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An investigation was undertaken to determine whether

potassium is indeed necessary for the _in vivo synthesis of a

specific protein. The effects of univalent cations on the

inductive formation of nitrate reductase and on the level of

activity of representative nonadaptive enzyme are presented.

Cultures of Neurospora crassa were grown in media

without added univalent cations and the mycelia then trans

ferred to induction media containing different univalent

cations. The inductive formation of nitrate reductase was

followed over a four-hour period. During the same period of

incubation assays for the activity of the constitutive enzyme

pyruvic kinase were conducted.

Results of nitrate reductase assays during the

induction period indicate that the formation of this enzyme
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is dependent upon an adequate concentration of potassium in the

medium. Sodium, lithium, and ammonium could not substitute for

potassium in the inductive formation of this enzyme. Rubidium

was the only univalent cation besides potassium that partially

functioned in the synthesis of nitrate reductase.

Studies of pyruvic kinase activity during the in

duction period indicate that its activity remained nearly

constant. It appears that conditions were optimum for the

rapid synthesis of nitrate reductase, but the rate of protein

synthesis in general was not greatly changed during the induc

tion period of nitrate reductase.
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THE EFFECTS OF UNIVALENT CATIONS

ON THE INDUCTIVE FORMATION

OF NITRATE REDUCTASE

INTRODUCTION

General Requirement for Potassium

Potassium (K+) is necessary for the growth of most

and perhaps all organisms„ The first work showing the

necessity of this cation for higher plant growth was con

ducted by Lucanus (74) in 1865, and by Birner and Lucanus (16)

in i866„ The concentration of K+ found in plants is greater

than that of any other cation as shown by the extensive study

of Beeson (11). Evans and Sorger (40) have cited evidence

indicating that the concentrations of K in 15 samples of

normal dry leaves ranged from 1.7 to 2.8 percent, whereas in

samples of K+ deficient dry leaves the concentrations ranged

from 0.8 to 1.2 percent. Analyses of 1.4 pasture species by

Asher (8) showed K+ concentrations of 0.1 N to 0.24 N in

normal plants supplied with adequate K+ and concentrations of

0.013 N to 0.17 N in deficient plants. The concentrations of

K+ in normal leaves is then approximately 0.05 N, while that

in deficient leaves is about 0.02 N. Normal plant require

ments for this cation are therefore quite large.



Relation of Potassium to Other Univalent Cations

Sodium (Na+) has been shown to be an essential nu

trient for certain microorganisms and several halophytic

plants. Brownell (21) has demonstrated a nutritional require

ment for Na+ by Atriplex visicaria Heward ex Benth, and

Williams (122) has shown a growth response to Na by the halo-

phyte Halogeton qlomeratus (M. Bieb) C. A. Mey. According to

Allen and Arnon (4) Na+ is essential for growth of the blue-

green alga Anabaena cylindrica Lemm. Wool ley (125) could not.

show a specific requirement for Na for the growth of

Lycopersicon esculentum Mill.; however, the addition of one

millimole of NaCl per liter of growth medium resulted in a

12 percent increase in dry weight. Considerable literature
+

(10, 47, 48, 68, 84) is available providing evidence that Na

is beneficial to the growth of many higher plant species;

nevertheless, it cannot substitute entirely for K . Thus it

would appear that while some halophytic higher plant species

require Na+, the element functions in most species in a

supplementary way when the K+ supply is inadequate.

Evidence is available (47, 48, 91) that rubidium

(Rb+) may partially replace K+ in the growth of several micro

organisms and higher plants. Rahn (89) has shown that Rb+ can

partially substitute for K+ in cultures of certain species of

Aspergillus, Saccharomyces, and Mycobacterium. MacLeod and
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Snell (76) showed that Rb+ would partially replace K in cul

tures of Streptococcus faecal is Anderson and Holder and

Leuconostoc mesenteroides van Tieghem.

Lithium (Li+) is of little nutritional, value to

higher plants and appears to be toxic. Edwards (35), and

Aldrich. Vanselow and Bradford (3) have investigated the

ffects of Li+ on the growth of corn root tips and citrus. No

conclusive evidence was obtained showing a nutritional re

quirement for this cation, In the culture of citrus (3), Li'

was reported to be toxic.

The ammonium ion (NH4+) is an active metabolite in

the nitrogen metabolism of plants. In addition to this

important role, this ion has been reported to function as a

cofactor for specific enzymatic reactions (70, 105). In this

context it plays an indirect role in the nutrition of plants

and is considered here with the univalent cations, The physi

cal properties of NH4+ including the radius of the ion and

the charge are similar to those of other univalent cations such

as Rb+ and K+, and thus offer an explanation for the capacity

of the ion to substitute for K+ in certain enzymatic reactions

(61).

Association of Potassium with Specific Metabolic Processes

In a recent review, Evans and Sorger (40) have

compiled the effects of K+ deficiency in vivo and suggest that

e



this element functions in several different metabolic pro

cesses since numerous enzyme systems have been shown to re-

quire K or other univalent cations, A deficiency of K might

be expected to affect overall metabolic processes in the

tissues and to greatly reduce the activity of all K requiring

enzymes participating in the metabolic process in question,

A consistent consequence of K deficiency in plants

is the accumulation of soluble carbohydrates and reducing

sugars (34, 113), and the inhibition of starch synthesis (85,

97). In higher plants carbohydrate utilization might be

easily blocked as a result of the loss of activity of a

necessary enzyme component of glycolysis such as pyruvic

kinase, an enzyme shown to require K or other univalent

cations (39, 78). Metabolic blocks of this type could logi

cally account for the observed accumulation of carbohydrates.

Starch synthesis in plants and glycogen synthesis in animals

are reported to be inhibited by K deficiency (23, 88),

Potassium deficiency in certain microorganisms is

also associated with a reduction in oxidative phosphorylation

and photophosphorylation. According to Latzko (66, 67),

oxygen and substrate dependent phosphate uptake, and light

dependent photophosphorylation are dependent upon the pre

sence of K in the reaction medium.

The accumulation of amino acids and the failure to

synthesize protein is another major metabolic svuiptom



associated with K+ deficiency in plants. This deficiency

symptom may be related to the observation of Webster (116)

that the catalysis of the incorporation of amino acids into

protein by extracts of Pisum sativum Linn, was dependent upon

K+. Several different partially purified enzyme systems known

to be associated with the protein synthesizing mechanism have

been reported to require K' for activity (29, 54, 72, 95, 96",

117). To date, however, the specific site or sites where

limited K+ causes a block in protein synthesis in vivo has

not been identified.

Objectives of this Investigation

In this study it was decided to ascertain whether

K*' is indeed necessary for the synthesis of a specific protein.

The effects of univalent cations on the in vivo adaptive for

mation of nitrate reductase and on the level of activity of a

representative nonadaptive enzyme are presented.



LITERATURE REVIEW

Enzyme Induction

Every living organism continually synthesizes

enzymes during its life span, The quantity of essential

enzymes must increase in accordance with the increase in

growth of the organism. During the stationary phase of

growth, a continuous synthesis is necessary to replace those

enzymes which have undergone destruction. Enzyme synthesis in

the living organism has been shown to be under genetic and

metabolic control,

The formation of enzymes is under the direction of

the genetic make-up (genotype) of the organism (57). In 1945,

Beadle (9), using the extensive information available from

metabolic studies of mutant strains of Neuros£ora and other

organisms, developed the "one-gene-one-enzyme" theory which

proposes a separate gene for the formation of each enzyme,

According to this theory, a specific enzyme can be synthesized

only when its complementary gene is present. If the gene is

absent or mutated, the active enzyme is not formed. The geno

type of the organism would thus determine its enzyme comple

ment and restrict the production of enzymes to those necessary

for its metabolism, Chromosome maps of several microorganisms

have shown that specific genes do control the synthesis of
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numerous enzymes, including |3-galactosidase (65) and tyro

sinase (55) .

In addition to genetic control, the synthesis of

many enzymes by organisms also is controlled by the presence

of certain metabolites (44), While the presence of a gene is

required for the production of a specific enzyme, its pre

sence alone does not assure that this particular enzyme will

be formed. In many cases an inducer that is often the sub

strate for the enzyme may be required for enzyme formation

(46, 63, 87). The action of the inducer is not related to

the genetic information in the organism, but functions in

some unknown manner as a stimulus to the synthesizing machin

ery. The formation of an enzyme in the presence of an inducer

is brought about by the complete d_e novo synthesis of an

enzyme molecule (57). The requirement for a substrate or

similar molecules for the adaptive synthesis of |3-galacto-

sidase has been investigated in detail by Cohn (28), and

Monod, Cohn-Bazire and Cohn (79).

Enzyme induction, then, involves the de .ovo

synthesis of a specific enzymatically active protein from its

constituent amino acids. This process is of great survival

value to microorganisms in chemical competition for the nu

trients in the environment. The fact that certain enzymes are

adaptively formed provides a convenient means for the study of



many metabolic systems without disruption of the organism as

an entity.

Role of Potassium in Amino Acid Synthesis

Amino acids have been shown to constitute the basic

structural units of proteins. Extensive determinations of the

amino acid components of different plant proteins have shown

that they are made up of at least 20 different L-amino acids

(110). Synthesis of these acids is accomplished by several

complex pathways, some of which have been described in detail,
+

the role of K in some of the enzyme systems that participate

in amino acid biosynthesis has been examined and its defi

ciency effects indicated.

One of the major pathways of amino acid formation is

the reductive amination of certain keto acids (33 jl8)

Glutamate and aspartate, two amino acids that serve as pre

cursors of other amino acids, are reported to be synthesized

in this process (24, 118). Detailed investigations of the

role of glutamate as a precursor in the synthesis of such

amino acids as proline (108, 111, 112), leucine (2, 62),

arg.ini.ne (60), alanine (69), and histidine (80) have been

reported. In addition to its formation by reductive amination

of oxaloacetate, aspartate is also synthesized by the direct

amination of fumaric acid involving the enzyme aspartase (123).

Aspartate is also involved in the synthesis of arginine and



ornithine (60), as well as serving as a precursor for the

synthesis of threonine and homoserine (1. ). Since the bio

synthesis of keto acids may be a primary step in glutamate

and aspartate formation, any alteration in keto acid syn

thesis would be expected to influence the synthesis of many

amino acids. Potassium or certain other univalent cations

-f-

are essential for the activity of pyruvic kinase (39). If K

deficiency were sufficiently severe to cause a block in the

conversion of phosphoenolpyruvate to pyruvic acid in glyco

lysis, one would expect that keto acid biosynthesis would be

impaired as an indirect effect, of the deficiency.

A more direct role of K^ in the synthesis of amino

acids is indicated by the discovery of Paulus and Gray (86)

that the catalysis of the synthesis of aspartyl phosphate by

aspartokinase from certain microorganisms is dependent upon

K+. Since aspartyl phosphate synthesis is a necessary step

in the biosynthesis of threonine and homoserine (l8, 19), and

possible isoleucine (2, 107) and lysine (l), it is apparent

that many phases of amino acid metabolism probably could be

influenced by K+ deficiency. Furthermore, the enzymatic

activation of methionine to form S-adenosy 1. methionitie is

reported to require K+ (25, 8l). S-adenosylmethionine plays

an essential role in many transmethylation reactions as well

as participating in the biosynthesis of cysteine (106).
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The possible effects of K.+ deficiency on the inter

mediates in the synthesis of a variety of ammo acids are too

numerous to mention. Potassium is needed for the formation of

carbamyl phosphate (77), pyruvic acid (39), and tetrahydro-

folate (15). All these intermediates are important in the

synthesis of certain amino acids,

Role of Potassium in Protein Synthesis

The following is a list of the ingredients which are

known to be required for the cell-free synthesis of a finished

polypeptide: amino acyl-soluble ribonucleic acid (amino

acids, adenosine triphosphate, soluble ribonucleic acid,

activating enzymes), polysomes (ribosomes, messenger ribo

nucleic acid, magnesium ions), guanosine triphosphate,

enzyme fractions, and thiol groups.

Nucleic Acid Components and Their Role

Deoxyribonucleic acid (DNA) and ribonucleic acid

(RNA) are the major types of nucleic acids known to function

in protein synthesis. Both of these are found in animals,

plants, and microorganisms. DNA is present in the nucleus

or nuclear region while RNA occurs predominately in the cyto

plasm. The structures of these two types of nucleic acids

are quite similar with the main exception being that deoxy-

ribose is the sugar in DNA nucleotides whereas ribose is the
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sugar component of RNA.

The roles of these two nucleic acids, however, are

quite different. DNA comprises the genetic material of the

chromosomes whose discrete portions, the genes, determine the

hereditary characteristics of the organism, DNA functions in

directing the synthesis of particular types of RNA which

determine the amino acid sequence in proteins (103), There

are at least three distinct types of RNA present in organisms.

The first type, ribosomal RNA, is formed of ribonucleoprotein

and concentrated into particles called ribosomes. Ribosomes

serve as the active site for amino acid incorporation into

protein and also serve as structural supports for messenger

RNA (52). Messenger RNA (MRNA) is the transcriber of protein

synthesis in that it relates the genetic information of DNA,

It is synthesized on a DNA template and remains as a single

stranded polymer, MRNA, in association with ribosomes,

functions as a template and, as such, regulates the joining

together of amino acids in a genetically determined pattern

(20). Transfer or soluble RNA (SRNA) is a low molecular

weight RNA which functions as an acceptor of activated amino

acids and as a carrier of them to the sites of protein syn

thesis on the MRNA templates {.53). SRNA also is single

stranded and probably is formed on a DNA template, A dis

tinguishing characteristic of it is the presence of additional

bases in its structure, different from those normally present
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in RNA (98).

Considerable work on the roles of DNA and RNA in the

synthesis of proteins has been conducted, and excellent re

views are available which give a much better insight into

their functions than could be accomplished in this report

(26, 4l, 56, 75, 94, 124). Since DNA functions as a director

in RNA synthesis, any disruption of this continuity would be

expected to cause serious consequences in an organism. The

possible role of K in the formation and role of DNA and RNA

in the process of protein synthesis will be considered here.

The pyrimidine components found in DNA and RNA are

cytosine, thymine, and uracil. Synthesis of orotic acid, the

basic analogue of these nucleotides, involves the condensation

of carbamyl phosphate and aspartate (90), A definite require

ment of K or other univalent cations for the activity of

carbamyl phosphate synthetase has been established (77). The

+

indirect role of K for aspartate formation has been dis-

cussed in the previous section. Deficiencies of K in either

of these two synthetic systems could result in a restriction

of the formation of the pyrimidine components of the nucleo

tide molecules, and thus limit both DNA and RNA formation.

Purines associated with the structures of DNA and

RNA are adenine and guanine. Their biosynthesis takes place

through a complicated process involving glutamate, glycine,

tetrahydrofolic acid, and aspartate to yield the basic
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structure inosinic acid (22)., Te trahydr of ol ic acid serves as

a methyl donor for the formation of the purines, and the acti

vation of this complex has been shown to require K (15, 49),

In relation to its function, S-adenosy1methionine often

serves as the source of the methyl group, and a K requirement

for the synthesis of this compound has been discussed (25,

81), A deficiency of K+ therefore could affect both purine

and pyrimidine biosynthesis. Such effects of K deficiency

would be expected to influence the formation of both DNA and

RNA, and ultimately the synthesis of proteins..

Even though nucleic acids are required for protein

synthesis, K+ deficiency seems to have a greater effect on

protein synthesis than nucleic acid synthesis, Ennis and

Lubin (36) have studied a mutant strain of E. col 1 having a

defective K+-transport system and reported that the incorpora

tion of C1 -guanine into RNA was only partially reduced (30-

40 percent) under K+ deficiency, In contrast, the incorpora

tion of C -leucine into protein was almost completely in

hibited under the conditions of K deficiency. They feel that

their results indicate that K has a more prominent role in

protein synthesis per se than in the actual, synthesis of

nucleic acids.
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Amino Acid Activation

Amino acid activation is a two-step process involv

ing a separate enzyme for each amino acid (12). The enzyme

functions by catalyzing the activation of the carboxyl group

of the amino acid by adenosine triphosphate (ATP), The pro

ducts are pyrophosphate and an amino acyl-adenosine mono

phosphate (AMP) complex that remains bound to the enzyme.

The reaction is reversible as indicated by studies using

radioactive labeled pyrophosphate (31, 51). ATP is the only

nucleotide triphosphate that will effectively function in this

reaction (13). The activating enzymes appear to be fairly

specific in respect to the amino acids activated; however,

some enzymes function with more than one amino acid (64).

The last step in the activation process is a

reaction of the amino acyl-AMP-enzyme complex with an SRNA

molecule to form the amino acyl-SRNA, The enzyme is liberated,

and AMP is a product. The amino acid becomes attached through

its carboxyl group to the 2' or 3' hydroxyl group of the

ribose moiety of the terminal adenosine group of SRNA (126).

Each type of SRNA exhibits considerable but not absolute

specificity toward amino acids (l4), and more than one SRNA

type may exist for each amino acid (121).

The amino acid activation reactions have been shown

to require Mg and a thiol group in addition to ATP. The
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activation of tyrosine in cell free extracts appears to .func

tion more effectively in a medium containing K+ than in one

containing Na+ (95). Holley et al_, (54), however, concluded

that K+ deficiency in rats had little effect on the activity

of this enzyme. In regards to the thiol requirement, Davie.

Koningsberger and Lipmann (30) showed that p-chloromercuri-

benzoate inhibited the activating enzymes. In many m vitro

systems, glutathione functions as the thiol group by main

taining a reduced state of thiols presumably on the surface

of the activating enzymes,

It is interesting to note that glutathione contains

peptide bonds, These bonds are formed by mechanisms different

from those involved in the synthesis of proteins. Activating

enzymes are not required, and SRNA is not necessary for

glutathione synthesis (109). The formation of glulath-one,

nevertheless, has been shown to require Mg+f, ATP, and K

(119). The substitution of other univalent cations for K

cannot be demonstrated (99).

Binding of MRNA and Amino Acyl-SRNA to Ribosomes

When ribosomes are isolated from bacteria or rabbit

reticulocytes in media with a Mg++ concentration of 1.0 mM,

particles with sedimentation constants of 70S to 80S are

obtained (115). The ribosomes most active in the synthesis

of proteins are those having sedimentation constants greater
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than 80S (45, 92), By the use of mild conditions for the

preparation of ribosome fractions, it was shown that fractions

heavier than 80S apparently resulted from an attachment of

ribosomes to MRNA (114). This finding contributed to the

hypothesis that ribosomes move along the MRNA strand synthe

sizing a polypeptide chain as they progress, At the end of

the MRNA chain, the ribosomes become detached and the poly

peptide chain is released. The attachment of the MRNA to the

ribosomes, therefore, is believed to be an important step in

the protein synthesizing apparatus. According to Lubin (72),

K+ is important in the binding of MRNA to the ribosomes from

E. coli. In a cell-free preparation Horn rabbit reticulocytes.

Schweet et al_. (96) have shown that 0,07 M K+ in addition to

Mg++ is necessary for the nonenzymatic binding of poly-

uridylic acid (poly-U) to ribosomes. This reaction was shown

to be reversible at low Mg++ concentrations. According to

Schweet et al_. (96), K+ and Mg++ are important in maintaining

the integrity and structural configuration of the complex,

The next step in protein synthesis involves the

binding of amino acyl-SRNA to the MRNA-ribosome complex. This

attachment is postulated to involve an interaction of the

triplet code of MRNA with SRNA, Additional forces, however,

are believed to function in the nonspecific binding of amino

acyl-SRNA to the MRNA-ribosome complex. The existence of an

amino acyl-SRNA-MRNA-ribosome complex has been observed in
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many cases (17). Its role as an obligatory intermediate in

protein synthesis was established by Nakamoto _et_ al_, (82)

utilizing poly-U as the messenger, and ribosomes and extracts

from E_. col i. In their studies, preincubation of poly-U,

+ +

amino acyl-SRNA, ribosomes, and either NH, or K resulted in

the formation of an amino acyl-SRNA-MRNA-ribosome complex

which could be used immediately in the synthesis of a poly

peptide. Work by Lubin and Ennis (73) also has provided

+ +

evidence for a requirement of K or NH, in the transfer of
4

the amino acyl-SRNA to the ribosomes. According to

Arl inghaus et_ al_. (5), the binding of amino acyl-SRNA to the

complex of MRNA and ribosomes from rabbit reticulocytes re-

+

quires K , GTP, and two soluble enzyme fractions. Conclusions

consistent with these have been reported by Spyrides (104).

+ +

In this case NH, was superior to K as the univalent cation

activator. Glutathione was not required for the binding of

amino acyl-SRNA to the MRNA-ribosome complex, but it is

reported to be necessary for the final reactions of protein

synthesis. It seems clear, then, that both the enzymatic and

nonenzymatic binding of amino acyl-SRNA to the ribosomes is an

important reaction in protein synthesis that requires either

K or NH1 as a cofactor,
4

While GTP has been shown to be necessary for protein

synthesis, its exact role in this process is still somewhat

vague. Conway and Lipmann (29) have established a close
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correlation between the activity of the poly-U synthesizing

system and the GTPase activity in extracts of E, col 1. Both

systems show a response to NH, or K and were inhibited by

+ +

either Na or Li , It has been known for some time that two

enzyme fractions function in this amino acyl-SRNA transfer to

polypeptides (17), Utilizing rabbit reticulocytes,

Arlinghaus, Shaeffer and Schweet (6, 7) have shown an

association of the GTPase activity with one of the enzyme

fractions, designated TF-1. This extract catalyzes the

transfer of the amino acyl-SRNA to the ribosome. and this

process is known to require K ,

Formation of the Peptide Bond and RNA Turnover

The exact mechanism of the formation of the peptide

bond itself is still one of the major unsolved problems of

protein synthesis, After the amino acyl-SRNAs are transferred

to the MRNA-ribosome complex, the amino acids are joined

together in a linear fashion to the C-terminal end of the

growing polypeptide (120), Once the amino acids are con

densed, the SRNA is released and can then function in the

transfer of other amino acids (53). Upon completion, the

polypeptide and the ribosomes are released from the MRNA,

Another factor that may be indirectly involved in

protein synthesis is the formation and degradation of RNA in

the organism. Since Ennis and Lubin (36) have established
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that the effects of K deficiency on RNA synthesis is less

than the effect on protein synthesis, the possibilities of

K playing a key role in RNA synthesis seems remote, The

degradation of RNA, however, has been associated with a K

requirement. Spa.hr and Schlessinger (102) have described a

phosphodiesterase which degrades RNA, The activity of this

enzyme is dependent on K , In a series of experiments

+

utilizing the K deficient mutant of E, col i , Ennis and Lubm

(37, 38) have shown that RNA synthesized during K defi

ciency is stable in a medium containing Na but is rapidly

degraded in one containing K , They attribute this degrada

tion to the possible presence of the phosphodiesterase de

scribed by Spahr and Schlessinger (102), In addition, they

have shown that K depleted cells returned to a medium con-

taining adequate K initiate protein synthesis more rapidly

than RNA synthesis. These results support the theory that

the inhibition of protein synthesis by K deficiency lies

within the peptide bond synthesizing apparatus, The effects

of K deficiency on the synthesis of precursors and cofactors

seems to be indirect.
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MATERIALS AND METHODS

Cultural Methods

A wild strain of Neurospora crassa, kindly supplied

by Dr. Ronald Cameron, was used in all of the experiments.

The organism was cultured in a series of different media.

The chemicals used in the preparation of the various media

were reagent grade, and all solutions were prepared in glass

distilled water. Glassware and other vessels utilized were

acid washed with 3 N HCl and thoroughly rinsed with distilled

water before use.

Media

The composition of the three types of media employed

in this investigation are summarized in Table I. Fries'

medium has been described by Ryan et al_, (93). The concen

trations of the micronutrients used in. all the media are the

same as those present in Fries' medium. Slant cultures used

to grow the organism for spore production contained Fries'

medium with 15 9 agar added per liter of solution, The

Standard medium and the Induction medium are modifications of

an inorganic nutrient solution described by Evans (39)> The

Standard medium has neither NO^ nor K+ added while the level
K+ was varied in the Induction medium by the addition of the

desired amounts of K^. The PH of the Standard medium was
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TABLE I. Composition of the various media used in this study.

Concentration of Nutrient in Medium

Fries' Standard Induction

1.03 g/i

0.10 g/l

3o00 g/l

3.00 g/l

0.50 g/l 0,50 g/l

0.10 g/l 0.07 g/l

2.09 g/l 1.40 g/l

0.1j g/l

5.15 9/1

Ca(N0 )2.4H20 1,42 g/l

Sucrose 20.00 g/l 20,00 g/l 20.00 g/l

Biotin* 10.0 p.g/l 10.0 pg/l 10.00 p.g/l

Micronutrients*

Na2B4°7'10H2° 89 V'9/l 89 lig/1 89 ^g/1
CuCl2.2H20 270 p.g/l 270 p.g/l 270 pg/l

MnCl2.2H20 72 pg/l 72 pg/l 72 pg/l

(NH4)6Mo7°24 7 P'9/l 7 ^g/l 7 }lg/i
ZnCl2 5 mg/1 5 mg/l 5 mg/l

FeEDDHA (6% Fe) 3 mg/l 3 mg/l 3 mg/l

* Added as solutions

Nutrients

Na-Tartrate

NaCl

NaNO

KH2P04

MgS04

CaCl »2H 0

MgHP04.3H20

CaSO,
4

L-Glutamic Aci d
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adjusted to 4.5 with solid Ca(OH) . The pH of the Induction

medium also was adjusted to 4.5 using HCl. The different

media were autoclaved at 15 pounds pressure for 15 minutes

and cooled prior to inoculation.

Growth Conditions

For the growth curves, the Standard medium

(Table I) was used to which was added K SO, in the appropriate

concentrations. Erlenmeyer flasks (500 ml) containing 200 ml

of the Standard medium were inoculated from conidial suspen

sions. The flasks were incubated in the dark at 30° C and

agitated daily to inhibit sporulation. At 24-hour intervals

flasks were removed and the mycelia collected on a Buchner

funnel using Whatman No. 1 filter paper. The mats were

washed three times with distilled water and dried in an oven

at 78° C for 24 hours. Dry weights were determined using a

Mettler analytical balance, type H15.

When larger quantities of mycelia were desired,

2800 ml Fernback flasks each containing one liter of the

Standard medium were used. Inoculated flasks were incubated

in the dark at 30° C for six days with daily agitation. Mats

were harvested by squeezing the mycelium and culture liquid

through cheesecloth. The mycelial mats were then washed

three times with distilled water.
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Induction Conditions

The washed mats were divided into approximately

equal sections and resuspended in liter flasks containing

330 ml of the Induction medium (Table I), Flasks were incu

bated on a Gyrotory shaker at 30° C in the dark. At hourly

intervals samples were removed, filtered, and washed as des

cribed previously, Immediately after washing, the mats were

weighed, wrapped in aluminum foil, and placed in powdered dry

ice for quick freezing.

Assay Procedures

Preparation of Extract

All operations, unless otherwise stated, were

carried out at 0 to 4° C, After freezing, mats were trans

ferred to a cold mortar and pestle containing approximately

0.5 g of acid washed sand, The mats were quickly ground for

two to three minutes until a fine powder was obtained, and

cold buffer solution (43) was added at the rate of 10 ml per

g of tissue. The buffer solution contained the following

concentrations of components: Tris-hydroxymethylaminomethan

(Tris) buffer, 0.1 M; ethyl, enediamine tetraacetic acid (EDTA),

3 x 10~4 M; and cysteine, 0.01 M, The pH of the buffer solu

tion was adjusted to 7.8 with HCl, The slurry of buffer and

mycelium was ground for an additional minute, decanted, and
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centrifuged for 15 minutes a.t 20,000 x rj at. 4° C in a

Servall refrigerated centrifuge. The supernatant was then

decanted and placed in an ice bath until used,

Nitrate Reductase Assay

The enzyme activity was measured using a slight.

modification of the procedure described by Hageman and

Flescher (43). The complete assay mixture in a volume of 1.0

ml contained the following final concentrations of components:

-2 -2
sodium pyrophosphate (pH 7,0), 4 x 10 M; KN0 , 1 x 10 M;

reduced nicotinamide adenine dinucleotide phosphate (NADPH),

_4
3 x 10 M; extract, 0.2 ml containing approximately one mg

of protein. The reaction was initiated by the addition of

the enzyme. The blank contained all components except NADPH.

The assay mixture was allowed to incubate for 10 minutes at

27° C, and the reaction stopped by the addition of 0.2 ml of

1.0 M zinc acetate followed by 3>0 ml of 95% ethanol, The

solution was thoroughly mixed and then centrifuged for five

minutes at approximately 2,000 x _g_ using an International

desk model centrifuge. The clear supernatant was decanted,

and to it was added 1.0 ml each of a solution of 1% sulfa

nilamide in 3-2 N HCl and a solution of 0.02% aqueous N~l~

naphthyl ethylenediamine dihydrochloride, The color was

allowed to develop for 10 minutes. Optical density was

determined at 540 mp, using a Beckman DU spectrophotometer
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rith the slit adjustment at 0.0 3 mm^

Pyruvic Kinase Assay

The same enzyme extract used for the nitrate reduc

tase assay also was used for the pyruvic kinase assay except

that the extract was diluted 1:25 with the buffer solution.

The procedure used is a modification of that of Kachmar and

Boyer (59). The assay mixture of 1.0 ml contained the follow

ing final concentrations of constituents: the cyclohexyl-
-3ammonium salt of phosphoenolpyruvate, 1.5 x 10 M; Tris-

adenosine diphosphate (Tris-ADP), 2.5 x 10_3 M; Tris buffer

(pH 7-0), 5x10~2 M; MgCl2, 1x10"2 M, KC1, 5x10~2 M;
Tris-MoO (PH 7-0), 1.25 x 10~3 M; and 0.2 ml of the extract

containing approximately 0.05 mg of protein, Blanks contained

all components except Tris-ADP. The reaction was initiated by

the addition of the enzyme, and the mixture incubated for 10

minutes at 37° C, The reaction was stopped by the addition of

1.0 ml of a. 0,0125% solution of 2,4-dinitrophenyl hydrazine

followed by 7.0 ml of 0.43 N NaOH. The color was allowed to

develop for 10 minutes, and the samples were then centrifuged

for 10 minutes at approximately 2,000 x c, in an International

desk model centrifuge. The optical density was determined at

525 mp on the Beckman DU spectrophotometer with the slit ad

justed to 0.03 mm.
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Other Assays

Protein was determined using the Folin technique

as described by Lowry et al. (71). Optical density measure

ments were determined at 660 mp. on a Bausch and Lomb 340

colorimeter. Potassium concentrations were determined using

the flame photometric method as described by Johnson and

Ulrich (58). Percent transmission was determined at 770 mp

using a flame photometer attachment on the Beckman DU

spectrophotometer,
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RESULTS

Growth Responses to Potassium

Since Fries' medium is normally used for the

culture of Neurospora, a comparison of the growth of the

organism on the Standard medium with that on Fries' medium

was necessary. The results presented in Figure 1 show that

the organism grew equally well on either medium. The rates

of growth and total yields of dry matter at intervals through

out the growth period were similar.

In order to determine a K concentration which would

yield an adequate quantity of mycelium needed for the induc

tion experiments, yet not furnish sufficient K to interfere

with the experiments, a preliminary investigation was con

ducted utilizing various levels of K in the growth medium

(Figure 2). As shown by the data, the concentrations of K

in the medium had a striking effect on the growth of the

organism. The rate of growth increased by a factor of

+

approximately two when the K concentration was increased

from no K+ (0 K+) to 0.125 mM K+. This doubling of the rate

+

with the doubling of the K concentration was evident for

concentrations up to 0.5 rnM K . Concentrations of K greater

than 0„5 mM resulted in no further marked increase of rates

of growth. As shown by the data in Figure 2, considerable
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FIG. 1. Comparison of the effects of Fries' and Standard
media on the growth of Neurospora. Cultures were
incubated at 30° C in the dark in Erlenmeyer flasks
(500 ml) each containing 330 ml of the indicated
medium. Each medium contained 2.5 mM K
are means of three determinations.
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Effects of K+ concentrations on the growth of
Neurospora. The organism was cultured in
Erlenmeyer flasks (500 ml) containing 330 ml of the
Standard medium plus the levels of K+ indicated
above. Cultures were incubated in the dark at 30° C
Each point is the mean of three determinations.
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growth of the organism occurred in the medium to which no K

was added. An analysis of the medium by flame photometric

procedures showed a K+ concentration of 0.01 mM. This may be

attributed to contamination by the reagents utilized. This

concentration is considerably below the 1.0 mM concentration

considered to be the minimum level of K+ producing optimum

growth in microorganisms (27).
+

To determine the effect of the level of K in the

culture medium used for Neurospora on the rates of the adap

tive formation of nitrate reductase, experiments were con

ducted in which the organism was grown in Standard medium

with different levels of K+, then transferred to the

Induction medium where the adaptive formation of the enzyme

was studied. In one culture, no K+ (0 K+) was added to the

Standard medium, and to the other 0.125 mM K+ was added, The

results (Figure 3-A) show that the mycelium previously cul

tured in 0.125 mM K+ and then incubated in Induction medium

with 2.5 mM K+ synthesized nitrate reductase at a rapid rate.
+

When Neurospora mycelium previously grown with 0.125 mM K

was placed in the Induction medium without added K , nitrate

reductase also was adaptively formed at a rapid rate

(Figure 3-B). Apparently sufficient K+ was transferred from

the Standard medium to maintain the adaptive synthesis of the

enzyme, The mycelium used for the experiment represented by

Curves C and D in Figure 3 was cultured in a Standard medium
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FIG. 3. Adaptive formation of nitrate reductase in Neurospora.
The mycelium used in the induction experiments shown
by curves A and B was grown in the Standard medium
containing 0.125 mM K+ while that used in the experi
ments represented by curves C and D was grown in the
Standard medium having no K+ added, The organism was
grown for 5 days in the Standard medium at 30° C in
the dark, and then transferred to Induction medium
containing the levels of K+ as indicated in the graphs.
Induction and assay procedures used are those des
cribed under Materials and Methods.
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+

lacking added K . When this mycelium was transferred to an

Induction medium also lacking added K (Figure 3-D), it is

apparent that nitrate reductase formed at a very slow rate

during the first four hours of incubation. This rate in

creased sharply after this four-hour period, When a com

parable sample of mycelium previously cultured without added

K was transferred to the Induction medium containing 2.5

mM K , the adaptive formation of nitrate reductase was

initiated within one hour (Figure 3~C). This rate increased

steadily and rapidly up to the four-hour period of incubation

after which time the rate of synthesis increased sharply, It

is clear that the presence of K in either the Standard or

Induction medium has a striking effect on the formation of

nitrate reductase.

Effects of Univalent Cations on Enzyme Induction

Results of representative experiments showing the

effects of a series of different univalent cations in the

Induction media on the adaptive formation of nitrate reduc

tase are presented in Figures 4 and 5» In these experiments,

+

the mycelia were grown in the Standard media with no K added,

and then were transferred to Induction media containing 2,5

mM concentrations of the univalent cations indicated in the

legend of Figures 4 and 5. The rate of formation of the

enzyme was slow during the first hour of induction in all
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cultures. In the cultures containing K , the rate of nitrate

reductase formation increased at an almost linear rate for

the period between one and three hours. When Kf was lacking

in the Induction medium, nitrate reductase formation was slow

for the first three hours of incubation, but increased rap

idly after this three-hour period. The experiments in which

different univalent cations were substituted for K in the

Induction medium show that neither Na nor Li were effective

univalent cations for the adaptive formation of nitrate re

ductase (Figure 4), In some experiments Li not only failed

to stimulate but also inhibited the inductive formation of

+

the enzyme., When Rb was substituted for K in the Induction

medium (Figure 5), the adaptive formation of nitrate reductase

in the mycelia occurred at a rate approximately one-half of

that observed for mycelia in the Induction medium containing

K . The addition of NH, to the Induction medium (Figure 5)

resulted in a complete inhibition of the inductive synthesis

of the enzyme. The inhibitory effect of NH, on the adaptive

formation of nitrate reductase has been reported previously by

Sorger (100, 101).

The data presented in Table II show the K concen

trations in the mycelia used for the various induction experi

ments. Since K was not added to the medium used for the

•4-

initial culturing of the organism, the amount of K detected



TABLE II. Flame photometric analysis for K present
in the mycelia prior to induction. Values
are means of three replicates. Experiments
A, B, C, and D are reported in Figures 4
and 5«

.+
Experiment mg K Per g

Dry Matter

A 1.6

B 7.2

C 0.4

D 0.4
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in the mycelia must have been derived from that present as

contaminants in the reagents used for the preparation of the

nutrient solutions. As shown by the data in Table II, the K

content of the mycelia used in Experiment B of Figure 4 con

tained 7.2 mg of K+ per g of dry matter. This concentration

is much greater than that detected in the mycelium used for

other experiments and must have been derived from some un

known contamination. The amount of K+ transferred to the

Induction medium (Experiment B, Figure 4) apparently was

insufficient to meet the requirements for the adaptive for

mation of the enzyme as shown by the fact that the addition

of K+ markedly stimulated enzyme formation.
+

In Table III data are presented showing the K con

tent of the Induction media to which was added the indicated



TABLE III, Flame photometric analysis for K present
in the Induction medium (Materials and

Methods) containing 2,5 mM concentrations
of the indicated univalent cation salt as

reported in Figures 4 and 5,

Univalent Cation

Salt Added To

Induction Medium

None

K2S04

Na2S04

Li2S04

Rb2S04

(NH4)2S04

K Concentration in Medium

mg K /l

0.8

102.0

10.0

0.2

0.1

0, 1

Millimolar K

0,020

2,550

0,250

0,001

0,001

0,001
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univalent cation salts, These results indicate that Na SO,
2 4

must have been contaminated with K . As shown by the data

in Figure 4, this concentration was not sufficient for the

rapid induction of nitrate reductase.

Effects of Univalent Cations on a Nonadaptive Enzyme

In studying the effects of the different univalent

cations on the inductive formation of nitrate reductase, it

was considered necessary to determine if there was any effect

of the added cations on a representative constitutive enzyme

in the organism. The activity of pyruvic kinase was deter

mined, therefore, during the period of inductive formation of
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nitrate reductase. Figures 6 and 7 illustrate typical results

obtained in the study of the activity of pyruvic kinase during

the induction period. There was no consistent trend in the

results presented in Figure 6 and 7. In Experiment A,

Figure 6, there was no appreciable decrease in the activity

of the enzyme during the induction period, with the exception

that the addition of Li+ appeared to result in reduced enzyme

activity. In Experiment B, Figure 6, there is some evidence

that pyruvic kinase activity in the mycelia decreased slightly

during the nitrate reductase induction period. No specific

effect of the addition of either K+, Na+, or Li+ was apparent.

In one experiment the addition of Rb+ or NH4+ appeared to

cause significant reduction in activity of the enzyme during

the induction period. However, these effects were not con

sistently obtained.
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A comparison of the effects of K , Rb , and NH4
on the activity of the nonadaptive enzyme pyru
vic kinase during the period of adaptive formation
of nitrate reductase. Cultures were incubated in
the dark at 30° C on a Gyrotory shaker, The
following univalent cation salts were added to the
Induction medium (Materials and Methods) to yield
a concentration of 2.5 mM of the univalent cation:
O O K SO ; A A+Rd2S04' • • (NH4)2S04;
A • None Added (OK ),



DISCUSSION

Effects of Potassium in the Growth Medium

on the Adaptive Formation of Nitrate Reductase
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When Neurospora was cultured in the Standard

medium containing 0.125 mM K and then incubated in the

Induction medium containing no added K , the rate of nitrate

reductase formation was nearly equal to that of a comparable

mycelium mat induced in 2,5 mM K' (Figure 3, A and B), These

results may be interpreted on the basis of the assumption that

the organism accumulated a sufficient quantity of K from the

growth medium. This accumulation by the organism permitted a

rapid rate of enzyme formation in the Induction medium.

Accumulation of K in actively growing cells is known to

occur in many organisms (42), It seems evident from these

results that relatively low levels of K are needed in

tissues for rapid formation of the enzyme,

+

When K was omitted in both the Standard and

Induction media, the rate of synthesis of nitrate reductase

was quite slow initially, but increased appreciably after

three hours of incubation (Figure 3-D), This increase was

found consistently in all experiments where the mycelium was

grown and induced on media lacking added K . The reasons for

this behavior is not clear. One might speculate that during

the initial three-hour period the mycelium had accumulated



42

sufficient K from impurities in the medium to function in the

adaptive formation of the enzyme. Since an analysis of the

mycelium prior to induction (Table II) shows a low K concen-

+

tration of approximately 1.0 mg K per g dry tissue, it seems

reasonable to suggest that the organism was able to adjust to

+

the low K environment and, after a period of three hours,

+

synthesize nitrate reductase under conditions where the K

concentration was at a very low level.

+
Another consideration concerns the fact that NH.

4

+

can substitute for K in protein synthesis (7.3). During

normal growth conditions, some breakdown of organic constitu

ents would be expected to occur in the organism. If NH, can

function in the synthesis of nitrate reductase, one might

+

postulate that NH. ions resulting from protein breakdown

during the induction period might be sufficient for the

4-

inductive formation of this enzyme. The level of NH. would

have to be present in low concentrations since it has been

+

established that relatively high concentrations of NH.

inhibit the inductive formation of nitrate reductase (100,

101 ).

Univalent Cations and Protein Synthesis

Since adaptive formation of nitrate reductase is

reported to involve protein synthesis, one would expect that
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any univalent cation requirement for protein synthesis also

would be exhibited for the adaptive formation of nitrate

reductase. The results presented in Figures 4 and 5 show

clearly that nitrate reductase formation is dependent upon

an adequate concentration of K+ in the Induction medium.

The effects of K+on the synthesis of the protein nitrate

reductase in in vivo systems are in agreement with those

results of Webster (116) who reported that K+ was needed for

the incorporation of labeled amino acids into protein by pea

extracts.

In a schematic outline of the protein synthesizing

process already discussed in the Literature Review, K^ is
reported to function in the following steps: tyrosine acti

vation, nonenzymatic binding of MRNA to ribosomes, amino

acyl-SRNA binding to ribosomes, and possibly in MRNA turn

over. From the types of experiments conducted in this in

vestigation it is not possible to speculate whether the block

or blocks in the synthesis of nitrate reductase are related

directly to the above mentioned sites in protein synthesis or

indirectly to some essential metabolic step related to protein

synthesis. On the basis of the results presented by Ennis

and Lubin (36), K+ deficiency would appear to have a greater

effect on protein synthesis £er se than on the snythesis of

RNA.
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+

As shown by the data in Figures 4 and 5, K not only

is required for the induction of the enzyme, but is highly

specific in its function. In these and other experiments,

. + +
Li would not replace K to any appreciable extent as a

univalent cation for enzyme induction. The results are con-

sistent with the report (3) that Li has no nutritional value

for plants or microorganisms. It is also apparent from the

data in Figure 4 that the addition of Na to the Induction

medium failed to stimulate the synthesis of nitrate reductase.

Sodium has been reported to be beneficial for the growth of

certain organisms, but from the data presented here and that

presented by Webster (116), it has little value as a cofactor

for protein synthesis. An interesting observation in this

+ +
study is that neither Na nor Li functions effectively as a

cofactor for the induction of nitrate reductase. In con-

+

trast, when K was omitted in the Induction medium, nitrate

reductase formation appeared to be initiated after the three

s-

hour period. It would appear that the addition of either Na

. +

or Li to the medium has completely inhibited protein synthe

sis whereas the omission of added univalent cations resulted

in enzyme formation after the lapse of three hours. An

adequate explanation of this behavior is not available at

present.

When Rb was used as the added cation for the induc

tion of nitrate reductase, the enzyme was formed at a rate
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approximately one-half that obtained when K was used,

Rubidium is known to partially substitute for K+ as a nu

trient for certain microorganisms (76, 89). The partial

substitution of Rb+ for K+ can be extended to specific

metabolic reactions as indicated by the capacity of Rb to

replace K+ as a univalent cation for acetic thiokinase

activity in in vitro studies (50). An explanation for this

replacement may be related to the fact that Rb+ and K+ have
+ . +

similar ionic radii whereas the atomic radii of Na and Li

are much larger (6l).

When NH,+ was substituted for K+ in the Induction
4

medium, a complete inhibition of the formation of nitrate

reductase was observed (Figure 5). Ammonium is known to

inhibit the inductive formation of this enzyme (100, 101).

Even though NH4+ is known to be superior to K+ as an activa
tor for certain individual reactions of in vitro protein

synthesis (73, 82), concentrations of NhJ used in this

investigation were completely ineffective in the synthesis

of nitrate reductase. It seems possible that NH4 may

function in one of the reactions of protein synthesis, but

may inhibit other processes, thus ultimately inhibiting the

whole protein synthesizing process.
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Relation of Univalent Cations to Constitutive Enzymes

In an effort to determine whether the addition of

univalent cations to the Induction medium had an effect on a

representative constitutive enzyme in the mycelium, pyruvic

kinase was assayed at periods during the induction process.

As shown by the results in Figures 6 and 7, only a very

slight decrease if any occurred in the activity of this

enzyme during the induction period, The addition of a

series of different univalent cations to the Induction media

had relatively little effect on the activity of this enzyme,

In comparing the activities of pyruvic kinase and nitrate

reductase during the induction period, it appears that nitrate

reductase was rapidly synthesized while pyruvic kinase re

mained at a nearly constant level. From these results and

from the protein content of extracts, it would appear that

the conditions were optimum for the rapid synthesis of nitrate

reductase, but the rate of protein synthesis in general was

not greatly increased. The addition of Na , Li , Rb , or

NH + possibly may have influenced the stability of pyruvic
4

kinase, thus accounting for the slight decrease in its

activity.
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SUMMARY

An investigation was conducted to determine the

effects of univalent cations on the in vivo synthesis of a

specific protein by Neurospora crassa. The effects of uni

valent cations on the inductive formation of nitrate reductase

and on the level of activity of a representative nonadaptive

enzyme were determined. The results of these experiments

may be summarized as follows:

1. The inductive formation of nitrate reductase

has a specific requirement for the presence of an adequate

concentration of K+ in the Induction medium,

2. Rubidium could partially substitute for K in

the Induction medium for the adaptive formation of nitrate

reductase, but Na+, Li+, and NhJ either failed to stimulate

or inhibited the formation of this enzyme,

3. Pyruvic kinase activity throughout the induc

tion period was not greatly changed when any of the univalent

cations were present in the Induction medium.

4. It would appear from the results that K is

required for the rapid synthesis of nitrate reductase, and

that overall protein synthesis in general was nearly constant

during the formation of nitrate reductase.
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