, have been assisted by
affinity chromatography (Cuatrecasas et al.,1968). Affinity
chromatography is based on the unique ability of biologically
active materials to bind specifically and reversibly (bio-
affinity) other materials which are called ligands. Usually

ligands are attached covalently to solid supports such as agarose,

\
solutions containing the biologically active materials are \
passed over column material containing the specific ligand )

L
and, if conditions are appropriate,the biologically active /

material remains selectively bound to the ligand. Then
the biologically active material is eluted, preferably by
the ligand in solution, but in many cases inhibitors, pH

Y

changes, ionic strength changes or dissociating agents
have been used. ’

If an enzyme is to be purified by affinity
chromatography it is important to consider that derivatization
of the ligand,which is usually the substrate, may change

its enzyme binding properties. Also the.length and chemical

nature of the spacer arm, which is the molecular covalent
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link of the ligand to the solid support, may affect the
accessibility of the ligand to the binding ;ite of the
enzyme. Principles and methods of affinity chromatography
have been extensively reviewed (Cuatrecasas, 1970; Turkova,
1974; Guilford, 1973; May and Zaborsky, 1974).

O'Carra et al. (1974) disc?ss nonbiospecific
interferences possible on "affinity columns". 1Ion exchange
and hydrophobic chromatography due to interactions of
charges and hydrophobic groups on the ligand and spacer arm
are the most common. Salt—sensitivg interactions possibly
due to van der Waals or elec?rostatic interactions are also
observed and this type of interference should not exist
in high salt concentration. Another interaction O'Carra
describes as "ligand-dependent nonbiospecific adsorption”
is due to interactions of enzymes with hydrophobic spacer
arms after b§nding to the ligand; this interference is
characterized by a progressive loss of enzyme recovery with
chronological delay of elution. A last interaction described
by O'Carra et al. (1974) is "compound affinity" in which
weak biocaffinity is supported by nonbiospecific interactions
and biospecific elution can still be used. -

If affinity or biospecific chromatography is the
sole interaction occurring then the retardation (Rbio) of
the enzyme, which is the elution minus void volume, divided

by the column volume, can be described by the egquation:

Rpio = 1%1 (1)
8

s

N R SO SO
—
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where [Im] is the molar concentrlation qf the covalently

bound ligand and KS is the molar dissociation constant for

the covalently bound ligand. In the presence of the

bioeluting ligand in the same.purely biocaffinity chromatography
system the bioelution retardation, Rbio’ can be defined by

the equation:

Rpio = [;m] Ke ’> (2) :
+ [C]

s Kc

where KC and [C] are the dissociation constant and
concen;ration, respectively, of the bioeluting ligan
Purification of aminoacyl-tRNA synthetases by
affinity chromatography has been reported many times withi
the last 5 years. Howe@er, the enzymes were either eluted
without the use of substrate-containing solutions (FPorrester
and Hancock, 1972; Robert-Gero and Waiker, 1972) or were
eluted with salt gradients (Bartkowiak and Pawelkiewicz,
1972; Remy et al., 1972; Hayashi, 1973; Joyce and Knowles,
1974). This suggests that their purificatién was based
mainly on ion exchange chromatography. The éhromatography

of halophilic enzymes on ligand-containing columns in high

salt concentrations precludes ion exchange chromatography.

3.1.1. Affinity chromatography of TRS
Agarose—hexamethylenediamine—-Trp (AHT? columns

were highly satisfactory for the chromatographic purification

of halophilic TRS in high salt buffers. The enzyme could

be eluted readily by L-Trp dissolved in concentrated salt

solutions. Before an effective procedure could be developed,
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however, conditions influencing chromatography had to be

oy

optimized.

Small columns were used to examine the ef}ect of
salt concentration and cation specificity on the chroma-
tography of TRS on AHT. Much more TRS waé bound when 5 M
NaCl buffer was used rather than 3 M NaCl buffer (fable 1).
The 5 M KC1l buffe} system gave gréater TRS binding than the
5 M NaCl buffer. This demonstrates, that both ionic strength
and specific ion effects are important to binding. Flow
rate had no effect.

Small analytical cblumns wére also used to examine
the effect of various ievels of substitution of agarose-
hexamethylenediamine with L-Trp. The relative elution
pattern of TRS on these columns was examined (Figurgs 2 and
3). Chromatography empioyed's—lso extréct on g columns Of
AHT containing 0-8.9 wmole L-Trp/g of drained, wet column
‘material. The agarose-hexamethylenediamine column (F}gure 2a)
d1d not retard TRS relative to the protein peak. TRS was
rgtained when célumns containing 4.3 pmole or more of
Trp)g,AHT were used.-'?iggres 2 and 3 sﬁéw that the ' *
sharpness of_the elution profileé decreased with increasing -+ ‘ .
amounts of L-Trp on the agarose and that the.recqve;§ of
input TRS decreased from 100 to 4%. §ﬁall differences in
AHT prépa:atioﬁ might account for the differences in

elution from the 4.3 and 4.7 ymole AHT, .
It is apparent that these ‘data do not fit the ~ & -
.situatioq‘ﬂescribed by equation (2) (Section 3.1.).

*
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Table 1

1
Affinity Chromatography of TRS and Tryptophanase on

5 uymole/g AHT with 3 M and 5 M NaCl and 3 M KCl buffers

z
‘Salt ] 3 M . 5 M 3 M

concentration NaCl NaCl KCl

% TRS bound .2 19 35

Total recovery ' .

of TRS (% input) 24 81 51

$ tryptophanase‘-

bound- 0 12 0

Y,

Total recovery

of tryptophanase : 95 89 93

(% input) :

239,

To the 1.6 ml, 7.2 cm high columns were added 25 mg S-150
extract. Flow rate was 400 ml/hr/cm? of column surface
.area. Chromatography buffers contained 0.1 M Mg(C,H30,) 5,
10 mM Tris~HCl, pH 7.7 and 8 mM ME. A 25 ml wash with
this buffer was followed by a 15 ml elution with this
buffer plus 16 mM L~Txp.

-
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FPigure 2: Affinity chromatograph& of TRS on analytical cColumns

To three 1.6 ml or 0.53 x 7.2 cm columns of AHT substituted
with a) zero; b) 4.3 and c¢) 4.7.umole Trp per g AHT were
added 24 mg protein of S$-150.extract. With flow rates of

400 ml/hr/cm?® of column surface, fraction volumes of 5,15
and 5 ml were eluted with solution D' followed by 3;10. and

2 ml-of 20 mM L~Trp in solution D'.. The arrows indicate .
the addition of 20 mM L~Trp. Recoveries of input TRS were 3
"100, 32 and 41%, respectively. . o .
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Figure 3: Affinity chromatography of"TRS'on analytical
columns containing more Txp.

Columns- of AHT substituted with a) 5.6; b) 6.0 and c) 8.9
ymole Trp per g AHT were used. Othér conditions were the
same as in Figure 2. Recoveries of input TRS were 14,

12 and 4%, respectively. -
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For example, increases in Im from 4.3. to 6.0 increased Rbio
from 1 to 5. It can be concluded that non-~specific factors
affect elution of TRS. Salt~sensitive and ionic interactions
can be ruled out becauée solution D' contains 3 M KCl.

Ligand-dependent, non-biospecific adsorption is not possible

‘because recoveries in Figure 3 where chromatography took

0.45 hr were not less than for Figure 5 where chromatography
took 13 hr. If hydrophobic éhromatographf were the sole M
interaction responsible: for adsorption then biospecific
elution should not occur and the separation of TRS from
other proteins binding by hydrophobic interactions should
not be possible. Thus the results observed might be
explained by compound affinity in which affinity chroma-
tography and hydrophobic chromatogréphyﬂare both occurring.
Another interpretation of the data in Figure; 2 and
3 is that the immobilizedfTrp on AHT does not have uniform
affirgity for TRS. The levels of Trp on AHT were several
orders of magnitude greatér than the levels. of TRS retained
during affinity chromatography. Therefore, progressive

Trp substitution of AHT might more than proportionally

“increase the TRS binding sites available.

To prepare TRS for kinetic analysis and amino
acid analysis larger columns and more S-150 extract were
employed. For preparative chromatography on a large column,

AHT with 5.2 uymole Trp/g was unsatisfactory (Figure 4).
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TRS ACTIVITY
{cpm/20n! X 10°")
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LITRES .ELUTED

Figure 4: Preparative affinity chromatography of TRS on
'AHT containing 5.2 uymole .Trp/g AHT

TRS in 825 mg S-150 extract was applied to a 33 ml 1.2 x
22 cm column. Elution was with solution D' at 400 ml/hr/
cm?2 of column surface area. *
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Although not shown by the A,g¢ plot in Figure 4, there was
still A,gg—absorbing material eluting until the column

had been washed with 80-100 column volumes of solution D°'.

But this extensive wash eluted almost all of the TRS applied.

Using half as much S-150 extract did not solve this
problemn.

However, the TRS in up to 50 mg protein in S-150
extract per ml AHT could be bound tightly to 6 umole Trp/g
AHT columns and L-Trp-induced elution volume was small
(Figure 5). Recovery of input TRS was 40%. When similar
column chrém%tdgraphy was performed using solution D' the
results were almost identical*to Figure 5.

When the eluted TRS peak from the Figure 5 column
was analyzed by SDS-PAGE the gels showed several protein
bands (Figure 6A). The enzyme could be further purified
by a second passage through the same affinity column after
washing (Section 2.4.). The TRS-binding capacity of the
column remained unchanged (3 m units or 20-50 ug of TRS/ml.
of column materiél of which 30-40% was recovered). When
TRS from this second chr&matography was analyzed by SDS-
PAGE only one protein band was observed (Figure 6B).
Purification for this preparation of TRS was approximately
1000-fold. This preparation was used in the studies of
Section 5 of this thesis and is referred to as "purified
TRS" . .

‘ Purification data for several preparations of TRS

is summarized in Table 2. The purification factors and

G y
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Fiﬁgire 5: Preparative affinity chromatography of TRS on AHT
with 6 ymole Trp/qg.

Two hundred and thirty six mg of S-150 extract protein was
applied to a 10 ml 117 cm high column of AHT. Buffers
contained solution D. The arrow indicates the point at
which 20 mM L-Trp was added. Of the input TRS, 40% was
recovered in the Trp-eluted peak.
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Figure 6: SDS-polyacrylamide gel electrophoresis of
purified and crude TRS and tryptophanase

A: 11 ug of partially purified TRS prepared by one
affinity column passage. B and I: One and 1.3 ug,
respectively, of purified TRS prepared by two affinity
column passages. C,D,E and F: 0.5, 48,37 and 32 ng,
respectively of tryptophanase purified by affinity
chromatography. G: 4.1 ug of partially purified
tryptophanase prepared by heat treatment and (NH,),SO,
fractionation. H: 20 uyg of partially purified
tryptophanase prepared by heat treatment and agarose-
(NH,) ,S0, chromatography. The sharp lower bands in
gels A,D,E and F correspond to the position of
bromophenol blue.
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Table 2

Summary of TRS Affinity Chromatography Purification

and Recovery Data for Several Preparations

Purification

% recovery umole Trp/g AHT
factor
1
400 - 5.4
1
340 37 5.6
1
400 40 5.6
- 40 6
3 ’
1000 9 6;4.7
2 3
9580 * 4 6,6
\

Specific activity was measured for peak fractions only.

In the second chromatography the column was overloaded
and hence recovery was low.

3
Second column passage.

Ly I g e
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’

purity of the product were greater than any of the previously
~.

reported methods of affinity chromatog;;phy of aminoacyl-

tNA ligases. In addition, the recovery of TRS was

reasonably high.

3.1.2. Affinity chromatography of tryptophanase

In the initial purification of TRS on affinity
columns containing Trp, some preparations were contaminated
with appreciable amounts of tryptophanase. The possibility
of using affinity chromatography for the purification of
this enzyme was also investigated. N

In the preparation of TRS using 3 M KCl in solution
D', the chromatography of tryptophanase showed a slight
retardation relative to the protein peak (Figure 7).
However, an insignificant amount of tryptophanase was
retained on the column and eluted with L-Trp (see also
Table 1l). When chromatography buffers contained 5 M NaCl
(solution E) in place of 3 M KC1 in solutioq D' (Figure 8
and Table 1) appreciable amounts of the tryptophanase were
bound and were eluted only with a wash containing L-Trp
Chromatography using 3 M NaCl instead of 5 M NaCl prevented
the binding of tryptophanase (Table 1). It is possible
that ionic strength is critical since both 3 M NaCl and
3 M KCl1l buffers are unsatisfactory as chromatography °
buffers.

There was no correlation between ionic conditions

required for binding to AHT and those for maximum enzyme
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activity. Tryptophanase actiﬁity increased 20% when 5 M
instead of 3 M KCl was used but the ﬁée.of 5 M NaCl
instead of 3 M KC1l reduced tryptophanase act;zfty by 85%.
It may be that the ionic strength is imporﬁant for the
binding of tryptophapé;e to Trp‘bub that K+ is reguired
for'catalytic activity, as it is for other bacterial
tryptophanases. |

The effect of the level of Trp immobilized on AHT on
the affinity chromatography of tryp}ophaﬁase in 5 M NaCl was
examined on small columns (Figures 9 and 10). WNeither the
agarose—hexamethylenedlamlne column (Flgure 9a)
nor the 4.3 pmole Trp/g AHT column retained tryptophanase
although the enzyme was slightly more retarded in the
latter. When the uymole Trp/é AHT was increased from 4.7

to 8.9 the retention of tryptophanase increased slightly.

- Elution volumes also increased with the amount of Trp

immobilized on the gel. As for TRS, equation (2)- does

not describe the relative elution behaviours. The 6 ymole

Trp/g‘ABT‘hqg an Rbio approximagelyﬁ70% larger than that -
of the 5.6 umole Trp/g AHT. . )

On 5.6 umole/g'Trp/g AHT columns (Figure 8),
tryptophanase was retarded more t£an TRS, whereas 6n 4.3
pmole/g columns tryé%ophanase is retainéd very much less

than TRS (Figures 9. and 2, respectlvely) Oné poséibility

" is that hydrophoblc chromatography is a more ‘important

-factor for tryptophanase than for TRS.‘ Thus, while the

retardat;on due to bloafflnlty is less, the hydrophoblc
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Figure 9: Affinity chromatography of tryptophanase on
analytical columns. |

7 , - 7~ \u .
The same columns as.in Figure 2 were used, containing-,
AHT substituted with a) zero; b) 4.3; and c¢) 4.7 umole

42

Trp per g AHT. In (a), 26 mg S-150 extract was applied;

‘for the others (including Figure 10), 11 mg extract was
used. This extract was prepared from H. cutirubrun
cells which had been induced .to produce more than the
basal level of tryptophanase by the addition of L~Trp
to the growth medium. The arrows indicate the addition
of 16 mM L-Txrp in solution D'. Recoveries were 90,95
and 70% of input, respectively.
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Figure 10: Affinity chromatography of tryétophahase on
analytical columns. -

The same columns as in Figure 3 were used, containing
AHT substituted with a) 5.6; b) 6.0 and c) 8.9 umole
L-Trp per g AHT. Other conditions were the same as
in Figure 9. Recoveries were 59,42.and 16% of input,
respectively.
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interactions are probably stronger for tryptophanase. /
The covalent modification of L-Trp in the preparation of
AHT may produce more strongly binding derivatives of Trp
than free Txp.

The presence of PLP in solution E increased retention
of tryptophanase about 3-fold. This suggests that the
holoenzyme but not the apoenzyme binds to AHT columns and
subsequently PLP was added to most buffers when binding
to AHT was required. )

For larger scale purification of tryptophanase by
affinitchhromatography it was necessary first to chromato-
gréph the S-150 extract on AHT using solution D' to remove
some cochromatographing proteins. As well és TRS (see
Figure 8), several other proteiﬁé also bound to AHT;
attempts to identify them as other Trp metabolism enzymes
such as Trp oxygenase were unsucéessful. A second
chromatography of the tryptophanase peak with chromatography
conditiong similar to those of Figure 8 yielded preparations
containing mainly one band on SDS-PAGE.

Two such preparations of tryptophanase will be
_described. In the first, 415.mg of S-150 extract was passed
through a 30 ml column of AHT with 10.2 pmole Trp per g
using 3 M KClL buffer. . The tryptophanase peak {(as in Figuré
7) was then purifled by afflnlty chromatography usmng
solution E w1th no PLP on a 10 ml column of AHT with 5 6 umole

per g. After a 50 ml wash, tryp%ophanase was eluted with
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16 mM L-Trp. The rgsults were similar to the 16 mM L-Trp
elution shown in Figyre 8 for tryptophanase. However, no
detectable TRS and”little protein was seen in this second
column. The L-Trp-eluted peak was analyzed on SDS-PAGE and
the gel\is shown in Figure 6C.

In the second preparation, 540 mg of S;lSO extract,

a 23 ml column of 5.6 umole Trp/g AHT using solution D',

and a S% ml column of the same AHT in solution E were employed.

After a 3 liters wash in the second chromatography the
tryptophanase was eluted, concentrated and analyzed by SbS-
PAGE. The result is shown in Figures 6D, E and F for 3
successive L-Trp eluted fractions. Purification for the
three fractions was calculated to be 19-fold, 22-fold and
10-fold respectively. Because concentratéd samples of L-Txp
solutions were ﬁot used as blanks for the Lowry test these
purification factors are Yow; based on purity of tryptophanase
on SDS-PAGE and of the purification factors for tryptophanase
of equivalent purity on SDS—PAGE these fractions should be
approx;mately 80 to 200-fold purified.

This purificationais extensive but only small
amounts of tryptophanase can be purified by this method.
About 3 m units tryptophanase is bound per g AHT containing
5.6 umole Trp per g. This is 15~30 ug of pure tryptophanase
or 25-100% as many tryptophanase as &RS molecules which .

are retained.

i i e e o o
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3.2. Heat treatment and (NH,),S0O, fraction of tryptophanase
A classical and simple method for enzyme purification
which can be applied to heat stable halophilic enzymes is
heat treatment. A preparation containing the enzyme of
interest is put into a solution in which the enzyme is

guite stable. The pH, salt concentration and protein

concentratign can be quite important. Also the inclusion

of substrates, cofactors and inhibitors may further stabilize

the enzyme. The temperature and time are determined at which

most of the enzyme remains active and in solution while

other proteins are inactivated and precipitated. Inactivated .

proteins are centrifuged out or filtered and a simple rapid

purification is achieved. Fractionation by (NH4) ;S04

precipitation is also a classical simple method which

should be gpplicable to most halophilic enzymes because

they are stable in solutions of this salt. These two

methods were combined for the purification of tryptophanase.
The crude enzyme containing the stabilizing cofactor,

PLP; was heat-treated at 76°C fof 10 min. This treatment

resulted in a 4.7-fold purification and a 94% recovery of

tryptophanase (Table 3). The enzyme was further purified

by (NH,),S0, fractionation. Precipitatién of tryptophanase

from 2.46 M to 3.28 M (NH,) S0, yielégd 14.4-fold purification

with 88% recovery of S-150 extfact activity (Table 3).

A second precipitation from 2.75 to g,92 M (NHy) 2SO0y

resulted in a net 40-fold purifica ion with 51% recovery.

This preparation was anal}ied " SDS-PAGE and the result
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Table 3

Purification of Tryptophanase\gy Heat Treatment and

(NH, ), SOy Fractionati?n

Treatment Untreated Heat at 2.46-3 .28 M 2.75-2.92 M
S-150 76°C (NHy ) 2S04, (NHy ) 2SOy
ppt ppt
;“’1f1cat1°“ 1.0 4.7 14.4 40
actor
% recovery 100 94 88 51

$-150 extract, obtained from induced bacteria, contained 48 mg/ml
protein and 15 munits/ml tryptophanase. This enzyme, in solution
D' plus 0.4 mg/ml PLP, was heated to 76°C in less than 2 min,
maintained at 76°C for 8 more min and then was cooled to less than
25°C in 1 min. The enzyme was filtered through Whatman 3 MM paper
and dialyzed against 60% saturatedjor 2.46 M (NH,),SO,, 8 MM Tris-
HC1, pH 6.7, 1.6 mM ME (2.46 (NHy)2SOy buffer). It was then
centrifuged at 12000 g for 10 min to remove insoluble material.

The supernatant was adjusted to 3.28 M (NH,),SO, by the addition of
solid salt. The précipitate was dissolved in 2.46 M (NH,),S0,
buffer. The (NHy)2SO; fractionation procedure was repeated to
obtain tryptophanase precipitating from 2.75 M to 2.92 M (NH,),SO,.
More than 20% of the tryptophanase activity was recovered in fractions
not shown in the table.

A A



is shown in Figure 6G. The subunit moleéular weight of
the most darkly stained band (54,000) corresponds to that
for Figure 6C, suggesting that the major band in both
was tryptophanase.

The same purification to the one described above
but without added PLP gave only 86% recovery for the

heat~treated fraction and smaller percent recoveries and

purifications for subsequent fractions. Fractions precipitated

by (NH,),S0, were treated with\I mM D, L-penicillamine to
remove endogenous PLP (Morino and Snell, 1967) and the
precipitates consisted mostly of distinct crystals. This
result suggests that H4. cutirubrum tryptophanase does not
crystallize if it contains PLP, as is the case for E. coli

tryptophanase (Morino.and Snell, 1967).

3.3. Agarose-(NH,) S0, chromatography

Recently, techniques have Qeen developed for the
separation of proteins (Rimerman and Hatfield, 1973; Porath
et al., 1973) and polysaccharides and glycoproteins (Bussey
et al., 1975) on agarose gels substituted by aliphatic
amino acids or cross-linked by benzyl groups. Separation
was reportedly due to the size and hfdrophobicity (éussey
et al., 1975), solubility in (NH,),S0, (Rimerman and
Hatfield, 1973), and "salting-out" adsorption (Porath et

Pl
al., 1973) of the macromolecules. Binding was achieved

in high concentrations of phosphates or sulfates and was

shown to be dependent on substitution of the agarose
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(Rimerman and Hatfield, 1973; Bussey et al., 1975). The
high capacity of gels and the general stability of proteins
in high concentrations of theée antichaotrophic ions
suggest that the method would be useful in studies of
halophilic proteins since these proteins are unstable in
low salt concentrations.

For the purification of halophilic enzymes a new
technique has been developed which does not require the
agarose to be substituted but which does require high

concentrations of (NH,),S0,.

When an S-150 extract of H. cutirubrum was added
to buffer, (10 mM Mg(C,H307)2, 10 mM Tris-HCl, pH 6.7, 8 mM
ME) containing 2.4 M (NH,),S0,, to give a protein concentration
of 3 mg/ml and was then centrifuged at 10,000 for 10 min.,
95% of the malate dehydrogenase (MDH), aldehyde dehydro-
genase (ADH), tryptophanase and TRS remained in the super-
natant. The clear red-brown supernatant was then applied
to a column of agarose (Sepharose 4B). None of the 4
enzymes were detected in an extensive 2.4 M (NH,) S0,
buffer wash (Figure 11) but they were eluted by a gradient
of (NH,),SO, from 2.4 M to 0 in a pH 7.5 buffé; of the same
composition as before. ADH, MDH and tryptophanase were
eluted as sharp peaks while TRS eluted as a broader peak
in the main protein-containing fractions, 90~120, Recoveries
vere 85-93% for all four enzymes w}th purifications of
8~fold, 10-fold, 36-fold and 4-fold, respectively

~—+for tryptophanase, MbH, ADH and TRS. For clarity the

= T el
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Figure 11: Fractionation of H. cutirubrum proteins
and nucleic acids on agarose

The column was 1.5 x 25.5 cm with a volume of 45 ml.
The S$~150 supernatant contained 127 mg protein and

8% nucleic acids in 90 ml of 2.38 M (NH,) ,S0, buffer.

After the S-150 supernatant was applied the column
was washed with 2.38 M (NH,),50, buffer and eluted
with a linear gradient using 400 g or 350 ml 2.38 M
(NH,) S0, buffer in the mixing chamber and 400 g or
400 ml 0 M buffer in the reservoir. Fractions were
6.3 ml and protein was determined by the Lowry
method. The maximum activities were 200 units/ml
-for ADH; 660 units/nl for MDH and 6.4 nmole/min/ml
at 37°Cc for tryptophanase. Recovery of protein was
90% and of A,ggp-absorbing material was 95%. The
arrow indicates the position of peak TRS activity.
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profile of enzyme activity of TRS was not shown in Figure
11.

During application of S§-150 extract and the 2.4 M
(NH,) ,S0, buffer wash a red-brown material was observed
within the top 4 cm of the column. It was not a film or
precipitate on the column surface and therefore was binding
to agarose by adsorption and not due to precipitation.

This material eluted in fractions 102-106. Assuming that
the volume of the column to which other proteins are bound
is the same as for the red-brown material, the capacity of
the agarose exceeded 20 mg protein/ml. Based on the
retention of the four enzymes on the whole column in Figure
11 a conservative estimate of agarose capacity would be 2 mg
protein/ml,.

The A,g9/A2s0 ratio for fractions 90-125 varied
from 1.3 - 1.75, indicating that the content of nucleic
acids should be less than 1% of the protein content (Warburg
and Christian, 1941). The method, however, depends on a
standard curve obtained with RNA and BSA. Protein Ajgp
and R,g9 is dependent on the content of Trp, Phe and Tyr.

Nucleic acids were present in fractions 7-12 and
fractions 125-210. The material in fractions 125-210
contained no proteins based on the A,3¢9/A5¢ ratio of
0.55 and the Lowry test for protein (Figure 11). Thg
ratio of the Ag,, for the test for ribose to the A,¢o for
the peak A,gq¢ containing fractions from 125-210 was the

-

same as for the yeast RNA standard (Table 4). This indicates
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Table 4

Assays of Peak Nucleic Acid-Containing Fractions from

Figure 11 for RNA and tRNAPhe

Fraction 8 136 146 162 177 203 yeast
number RNA

2672 orcinol/ 0.02 0.075 0.076 0.075 0.075 0.076 0.076
250 Yatio .

Cpm L-Phe I™%¢C -
D reet/10 0 5 128 9 15 15

1 %
Fractions were dialyzed against distilled H,0 to remove (NH,),SO.
and assayed for RNA by the orcinol test for ribose (Rg7,) and

this was divided by the A,¢¢ of the dialyzed fractions.
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the presence of RNA free of DNA and proteins. Of the peak
RNA-containing fractions,.only fraction 146 contained tRNAphe
(Table 4). The charging capacity for Phe of this fraction

was 12 umoles/A,¢o, Which was 40% of that for halophile tRNA
prepared by the method of von Ehrenstein (1968). This lower

h
€ occurred

acceptance suggests either that the peak for tRNAP
some fractions away from tube 146, or more probably that RNA
species other than tRNA were also eluted in these fractions.

The material in fractions 8-12 of Figure 11 had an Aj;g0/A2¢0

ratio of 0.53-0.59 and was probably mostly small DNA fragments

formed by deoxyriBonuclease digestion in the preparation of
AY

5-150 extracts because 80% of the A,¢9 of these fractions was

lost during Qialysis. The 20% of the A,4¢0 which remained from

fraction B after dialysis represented, in part, protein, as
observed from the Lowry test in Figure 11, ahd, in part, RNA,
as the RAg7,/As¢¢ ratio was greater than 0 (Table 4).
Tfyptophanase was purified by a combination of heat
treatment and agarose-(NH,),S0, chromatography. When
S-150 extrac% was heated to 72°C for 10 min in solution D'
plus 0.4 mg/ml PLP, purification was 4.1-fold. The heated
extract was filtered thr?ugh Whatman 3 MM paper, dialyggd
against 2.38 M (NH,) SO, buffer, and centrifuged. -The
supernatant was 5-~fold purified over the S-150 extract.
The supernatant was subjected to agarose-(NH“)ZSOu chromato-
graphy and the results are shown in Figure 12, When
fractions 135-146 containing tryptophanase activity were

pooled and concentrated, the specific activity of the enzyme

-
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Figure '12: Agarose-(NHﬂ)zsoq chromatography of tryptophanase.

An 8.5 ml.17 cm high column of agarose’ (Sephadex 4B)
equlllbrated in 2.38 M (NHy) 2SO buffer was used. Heat-
treated enzyme was added to the column; the column was
washed with 110 ml/©F\ 2.38 M (NH,),,S0; buffer followed .

gyfg. 500 ml gradJ.e l‘ 2.38 (NH;,)‘Zst, tO 1.4 M (_NR:,)_:&SO;,
uffer.
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had increased 15-fold (compared to an 8-fold increase in

Figure 11) to a level 90-fold greater than that of the
5-150 extract. The tryptophanase peak from Figure 12 was
again chromatographed in the same column chromatography
procedure. The second tryptophanase peak was concentrated.
It was 200-fold purified over crude extracts and was nearly
hgmogeneous when analyzed by SDS-PAGE (Figure 6H). The
main band had a molecular weight similar to that for

£

tryptophanase in other preparations (Figures 6C,D,E,F and G).

3.4. D(;cussion of purification procedures
Enzymes from halpphilic bacteria are ggnerally

unsﬁable in low salt concentrations. Three methods have
“been devised to purify such enzymes in the presence of high
cogcentrations of salt. Heat treatment combined with
(NH, ) ,S0, fractionation and agarose-(NH,) SO, chromatography
were féund to be relatively quick and effective general .
methods for purifying these enzymes. Tryptophanase was
found to be particularly amenable to purification by such
prodedurés. Thes;'fractionation procedures were modified
from those 2?ed to purify non-halophilic enzymes.

A new fractionation procedure has been developed for
- the purification of halophilic enzymes. The chromatography
.ph unsubstituted agarose, in high concentrations of (NH),50,
was found to be a single~step, high yield and effective

method of fractionating proteins and nucleic acids. The

basis for sep§ration is wot known at this time. The mechanism
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may involve a partial salting—gut of the macromolecules to
a degfee‘where interactions between the macromolecules are
not strong enough to effect a precipitation from solution
but where the interactions between the polysaccharides of
éhe gel and the macromolecules in solution areysufficiently
strong to adsorb the macromolecules. Decreasing the salt
concentration would then solubilize the macromolecules in
a form of partition or adsorption chromatography. This
purification method should prove to be particularly useful
for halophilic systems in which many enzymes are unstable
when antichaotrophic salts are removed. Thé separation of
nﬁcleic acids is important in protein purification also,
particularly if nucleiciacids are substrates.

The most effective method for fractionating halophilic
"énzymes was affinity chromatography. The preparation of
an affinity column, AHT, has been described and its
application to the purificétion of TRS and tryptophanase has
been demonsirated. ’ | )

TRS was purified to homogeneity on SDS-PAGE by two
successive paésageé through AH? with biospecific elution
with L-Trp. As TRS is an enzyme which irreversibly loses
its activity in low salt condéntrations, chromatography
was performed using 3 M KC1 and 0.1 M #Mg (CpH30,), in all
buffers. The 10% yield and 1000-fold purification were

both very high considering the excéptionally refractory

nature of most halophilic enzymes.
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The affinity chromatography purification of halophilic
TRS was much more extensive than for comparable methods for
non~halophilic aminoacyl-tRNA ligases (Robert-Gero and
Waller, 1972; Forrester and Hancock, 1972; Remy et al., 1972).
For these authors bioelution was not found to be practical.

In many instances, enzymes were eluted with salt gradients

so that the procedures were probably ion exchange chromato-
graphy. Even when 0.2 M phosphate.buffer was used half of

the protein was non-specifically adsorbed onto the columns

of Rebert-~Gero and Waller (1972). Using higher concentrations
of salt would probably interfere with enzyme binding.

ElutiSn of halophilic TRS required a relatively small
volume of 20 mM L~Trp because no retention due to ionic
binding occurred. Thus, the lack of ionic binding and
other salt-sensitive interactions allows a much more
effective purification. ’

Affinity chromatography of tryptophanase has also
been successful dn the same AHT columns. Tryptophanase
prepared by 2 column chromatographies was shown to have
one main band on SDS-PAGE which was of the same molecular
weight as the main protein bands on’gels for tryptophanase
purified by two different techniques. SelectiYe tryptophanase
 binding was found An 5 M NaCl buffer as oppﬁsed to 3 M NaCl

or 3 M XKCl buffé?é% This might be construed to indicate fhat
hyd;ophob;c chroma;ography is the sole mechanism of
fractionation since hydrophobic forces are enhanced by

higher ionic strength solutions. However, the separation

[N SN
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of tryptophanase from other proteins which are probably
also bound due to hydrophobic interactions should not then
occur.

The effect of salt concentration and PLP on
tryptophanase binding suggests an apéroach which might
assist various halophilic enzyme purification schemes. For
the various fractionation procedures available ar®initial
purification with one buffer may be followed by another
purification with a buffer of different pH and containing
different ingredients such af substrates, cofactors,
products and any of the antichaotrophic salts. By thé
appropriate manipulation of the second buffer a significant
further purification might be achieved. Such an approach
was used in the affinity chrowatography of tryptophana;e.
The approach could be used fd& other techniques. For
example, isocitrate dehydro%enasg has twice the molecular
weight in 3 M NaCl than it has in 3 M KC1l (Aitken and Brown,
1972). This property could be used to purify the enzéme

on dextran gels.

DN e N s e . L



4. MOLECULAR WEIGHT ESTIMATION OF HALOPHILIC ENZYMES

Estimates of the molecular weights of halophilic
enzymes wére made by chromatography on Sephadex gel and by
electrophoresis under denaturing conditions on SDS-poly-
acrylamide gels.

For proteins chromatographed on Sephadex G100, °
the partition coefficient between the liquid and gel phases,

K is linearly proportional to the logarithm of molecular

av’
weight in the range from 4000 to about 100,000 daltons,
provided the proteins are of low asymmetry and contain no
carbohydrate (Andrews,1964; 1965). The partition coefficient

KAV was calculated@ from the formula

K - Ve-Vo
AV vt-Vo

where Ve is the elution volume (peak enzyme activity or A;gp
for standard proteins), Vo is the void volume or the volume
between the gel grains in the column bed .(taken to be the
peak Ag3g of dextran blue 2000 which is completely excluded
from the gel), and Vt is the total volume of the gel bed or
volume of water that fills the column to the same hgight.»
. A column of Sephadex G-100 (Suéerfine-grade) was

equilibrated in solution D' and four standard proteins and
an S-150 extract were chromatographed in the same buffer.

The calibration curve obtained with the standards is shown

59
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in Figure 13, and the molecular weights estimated from this

curve for several halophilic enzymes are given in fable 5.
These gstimates are limited by the following

considerations:

1. The calibration curve departs increasingly from’'linearity

above 100,000 daltons (Andrew, 1964). This means that

‘estimates from Figure 13 are low for molecular weights above

this value and are high for molecular weights below it.

2. These proteins are assumed to meet the requirements stated
earlier in being nearly spherical and in lacking carbohydrate.
3. It is assumed that the same relationship between KAV

and log molecular weight exists in the concentrated salt

- solutions used here as in normal buffers. Results with two

enzymes suggest that this assumption may not lead to gross
erroxrs. Fbr catalase, the present estimate in concentrated
s#lt is similar to that of 240,000 obtained by Lanyi and
Stevenson (1969) with dextran gel chromatography in 0.2 M

NaCl. Molecular weight data on isocitrate dehydrogenase

" has been reported by Aitken et al. (1970). These authors

found in dextran.gel filtration experiments that the
molecular weight depended on buffer composition. One of
the values was 71,000, which is similar to that in Table 5.
The molecular Weights‘of purified TRS (Figure 6B)
énd of purifie@ tfyptophanase (Figyres 6C, E and H) were
also estimated by the SDS-PAGE method of Weber and Osborn

{1969). The calibratiqn curve andbthe estimates of mqlecular‘
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Figure 13: Dextran gel molecular weight calibration curve

A 49 ml column of Sephadex G100 Superfine was used.
Procedures are described in Section 2.7.3 and calculations
are described in the text.
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Table 5

The Molecular Weights of Halophilic Enzymes

Estimated by Gel Filtration

Halophilic enzyme

y Estimated
molecular weight

TRS

PRS

Tyrosinyl-tRNA ligase

Catalase

Isocitrate dehydrogenase

Tryptophanase

120,000

240,000

17,000

210,000

60,000

190,000
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weight are §hown in Figure 14. Estimates by this method are
reliable only if the proteins contain no carbohydrate residues
or phosphate groups.

The molecular weight of TRS estimated by gel
filtration was about 120,000 daltons (Table 5), while under
denaturing conditions, SDS-PAGE gave in three separate
experiments values between 63,000 and 65,000 daltons.
Although these estimates are approximate, it may be tentatively
suggested that the enzyme contains two subunits and is of
the as; type. Three TRS enzymes from other systems have
been reported of the a; type. The molecular weight of
E. coli TRS is 74,000 on dextran gels and 37,000 daltons
on SDS-PAGE (Joseph and Muench, 1971). Human placental TRS
SDS-PAGE molecular weight is 58,000 while the molecular
weights on sucrose gradients and dextran gels are 100,000
and 125,090 respectively (Penneys and Muench, 1974). For
yeast TRS, the SDS-PAGE molecular weight is 50,000 daltons
while the dextran chromatographx molecular weight is 110,000
daltons (Hossain and Kallenbach,.1974).

Within the limitations of the estimates reported
here, therefore, halophilic TRS appears comparable in size
and subunit structure to the corresponding enzymes in
several other systems.

Tryptophanaselgave a moleéular weight by gel
filtration of about 190,000 and by gel electrophoresis

(Figure 6C, E and B) of between 53,000 and 56,000 daltons.

M« -



prusiiihap i

MoL. wr. (x 10°*)

T o
TRS
¢ CATALASE
TRY PTOPHANASE
5 be
OVALBUMIN
AR
i} .
2 low
RNASE
L ) R 4 i I
( 0+2 0.4 0.6 0.8

Figure 14: Estimations of molecular weight by SDS~PAGE

Standard_ proteins, TRS and tryptophanase were electrophoresed
on gelsf\ d their electrophoretic mobilities relative to
Bromophenol blue,tREL) are plotted against the log of their
molecular weights. =
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For the reasons discussed earlier, the value from gel
filtration is probably grossly underestimated. It is
possible therefore that this enzyme is of the a, type
with a molecular weight of over 200,000 daltons. This
would make it similar in size to the tryptophanases of
several other bacteria. That of E. coli K12 is 223,000
daltons (London and Goldberg, 1972) and of E. coli B,
220,000 daltons with 55,000 dalton subunits (Morino and
Snell, 1967); Bacillug alvet tryptophanase is 208,000
daltons (Hoch et al., 1966); Proteus rettgeri tryptophanase
is 210,000 daltons; and S. funduliformis tryotophanase
is 245,000 daltons. ‘ ©

Thus tryptophanase appears to have a similar
molecular form in all of the bacteria studied, including
g. cutirubrum.' Tryptophanase from non-halophilic bacteria
are fully active below 0.1 M K" but are not inhibited at
higher concentrations. The halophilic enzyme, with 20%
more activity at 5 M KCl, therefore has an exaggerated
but not unusual requirement for xt.

MoleculaF weight estimates for two 6ther haloppilic
aromatic aminoacyl-tRNA ligases are also included in Jgfle
5. That for PRS (240,000 daltons) is undoubtedly low but
is the same order of magnitude as those reported for this
enzyme inyother organisms viz. 180,000 to 290,000 (Kisselev

and Favorova, 1974). Halophilic Tyr-tRNA ligase appears

to have an exceptionally low molecular weight (17,000).

— g .
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The shape of its elution profile from dextran gels was
skewed toward the void volume whereas those of other
enzymes were not. This suggests the subunits were being
dissociated and subunit interactions were occurring during
chromatography. Even so, the molecular weight of this
Tyr ligase is low. While for non-halophilic systems the
Tyr~tRNA ligases generally have the lowest molecular
weights, the lowest reported is 40,000 daltons and the
lowest molecular weight reported for any aminoacyl-tRNA
ligase subunits is 31,000 daltons (Kisselev and Favorova,
1974). On this basis, halophilic Tyr-tRNA ligase

therefore appears to deserve further study.
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5. PROPERTIES OF PURIFIED HALOPHILIC TRYPTOPHANYL-tRNA LIGASE

N

Initial experiments were performed to determine
equme and substrate concentrations necessary to give linear

enzyme activity up to 30 min.

5.1. The effect of pH on TRS activity

Tryptophanyl-tRNA ligase (TRS) which had been purified
as described in Section 3.1.1 (Figure 6B) was examined for
the effect of pH on the maximum velocity. The optimal TRS
activity was at pH 7.5 and the activity was limiled*to a
relatively small pH range from 6.4 to about 9 (Figure 15).

The shape of a pH esurve can be determined by three
factors (Dixon and Webb, 1964). It may be the result of a
true reversible effect on the méximum velocity, or a decrease
in the affinity for substrates so that velocity is less than
maximum, or an instability of the enzyme at pH extremes. The
shape of the pH curve fg;\ RS probably is the result of a
true reversible effect on the maximum velocity, since excess

1y

‘ 3
substrates were used and th2 pH curve was quite sharp (Fig. 15).

5.2. The effects of NaCl, KCl and Tris concentrations on
(

TRS activity and stability

The amouﬁt of tRNATrp charged in a 30 min period
;ncreased linearly when NaCl concentration increased from
0 to 1.7 M (Figure 16). A clearer illustration of the
effects of ionic strength and NaCi and KCl concentrations

can be made by taking the following data from Table 6:
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‘°Figure 15: ° The effect of pH on purified TRS-

Assays were 1n 0 13 ml c0nta1n1ng 0.96 M NaCl, 4. 8 M kci,
© 7.44 yM L-Trp-l%c, 1.15 mM ATP (neutralized), 19 1 mM Mg
(C2H302)2, 1.73 uM tRNA T¥P, 0.16 mM ME and 0.15'M Tris-

maleate. The maximum cpm per ‘assay was 3180 and the
variation of duplicates from the average value was not
greater than 6%.
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Figure 16: The effect of NaCl concentration on purified TRS
activity

Assay conditions were as described in Figure 15 except that
4.45 mM ATP, 10.5 miM Mg (CoH302), , 78 mM Tris-HC1, pH 7.5
and the indicated amounts of NaCl were used. The maximum
cpm per assay was 1580. The KCl concentration was saturating
and varied from 5.3 M at 0 M NaCl to 4.5 at 1.7 M NaCl. The
p01nts represent single assays.
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Salt 4.8 M KC1 4.3 MMRC1 5.3 M RC1 3.8 M KC1

concentration 1.2 M NaCl 1.2 M NaCl No NacCl 3.5 M NaCl

$ change of 0 ' -3 -20 0
activity

$ change of _ _
stability 0 ‘ 20 -6 >4

This~data shows that decreasing NaCl concentfaﬁion from

1.2 to 0 M caused a loss of activity (amount.of tRNA charged
during a 30 min assay) while TRS stability (% loss of activity
during a 39 min preincubation) changed little. When the KC1l
concentfatidn is lowered from 4.8 M to 4.3 M a loss of TRS
stability occurred while TRS activity was not éignificéntly

-

changed. The above data show no cor;elation of TRS stability

and activity to either the ionic strength or Cl~ concentration.

Thus, near the optimal enzyme assay con@}tions X' is' important

for TRS stability and Na' is important for TRS activity.

An increase from 8 to 78 mM Tris-HCl increased the

stability of TRS 20% but Tris-HC1l had{no.étiﬁﬁlaéoryne££eﬁtvniv
- F)

(Table 6). Tris is known to acceler;te aminoacylation of
non-halophilié enzymes (ﬁigner and Loftfield, 1974),
possibly by participating in the reaétioq as a general base.
The use of‘a‘bqffer which does not affect-tﬂe rate of the

aminoacylation reaction is desirable.

5.3. The effects of sulféydry1~group protecting and blocking

reagents on tryptophaqylrtRNA ligase
Experiments were performed to examine the importance
of sulfhydryl-groups KSHfgnoups)'on TRS aqﬁiy@py. Similar -

N
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Table ¢

\
of Various Asséy Conditions on Purified TRS

1
Activity and Stability

Assay o

ey

TRS 5 TRS

condition ; activity stability
No TRS - -7
"No tRNA - =100
No ATP - -5
No Trp - ~11
4.3 M KCl
1.2 M NaCl 3 20
No NaCl
5.3 M KCl 20 6
3.8 M KC1 , 4 '
o _h3.5 M NaCl o ‘m»f_)____ﬂ_ ’ >4 )
8 mM . T
Tris-HC1l 2 20
géfi mM -65 +14
20 mM - -
KC,H 30, & 0. 2
V2.1 mM iy '
.. - =1
N -
0.8 mg/ml T -
/. BsA h2 . 8
~
&y
AN

Somomra s
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Table 6 '

Tne effects are expressed as a % change from the
standard assay.

i

Standard assay conditions were 1.2 M NaCl, 4.8 M
KCl, 7.44 yM L~-Trp-'%C, 4.5 mM ATP, 9.2 mM Mg ~ <
(CoH303) 2, 78 mM Tris-HC1l, pH 7.5, 1.28 uM tRNA
and 0.6 mM ME.

Coxrections were made for changes in the stability
of TRS by the various assay conditions. Standard
assays gave 9,720 cpn.

TRS stability was determined by preincubating the

' complete assay minus TRS, tRNA, ATP or L- Trp,

respectlvely, for the first four assays at 37°C

for 30 min. These assays were then started by the
addition of TRS or the missing substrate and
continued as usual and the numbers express the %
change in TRS act1v1ty relative to the standard non-
preincubated assay giving 9,720 cpm. The other

eight assays were prelncubated with the indicated
assay conditions but without L~Trp for 30 min. Then
the assays were adjusted to the standard assay
conditions except in three cases (*) and the normal

30 min assay was completed. For these last eight .
assays, the igg/acthity remaining after preincubation
of “no-TIp" assay was the standard assay. -
. Variation of duplicates from the average value .was
less- than 10% for all numbers in the table.

@
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experiments with halophilic phenylalanyl-tRNA ligase (PRS)
were done for comparison. The activities of the two enzymes
in 5-150 extracts as a function of the concentrations of two
SH-protecting reagents, ME and dithiothreitol, are plotted
(Figure 17). While TRS shows only a slight inhibition by
both reagents, PRS is protected by both with inhibition only

at higher concentrations. Activities were higher in the

presence of dithiothreitol than ME for both TRS and PRS.

The effects of SH-blocking reagents on TRS and PRS
activities is shown in Table 7 and are consistent with the
data of Figure 17. In the experiments with S-150 extracts
both enzymes were treated with reagents in the same tubes.
With DTNB or,NEM at 10~% M TRS was not inhibited but PRS

was inhibited 100% and 20%, respectively. The 10-3 M

concentrations only slightly inhibited TRS. HgCiZ inactivated

both TRS and PRS, even at 107% M, possibly due to
precipitation of the enzymes after reacting with both
essential and non-essential SH-groups. '

Purified TRS is slightly more inhibited than was
S-150 extract (Table 7). This may be rglated to the TRS
stabilizing effect of endogenous tRNA (see Section 5.5.3.)
or of other macromolecules in the S-150 extract.

The effects of ME on the stability of TRS in S-150

extracts and purified TRS can be seen in Table 8. Adding 8.2 mM

instead of 0.16 mM ME to purified TRS in 3 M KCl , 10 mM

+ Tris-KC1l, 20 mM Mg(C2ﬁ302)2 buffer increased the half-~life

(Tk) from 0.7 hr .to l.8rhr£ However, the T% of S-150

o

PRy,

S T i i T

=
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Figure 17:- The effect of concentration of ME or dithiothreitol-

{DTT) on (a) TRS and (b) PRS activities

S-150 extract had been dialyzed against 3 M KCl, 0.1 M
Mg (CoH302)2, 10 mM Tris-HC1l, pH 7.7 before the assay. Maximum
activities were 1520 cpm/1.0 1l for TRS and 207000 cpm/10 ul

for PRS.
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extract was decreased from 28 days to 3.4 days at 4°C when
8 mM instead of 098 mM ME was used. Thus the effects of
different concentrations of SH-group blocking and protecting
reagents on purified TRS are the reverse of those on TRS
in S$-150 extracts.

Changing the concentration of ME from 9.6 mM to
2.1 mM had no sijnificant effect on the activity and stability
of purified TRS (Table 6), suggesting that neither the
enzyme nor the cognate tRNA contain essential SH-groups

which are readily oxidized.

5.4. The effect of Mg++ concentration on TRS activity and

stability

For TRS the optimum concentration of Mg++ is
approximately 10 mM and the activity is highly sensitive to
changes in the concentration of Mg++ (Figure 18). The
stability of TRS decreased 14% when the concentration of
Mg++'was increased from 0.25 to 9.2 mM (Table 6). The
optimum Mg++ concéntration in Figure 18 should therefore be
7% greater and some of the decline in activity observed at
higher Mg++ concentrations may be attributable to
decreased TRS stability. ) v

TRS stability i;creased 360% when the Mg++ concentration
was increased from 20 to iOO mM in absence of tRNA and ATP
(Table 8). However, TRS stability decreased when Mg++

concentration was increased from.0.25 to 9.2 mM in the

presence of tRNA and ATP (Table 6). This suggests that TRS
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Assay conditions were as described for Figure 16 except

that 0.96 M Nacl and the indicated amounts Of MgCl, were
used. The maximum Cpm per assay was 1320 and the difference
of duplicates from average cpm was not greater than 8%.
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stability 1s not decreased by the binding of Mg++ to TRS in
the latter case but probably by interacting or competing
with ATP or tRNA or ¥th TRS-ATP or TRS-tRNA complexes. As
only tRNA has a large influence on TRS stability, tRNA is
more likely to be involved.

An assay in which 20 mM KC,H 30, was added (Table 6)
shows that none of the above results were due to the acetate
ion (C,H30, ) which usually accompanies Mg '

3

5.5. The effects of substrate concentration on TRS activity

and stability

5.5.1. L-Tryptophan

Michaelis-Menten kinetigs were obéerved for the
effect of L-Trp on purified TRS activity (Figure iji
Little increase in TRS activity occurred above 7 yM Trp and
therefore this concentration was used in all TRS assays. The
Lineweaver-Burk plot for this data is shown in the bottom
of Figure 19. From the plot the K, was calculated to be
1.3 x 1076 M.

The stabilization of TRS by Trp appeared to be
minimal. The absence of Trp from the preincubation mixture
for 30 min at 37°C (Table 6) resulted in a loss of 11% of
the TRS activity when compared to a control which was not
preincubated. However, even preincubation of the 3 subsfrates

of TRS without the enzyme resulted in a comparable reduction

in the amount of tRNA charged.
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Figure 19: The effect of L-Trp-!"“C concentration on
purified TRS activity

Assay conditions were the same as for Figure 15 except
that 81 mM Tris-HC1l, pH 7.5 was used. Control incubations
containing no enzyme were done for each concentration of
L~Trp used. The 100% value was 1310 cpm and the
difference of duplicates from average values was not
greater than 3%. )

81



5.5.2. Adenosine triphosphate

The Mg++ and ATP concentration optima for amino-
acyl-tRNA ligases can depend on the ATP/Mg++ ;atio and/or
the amount of ATP—Mg++ complex. Therefore, when the ciffect
of ATP on purified TRS was examined (Figure 20) the optimum
Mg++ concentration of Fiqure 18 was used. The top gravh
of Figure 20 shows a hyperbolic increase in TRS activity
until the ATP level is about 4 mM. pbove this concentration
TRS is inhibited. The bottom graph of Figure 20 shgws the
Lineweaver-Burk plot which gives a Km value for ATP of 3.1
x 107% M.

Data on TRS stability shows that ATP has very

little, if any, effect. The absence of ATP from an
0

" otherwise complete assay during a 30 min preincubation led

.to a loss of TRS activity of only 5% which is comparable to

preincubating the assay without TRS (Table 6). Furthermore,
the stability of TRS at 30°C in a buffer containing 3 M KC1,
10 mM Tris-HCl1l, pH 7.6, 0.16 mM ME and twice the Figure 18
optimum for Mg++ was not changed by the addition of twice

the Km value or 0.72 mM ATP (Table 8 ).

—

5.5.3. Transfer RNA

The kinetics of TRS are of special interest as the
high ionic strength of aminoacylation may affect the tRNA-
TRS interactions. In Figure 21, the plot of TRS activity
versus tRNA concentration gave a sigmoidal curve (top graph).

The Lineweaver-Burk plot (bottom graph of Figure 21) gave

\ .
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Figure 20: The effect of ATP concentration on purified TRS

activity ) \

Assay conditions were as described for Figure 18, u51ng\§\7
mM Mg (Cz2H302)7 and variable amounts of ATP. The maximum
cpm was 2700 and variation of duplicates from average values

was less than 9%. \ (,_,~\\
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concentration of tRNA used. The 100% value was 6160 cpm and
the variance of duplicates from average values was not greater



™ Sk s s e

[l o =Y

85

a strarght line and a Km of 1:3 x 10 ¢ M only for assays
done with not less than 0.25 uM éRNATrp. Similar results
were obtained in a second experiment using up to 1.7 uM
tRNATIP,  The graph of the tRNA concentration was sigmoidal
and the Lineweaver-Burk plot gave a K value of 1.2 x 10786 M
for higher tRNA concentrations.

The sigmoidal curve of halophilic TRS activity as
a function of tRNA concentration can be cxplained in terms
of enzyme inactivation at low subgtrate concentrations. A
complete TRS assay lacking only tRNA lost all enzyme
activity in 30 min at 37°C (Table g). In six similar éssays
the percent of TRS remaining varied from -1 to # 1.1% with
an average value of ~0.2%. 1In Table B8 the T;.5 of TRS in
3 M KC1 buffer at 30°C increased more than 8-fold after the
addition of 8 mg/ml or 2.2 uM tRNATrp from #. cutirubrum.

Trp

Another method of examining tRNA -TRS interactions

T o
P on TRS stability.

is the analysis of the effect of tRNA
This can bekgséd to determine the dissociation constant.
According to the method of sudi (1970), the dissociation

constant represents the constant, KD in the reaction:

K
eRNAT™P 4 TRS =9 TRS - tRNAT'P
) kg X ¢rnaTTP
D ‘ D

D is the inactive enzyme and ko and kt are the first

RNATrp

order rate constants for the inactivation of TRS and

~N

o o 7
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Trp

TRS-tRNA , respectively. Then Kp can be expressed in

the following formula

1 _ 1 + KD 1
S - T
bki kg KipuaTre Ko KirnaTrp [ tRNATXP]

where Aki is the difference between the apparent rate constant
for inactivation of TRS 1n the presence and absence of some
concentration of tRNATrp. This equation is valid if it 1is
assumed that the rate of inactivation is too slow to interfere
with the maintainance of equilibrium concentrations and the
concentration of free tRNATrp remains constant during the
inactivation procedure. As the rate of inactivation of
TRS-tRNAT TP was very small relative to ko (T% was > 6 hrs vs

< 2 min, respectively) the k rp term can be neglected.

tRNAT
Then an examination can be made of the binding of TRS to
tRNAL TP by measuring the amount of TRS activity remaining
after a 30 min preincubation with various levels of tRNATIP
The effect of tRNA?rp concentration on TRS stability
during a 30 min preincubation af 37°C is seen in Figure 22.
In the bottom of Figure 22 there is a non-linear plot of
the reciprocal of the amount of TRS protected by tRNA!LP

Trpconcentration. A

versus the reciprocal of the tRNA
tangent to the curve gives a value for the dissociation
constant (KDf which; is the same as the K , 1.3 x 1076 M.

The effect of various polyribonucleotides on the

activity and stability of TRS was examined (Table 9 ).

The amounts of polyribonucleotides correspond to 1.1—1.4 uM -
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Figure 22: The effect of tRNA concentration on the stability
of purified TRS

TRS in 0.11 ml assays containing 4.8 M KC1, 1.1 M NaCl, 91 mM
Tris-HCl, pH 7.5, 11 mM Mgtt, 0.75 mM ME and 4.1 mM ATP was
preincubated at 37°C for 30 min with various amounts of tRNA.
Then 8.8 mM L-Trp-! “C and tRNA to 2.4 uM were added and a
normal 30 min incubation was continued. Duplicate assays did
not vary more than 7% from the averages.



88

*101d Zor-1wes e wouxy Po31BUTISO sem mh
°Yl  "pauturslap sem uotieqnoutaad utu 7z syl 19313® SUTBWOI yoTym sAesse pajeqnoutsxd jou Ing ie[Twis jo
A3TATI0® 9Yy3 jo jusdiad Ul rutu g¢ 103 Aesse ayi Surtnuriuod pue th<2mu 3yl 3urppe uayi pue dax VNY3

b ¥

INOY3ITM Jglf 3® UTW 7 I0J 3AOQER PaqTIdSop Lesse ay3l Jurizeqnoutsid Aq paUTWIS3p SeM QYL 3O A3111qB1S oyl

€
.Q.H VN3
W1 SS'T = 098y £og1 pue dlv ww 9°7 * Z(20%H7D) B pu .6 ‘day Wt 9°S ‘W W¥ 9°0 ‘Sz HA ‘IDH-sTIL Wu 09
“TOBN R P20 ‘10N W 6°p TW LI°0 UT Paureiuod sAessy (wdd> 00TST = %001) ouou yatM sAesse 031 2ATIBTSI
sapriodpdnuoqraLiod jo sduasaad sy o3 anp 31s0l A31AT110P® ucmwumm 3yl se passaxdxe st Syl 3o uoT3TqIyUT VYL .,
"PIO® dtursoutdiod 3u z:p pue proe d17dptaniiod pue
STIApT3AoAT0d 3w §'0 ‘({dig-vN¥3) SyNy: dil pue 4] PUd BUTADBT YNM3I wnaqnazano gy 09%y g+g = Su |
‘yNd 3sead 09Cy 9°/ = Bw 50 ‘yNy3 2700 g 09%y ;g Bw g o azeom seprioardnuoqrified jyo sjunowe ayj [
S7°2 S'¢ L1 6°1 v 6°S $9°1 2 ¢ (utu
ut “L) £1r11qeas
9- S vL 9 1z 8°v8 STLI 0 ZUeT3Tqryug
proe ptoe ptoe YNY3 VN3
dTUTSOUTAT0d O11ApT3IL2L10d dtrAprandyod mph-<zmu PE-3:E3 1700 3 0 1 SOPT1097onUOqTILT0d

£3111qeis pur A31AT30V SYL U0 sOPpTI0a[INUOQTIL[O0d JO S$3d22333 oyl

6 @1qeL

Vo i e e e e . P



it e

sty = pngnies = 2

89

in Figure 22 if the amount of polyribonucleotides 1is equated

to that of tRNATrp. The polyribonucleotides gave little

Trp

protection compared to tRNA , which protected more than 90%

of the TRS over 30 min (Table 6). E. colf tRNA inhcreased

the T!5 of TRS more than 3-fold while yeast tRNA and poly-
cytidylic acid increased it more than 2-fold. The stabilizing
effects of polyribonucleotides were not proportional to

N

their inhibition of TRS activity (Table 9 ).

5.6. Amino acid analysis of TRS

Both the activity and stability of TRS molecules and
of proteins in general depend on the spatial arrangements
;of amino acid residues. Such arrangements are stabilized
by hydrogen bonding, ionic bonding, van der Waals forces
and interactions between hydroph&bic amino acids. Hydrophobic
amino acids tend to form a stable center of the protein
while polar amino acids interact with the aqueous environment
of the protein molecule. For such structures to exist in
haloéhilic TRS in the presence of multimolar salts, a
different amino acid composition may be necessary. The
amino acid composition of halophilic TRS was determined
and cgaracterized to examine this possibility.

Purified TRS for which the polyacrylaﬁkde gel is
shovn in Figure 6C was analyzed for its amino acid
composition and the results are presented in Table 10. Also,
the percent composition of each amino acid was calculated

as were the percent composition of E. colf and bovine TRS.



Table 10

Amino Acid aAnalysis! of Purified TRS

kY

Amino ' Approximate no. Mole % composition of TRS
acid of régidues per
subuniti molecular H. cutirubrum E. coli3 Bovine®
w\ight2
~+
Asx 79.3 13.4 11.4 11.6
Thr 3705 3 4.1 5.2
Ser 30.8 .2 6.1 5.9
Glx 75.8 12.8 12.5 10.9
Pro 22.5 A 3.8 5.3 4.0
Gly . 46,1 ¢ ‘ 7.8 7.1 6.7
Ala ] 32.0 15.6 9.9 7.2
Val 46 .5 7.9 7.9 5.2
Cys 6.6 1.1 0 1.7
Met 3.3 0.55 2.0 2.3
Ile 18.1 3.1 4.4 6.0
Leu 38.9 6.6 8.2 7.4
TYyr 14.4 2.4 2.6 3.8
Phe 13.7 2.3 2.6 6.3
Lys 12.9 2.2 8.5 7.1
His 15.1 2.6 2.6 2.3
Arg 38.4 6.0 4.4 4.8
Trp 0.9 0.15 0.6 0.9
NH, 46 .2 7.8 - -

] Method described in Section 2.7.4.

2
The subunit molecular weight of 64,000 daltons (Section 3.1.1.)
was used.

Data calculated from results of Joseph and Muench (1971).
Data calculated from results of Lemaire et al. (1969).
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This allows an easier comparison of the amino acid content

of the halophilic enzyme with the smaller procaryotic TRS and

the cucaryotic TRS which has a similar molecular weight to

Y. cwtirubrum TRS. The precent composition of TRS for H.

cwtirvbrum was significantly higher 1n Ala than the values

for . col7 and bovine TRS. Lower percent compositions for

4. cutirubrum TRS were seen for Met, Lys, Trp, Pro and Ile.

Thus the H. cwi!irubrum TRS was lower in the hydrophobic

and basic amino acid residues and was higher in Ala content.
The relative hydroggobiCLty,of TRS can be estimated

from the hydrophobicity index (Bigelow, 1967). This index

uses the ratio of the solubilities of amino acid side

chains in ethanol and water to calculate the free energy

of transfer. The free energies of transfer for different

amino acid side chains averaged over the mole & amino acid

composition of a protein yield the average free energy change

per residue, or the hydrophobicity index of a protein. For

H. cutirubrum, E. coZi and bovine TRS, values of 0.86,

1.04 and 1.14 Kcal/resi1due respectively were calculated

-

(Table 11).

5.7. Discussion of TRS properties

5.7.1. Kinetic studies of TRS
The experiments on the kinetics of TRS from 4.
cutirubrum show that the enzyme is gréatly affected by

changes in the salt environment. This protein may be
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|
A Comparison of the Properties of Four
Tryptophanyl-tRNA Ligases
2 3

H. cutirubrum E. colt Bovine Human
Molecular weight 128,000 74,000 108,000 116,000
Subunit molecular 64,000 37,000 54,000 58,000
weight . .
X, for L-Trp 1.3 x 1076 1073 2.5 x 1078} 2.8 x 1076
K, for atp"® 3 x 107 9 x 105 1.5 x 107%| 1.6 x 10™*

“ — ——

K, for tRNA TTP 1.3 x 1078 5 x 107 1.5 x 1077{ 1.1 x 1077*
Molecular 34 1200 240 200
actaivity i
Isgelectric - 6.2 - 5.2
point
pPH optimum 7.5 8.8 8.5 8.0
Hydrophobicity 0.86 1.04 1.14 -
index

1
2Data and calculations from the data of Joseph and Muench (1971).

Data and calculations from the data of Dorizzi (1972) and
3Lemaire et al. (1969).

l‘Dat:a from Penneys and Muench (1974).

Units for Kmmare moles per liter.

Molecular activity is expressed as the pmoles tRNA charéed with

6Trp per min per molecule of enzyme.

Hydrophobicity index is expressed as kcal/residue and was
calculated according to Bigelow (1967).

*
For this value only the Km is for non-homologous tRNA, which

was from yeast.
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described as being extremely halophilic; the salt ¢oncentration
required for the expression and maintenance of enzymic
activity is much greater than the concentrations normallv
associated with engyme cofactors.

Salts are thought to participate in ion binding
and charge screening'of halophilic proteins (Lanyi, 1974).
Both of these may affect the‘pH requirements of the
enzyme. Cation binding could lower the pK of certain
groups on amino acids at the active site and necessitate
a lower pH for catalytic activity. Conversely, a group with
a high pK may require cation binding to lower the pK to
physiological pH. The alkali side of the pH curve for
succinyl papain has been shown to be lowered by cation
binding (Slﬁytermaﬁ and de Graaf, 1972). Similar cation
binding effects may occur for H. cutirubrum TRS since its
pH optimum was -lower than those of E. coli, bovine and human
TRS (Table 11).

Also, for enzyme stability and activity, similar
charges may need to be in close proximity. This could be
facilitated by the screening of charges on amino acids by
ions. Lanyi (1974T~:?gues that such charge'screening by
high concentrations of NaCl or KCl produce a broader pH
profile for four halophilic énzymes than at lower salt
concehtrations. However, many cases of sharper pH profiles
for halophilic enzymes have been obtained. Lanyi states
that for these enzymes charge-dependent effects predominate

despifgf%he highly ionic environment of the protein molecules.
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Not only was the pH activity profile of TRS much sharper
than those of other halophilic enzymes but it was algo
considerably narrower than thdat for E. coli TRS -(Joseph
and Muench, 1971).

Further studies on the effect of pH on Km valles
is necessary before concluding whether the iénizgpiQns which
dictate the shape of -the pH curve affect Fhe maximum
velocity or Km of the TRS reaction. For example, a change
in the Km for tRNA in response to pH which is as sharp as
that observed for E. coli Arg—-tRNA ligase (Mitra et al.,
1970) could also restrict/the pH curve for TRS.

\ Ealophilic TRS functioned optimally in high levels
of NaCl and KC1l, corresponding to in vivo concentrations.
Neary the optimal levels of these salts, c¢hanging Na©
affected primarily the activity while changing K' affected )
the stability of TRS. The salt concentration required by
TRS is larger than for most halophilic enzymes for which
comparable data is available in tpe literature. TRS is
indeed halophilic and not merely salt-tolerant.

Requirements of non-halophilic enzymes for monovalent
salts for the activation (Suelter, 1970) and stabilization
(von Hippel and Schleich, 1969) is not unusual although
the concentrations range from 0.0l to 0.1 M. Further'
studies on TRS could clarify how the enzymic mechanism
has been changed b& differenceg in the enzyme and by its
saltyhehyvironment. Iflthe,mechanism were iittle altered

from non—haldph}lic enzymes then the halophile enzyme
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would be a useful model §ystem for understanding the
effects of salt on the T;S\reaction mechanism and on enzyme
reactions generally. Also, the effect of ion binding on
the physical properties of the protein and on the levels of
binding remaining after specific amino acid residues have
been chemically modified may help to understand protefn—salt
inte;actions. Since these interactions §hould be gréater
in magnitude* for haloﬁhilic proteins, the halophile system
may be the best system for such studies. P
The SH~group of Cys is one of the ionizable groups
often found at the active sites of énzyme% and its oxidation
often leads to a loss of enzymic activity. All the aminoacyl-
tRNA ligases were once thought to be sulfhydryl-group-dependent
enzymes; there is recent evidence that SH~-groups are not
always necessary for catalysis by these enzymes. The Lys
chargigg enzyme from E. coli was found to have no essential
SH-groups (Stern et al., 1966) although tRNALYS yas oxidized
by SH-group blocking reagents. For bovine TRS, SH-groups
were important only because they were necessary for subunit

association (Iborra et al., 1973).

For halophilic TRS, SH-group reagents had little

effect. SH-protecting reagents were weak inhibitors (Figure

L]
17) while SH-blocking reagents at low concentrations

increased slightly the activity of TRS in crude extracts
(Table 7). However, Table 7 suggests a small negative
effect of SH-blocking reagents and Table ¢ could suggest

.a small positive effect of SH-protecting reagents for
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the activity of the purified enzyme. Endogenous RNA

in the crude S-150 extracts may be responsible’%or this
differgnce of the crude and purified enzymes. The possible
rechanisms of SH~group reagents is therefore discussed later.

; The resistance of TRS to SH-blocking reagents
exélains how this enzyme is protected from the 900 moles of
Ep}+ and other high amounts of heavy metals contaminating
KC1l that must pass over each mole of TRS in the affinity
chromatography procedure of Section 3.1.1.

An important factor in the purification of TRS by
affinity chromatography was tﬂe inclusion of 0.1 M Mg (C,H305) >
in all chromatography buffers because Mg++ increases the
stability of purified TRS.‘ Some non-halophilic aminoacyl-
tRNA ligases are also protected from inactivation by Mg++
(Mitra et al., 1970; Lapointe and Soll, 1972) while others
are little affected (Tscherne et al., 1973). )

Mg++ may a%fect the stability and activity of TRS
by binding to free TRS molecules. - However, several other
mechanisms involving TRS and/or tRNA and/or ATP are possible.
These mechanisms are discussed later.

The level of Mg++ necessary for maximum TRS activity
is not unusually high relative to non-halophilic systems.
This suggests either that high concentrations of KC1 ané
NaCl do not significantly change Mg++ functions or that TRS
has been modified to give normal kinétics in high sal£

concentrations. K+—ATP complexes are also possible at high

KCl concentrations. -
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The response of enzyme activity to Mg concentrations
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for different aminoacyl-tRNA ligases may, buﬁ need notj
show an optimal Mg++ level. Griffiths and Bayley{j§}£9)
reported that H. cuturibrum Leu-tRNA ligase did not defline
in activity up to 80 mM Mg++. Ya§us (1972) reported that
E. coli Arg—tRNA ligase had a dié;inct Mg++ optimal
conicentration.

Whether an optimum Mg++ concentration is observed
or'not, the concentration of ATP is always important, This
has been attributed t; an (ATP—Mg)= concentration or an
ATP:Mg++ ratio at which the reaction velo®ity is maximum.

The ATP concentration versus TRS activity'profile
(Figure 20) showed substrate inhibition at high ATP
concentrations. This could be due t& the classical type
of substrate inhibition where molecules "crowd" the active
site, due to a competition of ATP with another substrate,
or due to an effect similar to that described for inorganic
pyrophosphatase (Bailey and Webb, 1944). They suggest
that an excess of ATP over Mg++ could depiete Mg++
necessary for the other components of the TRS reaction
and/or an excess ATP not complexed with Mg++ could act
as an inhibitor. That excess ATP is inhibitory is
supported by a Lineweaver—Burk plot which gave a straight

ine for all points except that for the highest ATP
concentration (Figure 20, bottom). A curved line for
most points would be obtained for classicallsubstrate<

inhibitien (Cleland, 1970).
3 -
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The purported substrate, [ATP—Mg]=, is polyanionic
d may»bind monovalent ions or may form ionic bonds to

groups on TRS which are gharge-screened in the presence of
Righ monovalent salt concentrations. Either shole interxfere
with and decrease the binding of ATP to TRS. While the-Xm
is defined as the substrate concentration at half maximal
velocity, it under some circumstances equals the dissociation
constant of the enzyme-substrate complex. The dissociation
constant is an index of tightness of binding of the enzyme

and substrate. The K for ATP of halophilic TRS was the

largest of the four enzymes in Table 11. To decide conclusively.

if the halophilic TRS binds ATP weakly, more sophisticated methods

as described by Kisselev and Favorova, 1974, are required.
(ATP-Mg) = did not affect the stability of TRS (Table
8). ATP not comglexed with Mg++ was not tested. Reports
on non-halophilic stems indicate ATP and (ATP-Mg)= can
have no effect, can abilize, or can destabiliz? aminoacyl-
tRNA ligases (Norris and Fowden, 1973; Tscherne et al.,
1973). y
Trp'ié a zwitter ion at neutral pH and is the most
hydrophobic of the amino acidé. Therefore, Trp probably
does not bind ions and binds to TRS without the salt

effects which might affect the binding of [ATP-Mg] and

 tRNA. The Kﬁ?for Trp of halophile TRS was slightly smaller

than those for the three non-halophilic TRS's (Table 11).



J/// 1 The presence of Trp incredsed the T% of TRS
pp

roximatﬁly 2-fold. This stabilization is comparable
to that seen for plant aminoacyl-tRNA ligases (Norris
and Fowden, 1973).

The presence of tRNATYP increased the T% of TRS
more than 200-fold. This value is exceptionally high. 1In
a literature survey, six examples of aminoacyl-tRNA ligase
protection by tRNA were found but all were much smalle¥
than for TRS. Lapointe and Soll (1972) found that E. coli
Glu-tRNA ligase had a 6-fold greater T% in the presence of
cognate tRNA. Two ts mutants of EF. coli Val-tRNA ligase
had, 10- and 12~fold greater ':I‘!5 in~the presence of tRNA
while the wild;type enzyme was not stabilized {Yaniv and
Gros, 1969). Rat Phe-%tRNA ligase had only a 1l.3-fold
increass}} Tl5 while E. colt Arg-tRﬁX—iigase showed a
4-fold increase in T% in the presence of tRNA.

The stabilization of halophilic TRS by tRNA was
dependent on the presence of the cognate tRNATrp species
(Tables 6 and 9 ). Also the inhibition of TRS by poly-
ribonucleotides (Table 9) was not proportional to their
effect on TRS stability. Therefore, some feature of
halophilic tRNATrp, which is probably shared to a lesser
degree by E. ceoli and yeast tRNA and polycytidylic acid,
‘is, important for TRS stabilization but not for activitf.
While E. coli and yeast tRNA and polycytidylic acid
stabilized TRS they were not charged with Trp by TRS.

Possibly the conformation of the polyribonucleotides but

99
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not their binding to TRS is critical.

The Km for tRNA was Qreater for H. cutirvbru~ TRS
enzyme than for the . coli, bovine and human enzymes
(Table li). Generally, aminoacyl-tRNA ligases have Km
values for tRNA which are quite small and close to 1077 M

(Novelli, 1967).

‘ i

.~ The best index of affinity ofﬁan enzyme for a
substrate is the dissociation constant (KD). The KD for
halophilic TRS was estimated from the effect of tRNA
concentration on TRS thermal igactivation (Figure 22).
The curve in Figure 22 was not hyperbolic. A similar protection
curve for crude tRNA was obtained for the E. coli Arg
ligase by Mitra et al. (1970). Lapointe and Sgll (1972)

used purified tRNA3Glu

and obtained a hyperbolic curve
for £. coli Glu-tRNA ligase.

‘-The slight decline in TRS stabilization at the
highest concentration (Figure 22) might be due to tRNA
complexing of Mg++ or Trp or the inhibition of tRNATrp
binding by non~cg§nate tRNAs present in the crude preparation
of tRNA. The igfter suggestion is supported by the 21%
inhibition of TRS charging by non-cognate H. cutirubrum
tRNAs (Table 9 ). A more reliable estimation of KD
could be made with higherxmggkgnd lower tRNA concentfations,
when the problems discussed above should not occur,

The Ky for halophile TRS was approximately 1.3 x

10”6 M for the binding of tRNATYP. This is larger
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than any of the 22 values given for the binding of 10 different
species of tRNA to their cognate aminodacyl-tRNA ligases in the
review by Kigselev and Favorova (1974). These values varied
from 1076 to 107° but most were between 10~7 M and 1078 M.
The KD values for acylated and non-acylated tRNAs
has been the subject of scientific interest recently with
respect to the mechanism(s) by thch aminoacyl-tRNA
ligases catalyze their reactions. Earlier theories had
R involved ping pong or sequential mechanisms which were
supported by data obtained by an ATP-PPi exchange and the
rate of this reaction is generally 10- to 100-fold greater
than the rate of tRNA charging. Furthermcre, the intermediate,
aminoacyl-AMP, was found bound to a number of the enzymes,
suggesting thgt the "activation" of the amino acid was
the first step in a ping pong or sequential reaction
mechanism. \
Loftfield (1972) put forward‘a concerted reaction®
mechanism. in his paper, he also suggested that salts
decrease the rate of non-halophilic tﬁNA—enzyme association
which is the rate-limiting step of the concerted reaction.
He proposed that for halophilic aminoacyl-tRNA ligases
the rate-limiting step which requires high salt concentration

was the dissociati of aminoacylated tRNA from the enzyme.

But é}contradicting Loftfield's theories

have been*ioﬁﬁa. Yarus and Berg (1969) studying an E.

coli enzyme and HEl€ne and Brun' (1971) studying E. coli

Val-tRNA ligase concluded that the rate-limiting steps
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were the dissociation of charged tRNA from the eniymes.
Also, Yarus (1972) found that a change of tRNA conformation
and not electrostatic interactions were responsible for
tRNA-enzyme binding. The emerging consensus appears to

be that different aminoacyl-tRNA ligases from various
organisms may have different mechanisms or different rate-~
limiting reactions.

The halophile charging system may help the
understanding of the involvement of electrostatic forces
in tRNA-~enzyme binding. White and Bayley (1972a) found
that many tRNA species from H. cutirubrum could be charged
by ¥. coli enzymes and vice versa. Thus the tRNA species
have not been fundamentally changed }n an adaptation to

and the enzyme mechanism is not dissimilar to those of

high salt concentrations. If the tii;)is little changed
non~halophilic ligases the molecular activity may reflect
how efficient the reaction is in the presence of salt.
The molecular activity of TRS was 6-fold and 35-fold less
than those of the three TRS species in Table 11. Other
qminoacyl—tRNA ligases have given molecular activities from
8-640 ymole/min/molecule (Joseph and Muench, 1971). Thus halophile
TRS does not catalyze the aminoacyl charging of "tRNA more
slowly than all other animoacyl-tRNA ligases, but the
rate is significantly slower than for beef, human or
E. coli TRS.

The TRS reaction is very complex. It involves

Mg++, Na+, K+, three substrates and three products.

>
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Therefore, it is not surprising to find that some of the
molecules and ions influence the effects of others on
the activity and stability of TRS.

Mg++ decreases the tRNA-induced stabilization of
TRS. Raising the Mg++ concentration decreased TRS
stability in the presence of tRNA (Table 6). If tRNA was
absent Mg++ stabilized TRS (Table 8). Further evidence
of Mg++ interference with tRNA stabilization of TRS can

be found. In Table 8, tRNA increased thé T, of TRS only

b
8-fold when 20 mM Mg++ was present in the buffer. However,
a much stronger protection was seen 'in the presence of

9 mM Mg'' (Table 6).

The effects of Mg++ on tRNA-induced stabilization
of TRS may involve interactions of Mg'' with TRS and/or
tRNATTP and/or ATP. The active forms of both substrates
are usually complexed with Mg++. Mg++ has been shown to
affect the binding constants of ATP and tRNA for aminoacyl-

tRNA ligases (Lam and Schimmel, 1975) as well as maximum

. . . +
velocities for their reactions. Mg+ could also compete

:; th tRNATYP for a binding site on TRS.

Mg++ has been shown to have various effects on

aminoacyl-tRNA ligase stability by different authors.
Lapointe and Sgll (1972) found that Mg++ and an Mg++-tRNA
complex but not ;RNA alone stabilized Glu-tRNA ligase
from E. coli. Norxris and Fowden (1973) found that
(ATP—Mg)= but not ATP was important for the stabilization

of many mung bean ligases. The thermal inactivation of
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. X ++
rat Phe-tRNA ligase was decreased in the presence of Mg

plus Phe and tRNA * Mg++. However, it was increased in
the presence of ATP, and, to a lesser extent, in the
presence of (ATP—Mg)=. Subunit dissociation was responsible
fot the inactivation of the rat enzyme.

Mg' ", ME and tRNAT'P stabilize halophilic TRS.
However, Mg++ and ME appear to decrease the‘effectiveness

\

Trp stabilization. Therefore, all three may be

of tRNA
competing for the same site on TRS or they may affect a

more general phenomgnon such as subunit dissociation. Iborra
et al. (1973) found that subunit dissociation inactivated
beef TRS. They also found that, as is true for most enzymes
inactivated by such dissociation, inactivation rates were
concentration dependent.

Halophilic TRS was quite stable in standard assay
conditions but at low levels of Mg++ and ME and in the
absence of tRNATIP inactivation was faster. If fast
inactivation_were shown to be TRS concentration-dependent
then tRNATTP or ME or Mg*' might reduce or eliminate the
effect of TRS dilution on stability. Such an analysis
might further link the mech?nism of TRS stabilization by
the Mg++, ME and tRNA and suggest the mechanism involves
subunit dissociation. Physical evidence for such a
mechanism could be sought by dextran gel filtration although
inactivated enzyme would have to be detected by a non-
en%ymatic method such as fluorimetry. .

Many sophisticated techniques for examining the
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interaction &f components 1n the amipoacyl-tRNA ligase
reaction have been described (Kisselev and Favorova, 1974).
The techniques include thermal inactivation, adsorption

onto nitrocellulose filters, eqguilibrium dialysis and
fluorimetry. These could be used to study combination
effects of the TRS reaction components. Also, an examination
of the influence of ionic environment on the enzyme system
would be possible.

As stated in the Introduction, halophilic enzymes
are often more acidic and less hydrophobic than their
non-halophilic counterparts. Therefore, the amino acid
composition of TRS was of special interest.

Figure 23, based on Bigelow (1967), shows the
hydrophobicity index for a range of globular proteins
plotted against molec¢ular weight. There appears to be a
lower limit to the hydrophobicity and this can be readily
explained if a globular protein is represented as a shell
of predominantly polar residues surrounding a core of
predominagtly non-polar residues. Clearly the average
hydrophobicity/residue for the whole protein will depend
on the relative volumes of shell and core and these in
turn will depend on the size and molecular weight of the
protéin. The larger a protein becomes, the larger will
beckhe core relative to the shell. The protein will
then contain relatively more non-polar residues within

this core and the average hydrophobicity will increase.
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Figure 23: Average hydrophobicities of globular proteins
plotted against their molecular weights(or the
subunit molecular weights in the case of
associated proteins).

Positions are indicated for H. cutirubrum, E. coli and
bovine TRS by 1,2 and 3, respectively. This figure is
based on Bigelow (1967). Filled circles represent
associated proteins and open circles represent non-
associated proteins. The curve and filled triangles
represent the theoretical lower limit to the

hydrophobicity index for globular proteins (Bigelow, 1967).
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By choosing suitable values for the thickness of the ghell
and for the average hydrophobicities in the shell and core,
Bigelow (1967) obtained the curve shown in Figure 23,
which follows the lower limit quite closely.

When éhe hydrophobicity indices for the three
TRS in Table 11 are plotted on Figure 23, those for
E. coli and bovine TRS fall among the v§;ues for globular
proteins of similar size, whereas that for halophilic TRS
is 230 cal/residue below the lower limit. (NOQS that
even if the molecular weight estimate for the subunit
were in serious error, the hydrophobicity index would
still fall Sélow this limit.) This low hydrophobicity
is consistent with the results of calculations carried
out on a range of halophilic proteins by Lanyi (1974)
and may be explained by. an increased hydrophobicfty of
amino acid side chains in concentrated salt solutions.
The hydrophobicity as used by Bigelow is based on the
relative solubilities of the side chains in water and
ehtanol but the salt solution:ethanol solubility ratio
may be greater. Thé‘general effect of the salting-out
salts will be a decreased solubility of thé amino acid
residues within the protéin 3s discussed by Jencks (1969).
Hydrophobic amino acids are less soluble in-water and
this allows a stable.strhcture within the proteins. The
less hydrophobic amino acid residues of TRS form a
stable structure within the protein only because of their

decreased solubility in salt.
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Specific effects of NaCl and KCl may be dependent
on the amino acid composition of halophilic proteins.
For example, the 7.3 mole percent excess acidic over
pasic amino acids. in TRS may be related to Na+, k+ or
Mg++ binding as well as the pH profile. However, at the
present time, the role of Na® and (Suelter, 1970)
and other ions in the activation of enzymes is a frequently
occurring but poorly understood phenomenon.

Finally, the unusually. strong dependence of

halophile TRS on tRNATrp for stability may be related to

its amino acid composition and high/salt environment. That
the TRS reaction is dependent on charge effécts is suggested
by the sharp pH curve. ;d order to bind tRYA in high salt
concentrations halophiiic ke may need to be more polar
to allow sufficiently strong electrostatic integactions
between the two molecules,

Once TRS is bound in a TRSthNATrp‘complex, it
would be even less hydrophobic and more acidic fhan free
TRS. Thus the complex would have even more halophilic

characteristics than the free TRS.

-
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6. SUMMARY

Three methods of purifying halophi%it proteins
while they remain in high salt concentrations have been
developed. /

TRS,has been purified by two passages over agarose-
hexamethylenediamine-Trp affinity columns. The enzyme was
about 1000-fold purified, was homogeneous on SDS gel
electrophoresis (SDS-PAGE) and 10% of the initial enzyme
activity was recovered. On the same columns £ryptophanase
could be resolved from TRS because it was not retained when
3 M KC1l pufff&s were used. But it was retained when 5 M
NaCl buffers were used and retention was enhanced in the
presence of the cofactor, PLP. In this way, tryptophanase
was purified to near-homogeneity as shown by SDS-PAGE.

Tryptophanase was also purified to near-homogeneity
by heat treatment followed by (NH,), SO, fractionation. The
heat treatment could also be followed by a new method of

fractionation in which proteins and nucleic acids were

(
resolved by chromatography on agarose in the presence of

multimolar (NHy),S0, . A decreasing concentration of (NH,),S0,

was used to elute protein§ and nucleic acids bound gpen
added to the column in 2.4 M (NHQ);SO“ solution. The two
methods purified tryptophanase 40-fold and 200-fold,
respectively.

109 .
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TRS was found to have a subunit molecular weight
on SDS-PAGE of about 64,000. From dextran gel filtration
1t is tentatively suggested that TRS is a dimer with an
ap-structure. Tryptophanase had subunit molecular weight
of about 54,000 may be a molecule with an oy structure
and a molecular weight of over 200,000. The molecular
forms of TRS and tryptophanase appear to be similar to
those reported for non-halophilic proteins.

The properties of TRS were studied and compared
to non-halophilic aminoacyl-tRNA ligases. The effect of
Trp concentration on TRS activity was comparable to that
for non-halophilic ligases. TRS activity was typically
dependent on Mg++ concentration. The ability of tRNA
to stabilize TRS was reduced by Mg++.

Halophilic TRS activity was not significantly
affected by either SH-group protecting or blocking reagents.
This is in contrast to results for most aminoacyl-tRNA
ligases.

Near the optimum salt concentrations for TRS, Na'
activated TRS while x* stabilized it. Optimum assay
conditions were approximately 4.8 M KC1l and 1 M NacCl.

The amino acid composition of TRS showed an excess
of acidic over basic amino acids. TRS also 'contains
‘relatively more polar and non-hydrophobic residues. Thise«
is characteristic of many halophilic proteins but is
markgdly different from non-halophilic ligases, from

non‘halopﬁilic globular subunit proteins, and from all

-
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non-halophilic globular proteins of comparable Wolecular
weight.

The Km of TRS for ATP was higher than those for
t+he three non-halophilic TRS's used for comparison. The
pH curve for TRS was narrower than those “of 6ther
halophilic enzymes and sharper than that of E. coli TRS.

The kinetics of TRS with respect to tRNA were
of the most interest and also the most unusual. Its Km
was larger than any of the three found for non-halophilic
TRS. Its KD was larger than any values reported for
non-halophilic ligases. In addition, halophile TRS
showed an éxceptionally strong dependence on tRNATrp

for its stability.
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