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" ABSTRACT ™

Mutants of E. coZt which accumu]ate abnormaTTy h1gh Tevels of o
:pppGpp/(guanosine 5 -tr1ph03phate 3 d1phosphate) dur1ng amwno ac1d or -
;'4carbon source starvatlon have been 1soTated The mutat1on respons1-:v,¥-‘"
-..‘bTe for th1s effect has been mapped to a prev1ousTy undescr1bed 10cus ‘
-T‘des1gnated as gpp These mutants are defect1ve ina nuc]ease wh1ch
:fappears to’ spec1f1ca]1y hydro]yze pppGpp to ppGpp ChromatographIC'
v';separat1on of - the var1ous pppGppase act1v1t1es 1n the w1Td type 3 11,,‘;Qﬂ;
.',strawn and the gpp mutants reveaTed that the mutants are m1ss1ng two ” |
f;‘of the f1ve separablg pppGppases For th1s reason, 1t s suggested
'.Athat the gpp enzyme may norma]]y funct1on 1n severa] aggregated forms

s Fo]Tow1ng the onset of am1no ac1d starvat1on of the gpp mutants
4pppGpp accumu]ates more rap1d]y than ppGpp Th1s effect wh1ch 15
ascr1bed to a reduct1on in the rate of hydroTy51s of pppapp to ppGpp,
1substant1ates the proposa.‘that pppGpp 1s a maJor precursor of ppGpp
o In contrast to the w1Td type gpp mutants accumu]ate pppGpp o

v,fdur1ng carbon source dcwnshlft Th1s observat1on wh1ch }nd1cates that‘

: usubstant1a1 (p)ppGpp synthes1s eccurs durIng downsh1ft, 1s 1ncon-4

J:»s1stent w1th prev1ous modeTs in wh1ch,the downsh1ft 1nduced accumuTa-. ; S

' tion of ppGpp was attr1buted to reduced turnover of ppGpp

'ivoThe spoT gene appears to be 1nvoTved in ppGpp degradat1on "Ittd::

was,,th”refore expected thatt‘

gpp spoT doubTe mutant wou]d be par- _

t1aTTy defedt1% r'nfpothﬁppGp’ There is no _:?'"'7"\

faapparent reason to expect that,suc omb1nat30n wou]d be 1nv1ab

i However severaT T1nes of ev1dence syggest that such a comb1nat ¢
-ts.

_ e _
aJetha] _ The 1solat1on of a putat1ve spoT mutant perm1tted the con,

.“'fiV: ; ‘ ‘._ .



*r.vthat it appears to have a norma] rate of ppGpp degradation, but 1si

'h‘structlon of a gpp spoTt stra1n :_ mutant'is unusua] 1n I
: ne T b

h‘j'typ1ca1 1n\that fQ110w1ng am1no ac1d starvat1on at 43 5°, pppGpp

.:does not accumu]ate. As' eXpected the gpp spo.Tt mutant accumulatea

'“;1both ppGpp and pppGpp However th1s mutant does not accumu]ate RNA
'hat 46°~ Since th1s effect cou]d'not be attr1buted to tie 1evels of

(p)ppGpp,_1t 1s conc]uded that spoT and: gpp mlght be 1nv01ved 1n ‘some

B

- process in add1t1on to the degradat1on of ppGpp and pppGpp
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o f\spontaneous mutat1on, wh1ch they des1gnated as Rcrez; caused the

INTRODUCTION.

. The reZA gene o v
' ) \‘

&

In\many stra1ns of lsahertchza COZL,lStab]e RNA: syntheSIS is o

' abrupt]y curtalled upon amino ac1d starvatlon Stent and Brenner (1961)
) B
termed th1s phenomenon the "st r1ngent resnonse", and demonstrated

ajthat a mutat1on at a s1ng1e 1ocus cou]d abollsh the effect A '

’,'.. S

”f_'re1axat1on of RNA synthes1s in that RNA accumu1ated fo]]ow1ng amvno ?>fd

“ddpgde31gnated as peZA (Bachmann et aZ 1976); were 1so]ated by F11T

e"ac1d starvat1on Add1t1ona] mutants at th1s Tocus, subsequent]y S

- and Fr1esen (1968) The observat1on that peZA mutants are’ recess1ve 2_ o
,,}_1n merod1plo1ds (F111 1969) suggests that ‘the pel4 gene product'1s ~%;‘{%'
‘f‘a cytop]asm1c component | N : . = D

: The flrst 1ns1ght 1nto the mechan1sm govern1ng the Strlngent ;*QW"Q
nr:response was prov1ded by Fangman and Ne1dhardt (1964) who demOnstrated

jithat, 1n a reZA str'yn, 1nactlvat1on of an am1noacy1 tRNA synthetase -:“

p'ljresu]ted 1n the strlngent response Th1S r£SU1t,,wh1Ch was obta1ned

‘eVen in the presence of a‘fgll comp]ement of am1no aC1ds, 1nd1cated }' .
'1‘that str1ngency 15 a response to dep]et;on of at 1east one of the

z'amlnoacy] tRNA poo]s, rather than to the deplet1on of the am1no ac1d

'?a-pooi ‘per se. Cashe1 and Ga]]ant (1969) and Cashe] (1969) subsequent]y

”'reported that, 1n reZA straﬂns, amlno ac1d starvatTBn or 1nact1vat1on

fﬁof an am1noacy] tRNA synthetaseAreSU]ted in. the rap1d accumu]at1on of

'ptew,_,two h1gh?y PhOSphO?y]ated nuc1e0t1des, or1g1na11y deS1gnated MSI and

"ZHMSII (Maglc Spot 1 & II) They Proposed that a react1on'“1f'5

l

- .;1iiig:.ifti;fﬁﬂﬁu"i*



g6 : . Yy

,'.‘normaTTy 1nvoTved in proﬁe1n SynthESTS idles dur1ng the strTngent

"Hesponse and produces the MS- nucTeot1des They aTso proposed that the

accumuﬁat1on of MS nucTeotldes coqu be a causative factor 1n ‘the ces-

r -

| _sat1on of RNA synthes1s and the othef character15t1cs of the strlngent v
’;response The 1dent1t1es of MST and MSII have been estathshed as j

“guanos1ne 3 —dwphosphater5 dlphosphate (ppGpp) and guan051ne 3 -

i:d1phosphate 5 tr1phosphate (pppGpp) (CasheT and KaTbacher, 1970; S;

. and. Llpmann, 1973)

. The in vttro synthe51s of th& MS nucTeotldes was eTegantTy

- d demonstrated by HaseTt1ne et al. (1972) and ‘Haseltine and BTock (1973)

-';,»‘acceptor

‘7They showed that ppGpp and pppGpp could’ be synthes1zed from ATP and GTP

in response to the non- enzymatlc btnd1ng of an uncharged tRNA “to the.

fiighn the 705 rlbosome mRNA compTex They aTso demonstratedb
‘djthat a factd\y(str1ngent factor), WhTCh is present in the 0 5M NH4CT
',rr1bosomaT wash from rela’ but not reZA ceTTs, is necessary for the v' t
.react1on to occur. «They concTuded that the str1ngent factor 1s e1ther,
the product of the reld gene, or a prote1n mod1f1ed by th e act1on of
the reld gene. Sy'et al. (197§T“Bnd Block and Hase1t1ne (1975) have ;,
f_extendec thlS approach by demonstratlng that (p)ppGpp synthes1s can -

_ proceed in the absence of r1bosomes, mRNA, and tRNA when pur1f1ed

= ,
'.,strlngent fa%tor 1s 1ncubated 1n a s1mpTe m1xture of buffer, saTts

::,and substrates The co1den¢1ty of the str1ngent factor and the product

":of the reZA gene has aTso Qeen Tnferred from the d1fferent1a] rates

ﬂgcof thermaT 1nacc1vat1on of strlngent factor act1v1ty from Teaky reZA

bﬂmutanfs (BTc W nd HaseTt1ne 1973) The in vztro synthes1s of (p)ppGpp

B /
has been the subJect of severaT rev1ews (BTock and Hase1t1ne,.1974,“

'-vL1pmann and Sy, 1976) . _f o 't_”‘ ’bfi i g ”_‘ f', L



Vllp]d synthes1s, nuc]eot1de synthes1s and transport glycolysis,

i
|

. a

. ’ ’ ‘ - b

Fhe stringent resronse

Until recently, the str1ngent response was. 1nterpreted :?hbelng

primarily a regu]atory mechan1sm for adJust1ng the rate of synthes15'

‘of stable RNA It now appears that many other ce]]u]ar functTOns are

/
under some form of strlngent contro] A part1a1 ]1st of add1t1ona]

act1v1t1es wh1ch are under negative contro] 1nc1udes 11p1d and - ppospho—,
~

D)

Y\resptrat1on and trans]at1on (Cashe] and Ga]]ant ]974,>Ja1]ant and-

"Lazzarini' ]976) The rate of transcr1pt1on of some am1no acid b1osyn—v

thet1c pathways appears to be- st1mu]ated by the act1on of the reis
gene (Stephens et aZ 5 ]975 Somerv1]]e and Ahmed, 1977) but the rate

of transcr1pt1on of an arglnlne b1osynthet1c gene appears to be negatlve]y _

'regu]ated (Ga]1ant et.al., 1970 Yang et az s 1974) The effects of

the str1ngent response on the components of the transcrwpt1on and

'trgnslatton apparatus cannot be generalized The synthes1s.of some’

.’components appears to be negat1ve1y regu]ated, ‘some pos1t1ve1y regulated,

and others do not appear to be under th1s form of regu]atory contro]

(Denn1s and Nomura, ]975 Reeh et aZ > ]976 Furano and W1tte], ]976)

The mechan1sm by wh1ch the reZA gene med1ates the regu]at1on of

\msuch d1verse components of the bacter1a] cell rema1ns uncertain. .The.

——

1nvo]vement of ppGpp as a regu]atory s1gna] can be Jnferred from in
'esu1ts obtalned dur1ng am1no acid starvat1on Accumu]at1on 0. '?b
ppGpp 1s a]most a]ways accompan1ed by a concom1tant decrease Jn stable :
RNA accumu]a+10n (Cashe] and. Ga]]ant,_]974 Cashe] ]975 Ga?]ant and(d

Lazzar1n1,v]976 F111 et al., 1977) A s1ng]e equ1Voca] counter "_.”'7=

example has been reported (Ga]]ant et aZ., 1977), and cha]]enged

(Cha]oner Larsson and Yamazak1, 1977) The resu]ts of in vitro ex-f

. 4
R Ea



. ~ | | ,
‘per1ments deswgned to test the effects of" ppGpp as a mod1f1er of ., )

-transcr1pt1on are genera11y cons1stent with <n. vivo resu]ts Cashel

.(1970) or1g1na11y presented;ev1dence that ppGpp 1nteracts w1th

-

pur1f1ed core RHA po]ymerase to mod1fy the spec1f1c1ty of transcr1pt1on
Pos1t1ve and neoat1ve effects on the rate of in vitro transcr1pt1on
have subseque\}]y been reported with a- var1ety of temp]ates and assay‘

‘ tcond1t;ons (Yang et aZ » 1973; Re1ness et al. 1975 Stephens et aZ s

1975 Travers, 1976a, Van Ooyen et aZ -1976)- These stud1es have

®

' genera]]y 1ed to the conc]u51on that ppGpp 1nteracts d1rect1y w1th
core RNA po]ymerase to alter transcr1pt1ona1 spec1f1c1ty Abood and
.Pastan (1975)-have, however, reported the part1a1 pur1f1cation of a

vfactor wh1ch may be requ1red for the st1mu1atwon of in vttro RNA syn—'

'thes1s by ppGpp. Severa1 other authors have not been ab]e to demon—-

st/&fé‘a specwflc effect 0 ppGpp on in vztro transcr1pt1on (Hase1t1ne,
'11972 Murooka and Lazzar1n1, 1973) A poss1bLe exp]anat1on for these
'd1screpanc1es 1s 1mp11c1t in the well known sens1t1vity of in vitro s

_transcr1pt1on assays to s11ght var1at1ons in the exper1menta1 cond1t1ons

-’

(Travers, 1976b) o ;. ":_ 7'">“' S T e

3. L S

The dowmshi ft responee - U ,
When a grow1ng cu]ture of E coZt is. sh1fted fnom a med1um con-

[N :
ta1n1ng a good carbon source to a med1um conta1n1ng a poor carbon

& . i

tusource the ce]]s undergo a rap1d trans1t1on 1n cel]u]ar act1v1ty
7'(Maa1¢e and KJe1dgaard 1966) ” One of the changes is the cessat1on » f,f
of stab]e RNA cynthes1s and accumu]at1on Although the regu]atory

' mechan1sm govern1ng th1s response is obscure ppGpp may be 1nv01ved



<

B o

as a‘regu1atory signa1 Th1s 1§/1nferred from the. observat1on that

ppGpp accur ilates within minutes of downshift in certa1n reZA stra1ns, SRS

FRCI

b it shows a substant1a11y reduced rate of accumu1at1on 1n otherwxse 33'

. isogenic rela” stra1ns (Lazzar1n1 ot al. 1971 W1ns]ow 1971 Hansen o
et;dl.,_1975). ~A]though reZA stra1ns a]so restr1ct the rate of stab]e
RNA synthesis, they exh;bi a s1gn1f1cant]y 1onqer -1ag pbase before

;resum1ng growth on- the a]ternate carbon source. Th1s prqyerty of j

reZA tsira1ns has been used as an enr1chment procedure 1n the 1so1a—

t1on of new reZA mutants (F111 and . Fr1esen, 1968) -

The mechanism by'which downsh1ft provokes ‘the accumu]at1on aof
ppGpp is obscure Ana]ys1s of the turnover rate for ppGpp, under these
cond1t1ons, suggests that the 1ncrease 1n the 1eve1 of ppGpp can be
]arge]y accounted for by a reductlon ih the rate of turnover w1thout
o any apprec1ab1e change- in the rate of synthes1s (Ga]]ant ot aZ 1972
Fr1esen et az 1975 De Boer et al.; 1976) Thus, the s]ow accumu1at— e‘
1on of ppGpp observed in reZA mutants can be accounted for by the ‘

‘u\

- fact that all of " the ava11ab]e reld mutants are leaky and ma1nta1n =
-

basa] Tevels of ppGpp wh1ch are comparab]e to those observed in the w11d

‘ type The proposa] is a]so cons1stent w1th the observat1on that cel's

' undergo1ng downsh1ft do pot accumu]ate pppGpp, a feature wh1ch dis
t1ngu1shes the downshwft response from the response obta1ned dur‘ng
ariino acid- starvat1on . t_"‘ 'n.'3:‘ » | |

Severa] mode]s have been proposed to account for the presumed
reduct1on in ppGpp turnover durlng downshlft Laff]er and Ga]]ant
(1974) and Stamm1nger and Lazzar1n1 (1974) SUQgested that downsh1ft

cou]d cause a reductlon in the ava11ab1]1ty of a h1gh energy phosphate 2

donor requ1red for the convers1on of ppGpp to pppGpp An a]ternate :

)



1977 Karn et aZ

1977) | Accord1ng to th1s ;”w

o

:.over rate of ppGpp 1s regu]ated durxng downsh1ft by substrate 1tm1ta_,

o+

t1on The recent demonstrat1on of in vttro degradatxon of ppGpp (Sy, R

©1977; He1nemeyer and R1chter, 1977) shou]d fac111tate the reso]ut1on

:_of th1s prob]em

Ve

Whateyer the prec1se mechantsm for the downsh1ft 1nduced accumu]—s;-

at1on of ppGpp, it appears that the bacter1a1 te]] may ut1]1ze the

S same regu]atory s1gna] (ppGpp) to adJust macrOmo]ecu]ar compos1t1on in

'"_ response to substant1a1]y d1fferent forms of nutr1t1ona1 stress

i

- Braedt and Ga]]ant (]977) have recent]y reported an unexpected

| 1nf1uence of the reZA gene upon- the downsh1ft 1nduced accumu]atlon\of ,'f. \:'u
'cyc11c adenos1ne 3 5 —monophosphate (cAMP) They observed that

.'af0110w1ng carbon source downsh1?t a reZA mutant accumu]ates a two—-'v

to. three fo1d excess of cAMP over that observed in a; reLA straln.

Stnce the effect cou]d not be attrlbuted to the accumu]at1on of ppGpp,_'”

'they suggested that the reZA gene product may have another l

N a_un1dent1f1ed functlon such as the formatlon of a regu]atory nucleot1de'

: other than ppGpp



L iMitations afféeting_ppGpp‘dnd'pppr?,dccumulation'V

In add1t1on to the reZA gene a number of other 10c1 have been
| 1dent1f1ed wh1ch affect MS nuc]eot1de metabo]1sm (rev1ewed by Cashe1
'_‘]975) A mutant des1gnated as reZB is character1zed by the de]aynd
’t1onset of re]axed contro] of RNA accumu]atton fo]]ow1ng am1no acid
’ starvat1on (Lava11e, 1965 D1der1chsen et al. 1577) ” A]though
,'11tt1e has been pub11shed rega"d1ng th1s mutant the phenotype 1s

reported]y due to the accumu]ation of a subétance wh1ch 1nh1b1ts

‘zfiﬂaprotevn synthesis and (p)ppGpp accumu]at1on Another c]ass of *

' mutants w1th a re]axed phenotype wh1ch does not accumu?ate
ppGpp dur1ng am1no ac1d starvat1on, has been 1so]ated _
3(Fr1esen et al. s 1974) Ihese mutants, or1g1na]1y des1gnated as-

reZC have beeﬁidharacter1zed as. hav1ng an. a]tered L1 r1bosoma1

‘fprotewn (Parker et aZ 1976), and are now des1gnated as- rpZK (Bachmann T

et aZ 5 1976) Presumab]y, the L]] prote1n part1c1pates n the synthe~

5,} . * v".. . B ; : .

"s1s of the MS nuc1e0t1des by the reZA prote1n, pephaps by fac111tat1ng bi'

"vthe b1nd1ng of unchargeg tRNA or str1ngent factor to the r1bosome

Laff]er and Ga11ant (]974) have mapped a spontaneous mutat1on

'*]des1gnated as - spoT Th1s mutant accumulates excess1ve amounts of ppGpp

"dur1ng amino ac1d starvat1on w1thout the concom1tant accumu]at1on of
Ls1gn1f1cant amounts of pppGpp The observat1on that spoT mutants
3exh1b1t the str1ngent response W1thout accumu]at1ng pppGpp has ]
~kserved to focus attent1on on ppGpp as the regu1atory s1gna] for the ;
istrlngent response A careful exam1nat1on of-the k1net1cs of res1dua1

vpppGpp synthes1s in these mutants revea]ed that fo]]owvng am1no ac1d

:'f;starvat1on, spoT mdtants synthes1ze a qu1ck burst of pppGpp wh1ch S

-

'

‘..\,..



‘ rlbosomal wash from a spoT mutant 1s part1a]1y defect1Ve in the in

tpos1t1ons of‘the var1ous 1oc1 1nvo]ved in (p)ppGpp metabo]1sm, ]s

' 'presented in F1gure 1

detectab1e 1eve1 (Cha]oner Larsson and Yanazak., 1976 F111 et al-s

1]977) Th1s ef‘ect has been 1nterpreted as ev1dence that spoT mutants

\

are competent to synthes1ie pppGpp,'but that\the synthe51s is 1nh1b1ted

| poss1b1y by the h1gh level accumu]atlon of ppGpp

The most 1nformat1ve character1st1c of mhe spoT mutants 1s that,

fo]]ow1ng the re]ease of starvat1on cond1t1ons,»the rate of ppGpp decay

i]S decreased as much as twenty fo]d (Laff]er and Ga]]ant 1974,$% |
'h-)Stammlnger and Lazzar1n1, 1974 F111 et al. 1977) : Th1s aspect:of thed:
‘spoT{phenotype has been 1nterpreted as‘ev1dence that the SpoT gene

_prod ct is requ1red for the enzymat1c degradat1on of ppGpp Th1s

ﬂ;lnterpretat1on is substant1ated by the recent demonstrat1on that the

PR
r
3

jvttro degradat1on of ppGpp (Sy, 1977)

"ﬂib Severa] other mutants haVe been reported wh1ch mod1fy the

str1ngent phenotype (see rev1ew by Cashe] 1975) These mutants are

':_ not re]evant 1n the present context s1nce they do not a]ter the

pattern of- (p)ppGpp accumu]at1on,_or have not been character1zed 1n this

’respect An abbrev1ated ]1nkage map of E colt, 11]ustrat1ng the

RS

o ’The’:pafhzbay‘ of pp'G‘pp'syntﬁeS’JSf .

A]though the genera] mechan1sms respons1b1e for the synthes1s

'lﬂand degradat1on of the MS nuc1e0t1des have been e1uc1dated many of

fvthe details. rema1n obscure A fundamenta1 prob]em has- been

: the 1nabT11ty to demonstrate a d1rect precusor product re]at1onsh1p

- -
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F1gure ]'- L1nkage map of E. coZL K]Z 111ustrat1ng ‘the’ pos1t1on of

sone- of the genés re]evant to th1s study

10c1 except gpp 15 as descr1bed by Bachmann et aZ (1976)

The map ]ocat1on of all

L



_betWeen the two”MS nutTeotides The in v{tro reaction has-not beenwv\\
part1cuTarTy usefuT in this respect since GDP-and GTP are vxrtuaTTy
' equ1va1ent acceptors of the pyrophcsphate group from ATP (Sy, 1974) ‘The
f]fty -fold excess of GTP over GDP in the 1ntact ceTT makes it unT1keTy
'that ppGpp and pppGpp are synthes1zed 1ndependentTy (Fiil et al., 1977)
It must be noted however that, in vivo, the substrate for MS- nucTeot1de
l'synthes1s may not be obta1ned d1rectTy from the free nucTeotlde pooT
.but may be bound to the rlbosome by one of the translation: factors

. The SpOT mutant, wh1ch as c]earTy defectlve 1n the degradatlon
of ppGpp-: and s1muTtaneousTy defect1ve in pppGpp accumuTat1on, was -
~'ln'LtlaTTy 1nterpreted as ev1dence that ppGpp 1s the precursor of" pppGpp
'(LaffTer and Gallant, 1974 Stamm1nger and’ Lazzar1n1, 1974 CasheT and

'GaTTant T974 De Boer et al., 1976) Such a scheme was - part1cu1ar]y

10

tappea]1ng s1nce 1t suggested that a phosphory]at1on step was required for -

P
~ the conver51on Thus, the . accumuTatlon of pE pp dur]ng downsh]ft coqu

Ti>be accounted for by the depTet1on of a hlgh energy phosphate donor
| 7der1ved e1ther dlrectTy or. 1nd1rect1y from the pathways of ° carbon _?
‘cataboTtsm A maJor d1ff1cu1ty w1th th1s modeT 1s the tran51ent

V(aTbelt Tow TeveT) accumuTat1on of pppGpp observed in. spoT stra1ns :

- foTTow1ng amino ac1d starvatlon (Cha]oner Larsson and Yamazak1, 1976,

"=Kar1 et aZ 1977; Fiil et aZ 1977) Also, F11T et aZ 1977)

:examlned the k1net1cs of 3H guanosﬁne entry 1nto GTP, ppGpp, and pppGpp

_h.fo]]ow1ng amlno ac1d starvatlon, and observed that the spec1f1c act1v1ty o

of pppGpp 1ncreases more qu1ckTy than that of ppGpp Therefore they

conc]uded that pppGpp is the precursor of ppGpp Slmllar resuTts 1n

" several other Taboratorles support such a scheme (ChaToner Larsson and

.g_Yamazakl, 1976;_Kar1ve; al., 1977 De Boer et al., 1977) “The genera]

' oY
[
¢



modeT?proposed by these authorsvis‘that pppGpp: is synthesized'from_ATP

RN

and GTP by the action of the‘péZA gene product,"and is subsequently

COnverted’to ppGpp'by one or more unidentitféd enzymes“xThe spoT gene.
product cataTyzes the convers1on of ppGpp to. ah un1dent1f1ed -
compound without the concom1tant accumuTat1on of pyrophosphate (kari‘
| et aZ s T977) The downsh1ft 1nduced accumuTat1on of ppGpp’ m1ght
"therelv e, be aifounted for by the depTetwon of a su1tabTe pyrophos—
hphate acceptor To accoﬂ%t for aTT of the observat1ons, it appears
necessary to postuTate that, in spoT mutants, the accumuTat10n of ppGpp
resuTts 1n fﬁﬁdback 1nh1b1t1on of pppGpp synthes1s ThTS coqu expTa1n
the tran51eht burst of pppGppfsynthes1s observed at the onset of amino
;ac1d staTvatwon, and the reduced rate. of ppGpp syntheszs under these |
'cond1t10ns (F1TT et al. 1977) The fact that h1gh TeveT ppGpp accumuTa-
',t1on in’ spof ceTTs does not result in a comparab]e reduct1on of -
'pppGpp synthes1s, suggests that the spoT gene product coqu be d1rect]y :
B 1nvoTved in pppGpp synthe51s, perhaps in a reguTatory capac1t9 :
Stnce both of the forego1ng modeTs are TargeTy unsubstant1ated by -
vgenet1c ev1dence, 1t was. cons1dered worthwhile to attemot t0<def1ne |
.the precusor product reTat1onsh1p of . the MS nucTeot1des by the ’
seTect1on of addtttonal mutants. The correct ass1gnment of such

-reTat1onsh1ps would. be partLgu%a¥1y usefuT in def1n1ng the nature of

the events wh1ch result 1n downsh1ft 1nduced aCCUmuTat1en of ppGpp

'_.A part1cuTarTy 1nformat1ve mutant was con51dered to be one in which .

the hydroTyS1s of pppGpp was bTocked If pppGpp 1s the precusor of:

ppGpp, such a mutant woqu be expected to accumu]ate eTevated TeveTs

. of pppGpp dur1nq am1no ac1d starvatTOn but woqu no% accumuTate ppGpp.



-
S
[ A

\\The feasihiijty of findfng such a mutant could not be assessedpf
in adv\n E]ongat1on factors G (EF-G) and T (EF-T) are capable of
the r1bosome dependent hydro]yS]s of- pppGpp to’ ppGpp in vttro
(Hame] and Cashe] \]973 Cochran and Byrne, 1974) Howeyer, s1nce thea
. in vivo s1gn1f1cance of this react1on had: notvbeen‘estapTished,.it,

u'was'considered possib]e that other dispensab]e enzymes might perform

‘th1s fJnct1on in vivo. A search was, therefore,-carrled out for mutants_

 which accumu]ated excess1ve amounts of pppGpp dur1ng amlno ac1d
starvat1on. Severa] such mutants were recovered mapped, and

"character1zed These mutants appear to be totally defect1ve in a ‘
vdispehsab1e nuc]ease’which hydro]yzes pppGpp to ppGpp'b However, these

mutants accumu]ate ppGpp at approx1mateﬂy the same ]eve] as w11d type

R

;stralns» Ev1dence is presented wh1ch suggests that th1s 1s due to the "

,presence of severa] other enzymes wh1ch are capab]e of pppGpp hyd¥01y51s

A]though it has not been poss1b1e to- 1so]ate a mutant wh1ch is tota]]y

':

vdefect1ve in pppGpp hydro1ys1s, the resu]ts of severa] exper1ments,

- reported here, support a scheme 1n wh1ch pppGpp i$ a maJor precursor

1 ) o

of ﬁpGpp



" MATERIALS AND METHODS

Bacterial and bactertophdquStrain' X
The genotypes and sources of the bacter1a1 stra1ns used in
’_th]s study, all of wh1ch are der1ved from E. CQZL KTZ are descrlbed
1n TabTe T The genera11zed transduc1ng phage P]ULP was obta1ned from

‘ Dr. A, Ahmed S coTTect1on | The male spec1f1c phage RT7 was obtaqned :-'

B froi, Dr, W, Paranchychm

Média .
The med1um of Dav1s and. M]ng1oTl (as descr1bed by Roth 1970),h

.conta1n1ng 0. ZA of the approprlate carbon sour/e Was genera]]y used

. as the m1n1ma] med1um The Tris buffered {nimal. medlum of Kaempferfa

,'and Magasan1 (]967),'conta1n1ng KH P 2 at a, f1na1\concentrat1on of

'vO 4 mM was used 1n those ipst

) ces where ceTTs were Tabe ed w1th
32,

P04§ These med1a wer ,suppTemented, when necessary, w1th ZO\Dg/mT
»'of the reguire -amlno ac1d TO ug/ml th1am1ne, and nucTeos1des at
: ,599!9% L broth or L- agar was generaTTy used as the compTete

" medium (Mﬂ]er, 1972)
;Genetic techniques. _'V.
Transductlons wgre performed w1th the genera]1zed transduc1ng
phage PTvtr accordlng to the procedure de5cr1bed by Lennox and’ Yanofsky:
"(1959) The methods for mutagenes1s Hfr matlngs, and F"pTasm1d

O transfers are descrlbed in Mlller (1972)
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Scoring the » ,./Z"phenotype
, [9e

P

The re] phenotype was scored in 11qu1d cu]tures by measur1ng the-
rate of”SH urac11 1ncorporat1on 1nto ac1d prec1p1tab]e mater1a] (Stent
aand Brenner, 1961) V At time 0 the cu]ture was supp]emented w1th H— .
yurac]] (250 uC1/umo1e, 0.04 ump]e/m]) and, 100'ug/m1 cyt1d1ne to reduce
sintarporat1on of ]abe141nto DNA. Am1n0 ac1d starvat1on was conven1ent1y
‘1mposed on cu]tures of va]S (11v ) stra1ns by the add1t10n of L- va]1ne

",to a f]na] concentratlon of 600 ug/m] Under these cond1t1ons, the

‘ ;exogenous va11ne causes repress1on of 1so1euc1ne synthes1s, resu1t1ng :

- 1in effect1ve starvat1on for 1so1euc1ne (Leav1tt and Umbarger, ]962)

i

. The starvat1on was. a]]ev1ated when necessany, by the add1t1on of -

_L:]so]euc1ne to 100 ug/m] A]ternat1ve1y, starvat1on was 1mpesed by
1the add1t1on of serine hydroxamate at: 100 ug/ml (Laff]er and Gal]ant; iiﬁi‘ﬁ
1974). | RV “ o
- At t1med 1nterva]s fo]]cvlng the onset of starvat1on, a11quots'i

of cu]ture were removed 1nto an equa] vo]ume of ]Oé tr1ch10roacet1c |

ac1d The prec1p1tate, separated by f]]trat1on on GF/A f11ters, was . |
washed w1th 3x 3 m]s of 5 .TCA at C° After dry}ng, the f1]ter was -7_

’ countedh1n tou]ene Omnjf}uqr (New Eng]and Nuc]ear) m1xture

Downshi, fE | experiments ,
A o AR _
PRI

Carbon scurce dep]etlon was 1mposed on cu]tures grow1ng in Tr]s—v_

m1n1ma1 (0 1% g]ucose) by the add1t1on of the non- metabo]1zab1e g]ucose :
-,ana]og a- methv]g]ucos1de (aMG) to a f1na1 concentrat1on of 2 O% The

"-ana]og 1s~a"compet1t1ve‘1nh1b1tu of g]ucose uptake in E. coZz (Kess]er

.and Rtgkenberg, 1963) but does not appear to have any other deleter1ous :»f:

o



effects onfthe cell, Th1s is 1nferred from the observat1on that ce]]s

(N

: .grow1ng 1n the presence of other carbon sources (c g s 9 ycero(, fructose)

are not affected hy the ana]og (Hansen et al. 1975) The downsh1ft

ccond1t1on is reverSed by the add1t1on of g]ucose to a- f1na] concentratJon

v

of 2.00. Y

Thin Zayér chr_"omato'gir:aphy' '

Th1n layer chromatography was- performed accord1ng to the pro-.

cedures’ descrlbed by Cashel et aZ (]969) Po]y(ethylene)1m1ne (PEI) -

'(ce11u]ose thin - ]ayer p]ates (Brlnkman) were prepared for use by

. soaklng in 50% methano] conta1n1ng 0 05/ Tr1ton X for 30 m1n, and then

'thry1ng at room tem, erature A]]quots (]O 30 ul) of the samp]es were

..,- app11ed w1thout 1ntermed1ate dry]ng a]ong the or1g1n 2 5 cm from the

klower edge of the chromatogram After dry1ng at room temperature, the

chromatograms were genera]]y desa]ted by soak1ng in methano} for 15 m1n,

then redr1ed at room temperature The chromatograms werc deve]oped
w1thout preequ]]]brat1on by ascend1ng deve]opment in a c]osed chamber
The 1dent1f1cat1on of radwoact1ve mater1als was conf1rmed by

theTr comlgrat1on w1th authent1c standards brTh 32

':g awere v1sua11zed by expos1ng an X ray film (Kodak BB 1) ‘to the dr1eJ

Zchromatograms for an appropr1ate per1od (about 12 hrs) for 5000 CPM)

and deve]oplng the exposed f11m The- radloact1ve areas of the chroma-_ T

‘_togram were quantltated by . cutt1ng out the appropr1ate area, and

".svcount1ng 1t 1n to]uene sc1nt11]atlon f1u1d

P ]abe]ed nater1als .
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E‘stim‘ation of"nucleotide pools

IntraceTTuTar nucTeot1de pool$ were determ1ned by separat1ng rad1o-«.
: act1veTy TabeTed compounds ‘on PEI th1n Tayersa ~and. count1ng the cutouts
Exponent1aT cuTtures (A450-0 2) were grown in Tr1s m1n1maT med1um
:at'32°. The cuTtures were suppTemented HTth 32PO4 (250 uC1/umoTe), and
~ - grown for at Teast one doubT1ng in order to ensure equ1T1brat1on of the
'phosphate pooTs ' Extracts were prepared by add1ng form1c ac1d to a
... final concentratlon of 1.0 M. After 30 m1n at 0°, the extracts were ;‘
.cTeared by centr1fugat1on, and 10- 30 uT aT1quots of - the supernatant
‘were chromatographed on PEI ceTTuTose by ascendlng deveTopment to 17 cm g
, aboue the or1g1n The nucTeot1des ATP GTP, ppGpp, and pppGpp are we]]t,: )
| resoTved by one d1mens1onaT deveTopment in, T 5M KH PO, “(pH 3. 4) |
(F]gure 2) AbsoTute 1ncorporat1on of 32 P was caTcuTated from counts
'Alobta1ned w1th 2 uT anquots of the cuTtures wh1ch were spotted d1rect1y'
:on PEI ceTTuTose cutouts, dr1ed, and counted The pooT s1ze 1s |
,iexpressed as’ pmoTes of nucTeot1de per opt1caT dens1ty un1t of ceTTs at o
450) One A450 unit corresponds to approx1mate1y
4% 108 cells/ml (Fii1 es al., 1972). REa o
For mass screen1ng exper1ments, 75 ul cuTtures were grown in 12’
.'IPX 75 mm cuTture tubes, starved by the add1t1on of 5 uT of an am1no ac1d»
manaTog, and extracted by the add1t10n of ZO uT of 5. 0 M form1c ac1d

Buffer A conta1ned 50 mM Tr1s OAc (pH 8. O), TS mM| Mg(OAc)Z,

60 mM KOAc, 27 M NH OAc, T mM d1th1othre1toT (DTT) and O 2 mM NaZEDTA
(CasheT 1974y, : S |

*



ATP

"GTP .

PPGPP_ -

ilfgé ;i%ﬁ & '4§§ ’ _ Origin -

Figure 2 - Tyﬁiﬁai separation of _'\'/-a'r‘.iz_uis' nuc]ve'o"ti'd\é-s on"_PEI‘.;"c.:éll']‘ul'd_sve'.v
" 'Fo‘_f;rﬁic;ac"i'd 'e‘x.tr.*aci'ts. of 32PO4 i]vabe.]l‘ed .cu’] tures were ~ap’p']’.iejd to a .
© PEI ééﬁu]ééejﬁi’n ].ayer'pla'té'; .._T'I’f,é_\v..i:‘hvrorhé'tog'ram, was developed w1th -
L5 M KNP0, dried, and autoradiographed. -

PR -



_Buffer-B: contained. 50 mM Tris-OAc (pH 7.4), 10 mM'Mg(OAc)Z,
1 oM DTT and 0.2 mM Na ,EDTA. i -

Préparatibn of P Zabeled ncheotLdes -

Un]formTy TabeTed [ P]GTP was prepared from heav11y TabeTed
cuTtures accord1ng to the procedures descr1bed by CasheT and KaTbacher

I .
(1970). Small cuTtures‘(T or 2 ml) were grown in Tr1s m1n1maT medium

»containing 32P04 (500>uci/umole) for one doubTing'prior to extraction |
_'with 0.2 volumes of 5.0 M‘formic acid The ac1d extracts were appT1ed -
to PEI ceTTuTose TLC pTates (T ml of extract per 20 cm of or1g1n)

'T‘deyelopedemth T.5 M KH2P04, dried, and eTuted w1th 3 ml-of 4.0 M

I'LiCT'atter autoradiographic TocaT1zat1on The eTuate was neutraT1zed

‘w1th NH4OH, and the prec1p1tate was coTTected by centr1fugat1on After

Atwo washes w1th ethanoT the prec1p1tate was resuspended in a minimal

volume of 1.0 M formic ac1d, and adsorbed to 20 mg of ac1d washed

N0r1t A.- The charcoaT was washed w1th 50 mT of HZO to remove P1, andp

the GTP was then eTuted with 15 ml of 2 8A NH } -The eTuate was

':*fTash evaporated at 50 > resuspended 1n a smaTT voTume of d1st1TTed

. water, and stored frozen at —40 . The unlformlty of TabeT1ng was-

S

. determined by hydroTy51s w1th repur1f1ed phosphod1esterase T, and
i}chromatography of the react1on products | _ |
Aden051ne 5-—[8- P] tr1phosphate was prepared accord1ng to
:_the enLymat1c procedure descrlbed by Leung and Yamazak1 (1977) The -
”method expTo1ts a coupTed react1on 1n thCh, in the flrst step, .
poTynucTeot1de phosphory]ase cataTyzes the formatlon of [B- ’P]ADP

~ from polyadeny]ate and PO (carrler free). In the second Step,

R
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| | A |
.pyruvate kinase phosphoryTates ADP to ATP at the expense of. phospho— "\\\\
enoprruvate The ATP is subsequentTy separated from the other components N
bof the react]on by chromatography on PEI ceTTuTose -The. method
: rout1neTy perm1ts recovery of 60% of the lnput rad1oact1v1ty as
spec1f1caTTy TabeTed ATP of h1gh spec1f1c act1v1ty
*'Prepara'tion of ribo'.somes ahd enzyme extracts v
The procedure descrlbed below is generaTTy s1m11ar to the method
Zdescr1bed by N1renberg and Matthae1 (T96T) for the preparat1on of the '
components of a cell-free trans]at1on system v | _
@ Cu]tures were grown to m1d Tog phase in Tr1s med1um suppTemented'
w1th 0.4% gTucose and 0.8% nutr1ent broth ‘The cells were harvested
by centr1fugat1on washed with TOO mM’ Tr1s HCT (pH 7.5), and frozen
' tat -40" untlT use. Extracts were prepared by gr]nd]hg the cell peTTets .
;_w1th aTum1na in buffer A DrAase (North1ngton) was added to 4 ug/mT
and fhe extract was . cTeared tw1ce at 30 OOO X g. ?or 30 min. The upper
\'ﬁ80% of" the supernatant was recovered by asp1rat1on, th1s const1tuted
tthe S- 30 extract‘ These S 30 extracts were subsequentTy centr1fuged
{ in a Beckman Ti-50 rotor for 3 hr, at TOO OOO Xg (39 000 rpm). ‘The -
- upper 807 of ‘the supernatant was reta1ned th1s const1tutedvthe';jj
‘essent1aTTy r1bosome free S TOO ‘
» “Low salt washed r1bosomes were prepared by r1nswng the TOO 000 X ifv
"bg peTTet with buffer A gentTy resuspend1nq the pellet in the same )
buffer, and then centr1fug1ng as before Th1s procedure was repeated‘

‘four t1mes 1n order to remove GTPase and pppGppase act1v1t1es from the

v"_ rlbosomes The final preparat1on was - resuspended in buffer A at a 'A:€

‘-concentrat1on of 250 A260 unlts/mT, and stored at 4 untlT.use.v,Ihe'



,'In vttr'o SJnthests of pppGpp and ppGpp

yield was generaTTy about 700 Aoeo units per litre of culture.

26

el

The ribosome dependent n vztro react1on, first'describedfhy“ju

Haseltine et al. (1972) and subsequently m0d1f1ed by Cashel (1974),

. Was emp]oyed.fdr bothdanaTytlcaT and preparatwve scale synthes1s of

Tow saTt washed r1bosomes 1n buffer A at 120 A260 un1ts/mT 2 mM GTP,

»prec1p1tated from the reactlon mlxture by the add1t¥bn oT‘T/4O volume

¥

pPPPGPP- |
For reTatlveTy Targe scaTe preparat1ons, the reaction conta1ned

N

'v4 mM ATP 3 mM PEP, and pyruvate k1nase (36 un1ts/mT, ammon1um squate )

.?free) in a voTume of 30 mT : After 8- TO hr at’ 23 s the rlbosomes were

f 90% formlc acld andgremoved by centrxfugat1on (15 000 x g'for 10

" min at 4 ). The supernatant was -made T 0 M in L1CT by the add1t1on

of the solid sa]t then the nucTeotldes were prec1p1tated by,the add—

‘1t1on of 5 voTumes of ethanoT at 20 . The prec1p1tate was recovered
- by centr1fugat1on (15 OOO Xg for 10. min), washed once w1th ethano]
" then dried under an air stream After dry1ng, the pre<1p1tate was |

iresuSpended in the m1n1maT voTume of. O 5 M sod1um formate (pH 3 4)

"7made 50 mM in Trls C1, and adJusted to. pH 7. 4 w1th NH40H The" soTut]on

| eTuted

- 1'was app11ed to a T 2 X 40 cm. DEAE Sephadex-AZS coTumn, prev1ousTy

' ;equ1T1brated w1th a soTut1on of 50 mM Tr1s C1 + 0. T5 M LTCT d

‘1th a 400 mT—T1near grad1ent of L1CT (0.15-0.5 M) in the same

(" . .

' buff r with a fTow ate of 20 mT/hr at 23°. The absorbance at 254 nm

fwas mon1tored w1th an. LKB recorder A typ1ca1 absorbance profile is o



. “‘x ‘ 2/7 A

1]1ustrated 1n F1gure 3 , Fract1ons conta1n1ng,pure pppGpp (as 1dent1f1ed
by thin Tayer chromatography) were pooTed flash- evaporated at 50° to a

‘1 th1ck syrup, and prec1p1tated with 5 voTumes of ethanol (- 20°) The

— /
J

\-prec1p1tate was coTTected by tentr1fugat1on washed tw1ce w1th ethanol

. and air. drled The nucTeot1de was stored‘1n buffer- A at 40° The-.\

~ amount of the nuc]eot1de was . determ1ned by assum1ng the same molar.

ext1nctlon coeff1c1ent as ppGpp (12 700 in 0. T N HCI at 257 nm; Cashel.
vand KaTbacher, 1970) The pur1ty was assessed as greater than 80% by
Tmeasur1ng the peak areas of uTtrav1oTet absorpt1on fo]]ow1ng rechroma-

- tography on DEAE Sephadexx(ppGpp was the onTy s1gn1f1cant contam1nant)}f.

The preparatlon of - 3 [a— P]pppGpp (Sy and L1pmann; 1973) was ft
'accompT1shed by comb1n1ng the compTeted react1on m1xture of Leung and-'
)Yamazak1 (1977) w1th the components of the (p)ppupp b1osynthet1c

,i-react1on Th1s approach resuTted in the recovery of approx1mate]y 307v

~
«
“
S

; of the 32PO4 as (p)ppGpp

E’r'actjlonqtion and ass‘c_zy .o_f‘ pppGppasé and.Gi?asé ‘a'ct'i’vi'ties -

| | R .
TWenty f1ve m1TT1grams of S- TOO prote1n in buffer A was app11ed atﬁ"*
. to a 1.2 x 33 cm DEAE sephadex coTumn ( in acetate form), prev1ous1y _f“ |
»equ111brated w1th 0.1 M KOAc in buffer B. T e coTumn was eTuted w1th
a 400 mT T1near grad1ent (0 1= O 5 M) of KOAc fin buffer B at 0 mT/hr at
4 " The e]uate wa3>coTTected as 90 fract1ons, wh1ch were then dlaTyzed
E aga1nst severa] hundred voTumes of buffer Ain order to equa11ze the
‘,_saTt concentrat1on | u | | | 4" |
| The rlbosome 1ndependent nucTease act1v1ty of- each fract1on wasA

o assayed in a 30 ul. react1on conta1n1ng 0.4 umoTe of 32P-Jabeyed/nuc]eoe"'
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Figure 3 - Typical elutwn profﬂe of ppGpp and pppGpp from.a DEAE Sephadex colurm ‘ )
» : Tne general procedure is’ described in the text Peaks I and ‘H were ‘{dentified as ppGpp and pppGpp. T, "
respective]y, by thin layer chromatograpby



" tide (1n 10 ul of buffer A), and 20 u] of extract F0]10w1ng a per1od _ _§~‘

- ‘The ndc]eotldes were vasua11zed under short wave]ength u]trav1o1et

» - Protein concentration .

‘pppGpp for at. ]east 80 min. Crude extracts were assayed 1n a s1m11ar ,

'vway, exceot that 2 5 A260 un1ts of 1ow sa]t washed‘r1b'somes were

1nc1uded in the react1on m1xture The r1bosome prec1p1tate was .

“

29

vof 1ncubat10n at 32°, the’ react1on was. term1nated w1th 5 ul of 5 M

: form1c ac1d Aliquots (20 ulj of. the react1on m1xtures were app]1ed to

PEI ce]]u]ose, and the chromatograms were deve]oped in 1. 5 M KH PO4

R

f‘}11ght, and the spots were cut out and. counted. Under these cond1t1ons,.v i

-there is no s1gn1f1cant spontaneous degradat1on of GTP ppGPP, or

e
o

manner

L]

R1bosome dependent nuc]ease act1v1ty was measured in the same/ SR

O

removed by centr1fugat1on before the samp]e was chromatographed

<

Prote1n concentrat1on was aeterm1ned w1th the Fo]1n C1oca]teau

reagent us1ng bov1ne serum a]bum1n as the standard

1

v



" RESULTS

Isolation of"nmtant'si"whféh aceunulate e Zevated levels ‘obf' pépGpp

- : . o

/ h,  The obJect1ve was to 1501ate mutants defect1ve 1n the hydrolysasl-
of pppGpp S1nce there were severa] conf11ct1ng hypotheses concern1ng

'the effects of - such a mutatwon, the screenlng procedure was necessar11y
simple and d1rect ) | o . | |
| From a n1trosoguan1d1ne mutagen1zed cuTture of the stra1n | ‘

- £S251 (F ZacZ mez;G WisC thy/l stpA myZ mt1 argH I’pr gZpK naZA) s 500 '
'randomTy seTected co]on1es were transferred to master pTates, and |
screened for the ]eveTs of -the MS nuc1eot1des (ppGpp and pppGpp)
| nder conditions of am1ndbac1d starvat1on CuTtures grow1ng at 32° int'

’ 32P04—supp1emented Tr1s minimal were sh1fted to 42° for 15 m1n, subJected
to valine- 1nduced nsoTeuc1ne starvat1on for 6 m1n, and extracted w1th

‘j-formate The 1ntrace]]u1ar concentrat1on of the MS nuc]eot1des was
measured by PEI ceTTuTose chromatography of the ac1d extracts, as -

e xdescr1bed in MaterzaZs and Methods The temperature sh1ft was 1ncTuded X

| in the protocoT to permwt tmf recovery of temperature sens1t1ve mutat1ons.‘
. Of the 409 stra1ns ‘examined 1n this. manner, 3 stra1ns (des1gnated
L;MSSQ, M5217 and M5240) were found to have abnorma]]y h1gh leveTS’of _
‘ pppGpp,'but approx1mate1y normal Tevels of ppGpp The work1ng hypothes1s,«;
- _formu]ated at th1s po1nt,.was that, these mutants were accumu]at1ng 1n~b
'creased amounts of pppGpp because of a defect an the hydroTys1s of the
nuc]eot1de The mutants were, therefore tentat1ve1y des1gnated as: gpp ‘
B mutants (guanos1ne*pentaphosphatase) :f : 59

,(3 The gpp phenotype, under cond1t1ons of‘am1no ac1d starvat1on, is

-

“ 4



~

ii]ustrated for a_pair of_otherutse 1sooenic strains in Figuress4band
5. Tt'can be seen thatithe‘]eVe1.of pppGpp-is si@ntficant]y.higher
“* in the mutant;than in tﬁe wild type strain, whereas the level of.ppGpp
‘ W1s similar- 1n both. A1though the response s 11]ustrated here for '
on]y two amino acids, 1t has also been’ observed dur1ng meth1on1ne and'

t

tryptophan'starvat1on; It,: therefore, appears to be a genera] response

[ 9

'to starvat1on for any am1no ac1d

Fol1ow1ng the re]axat1on of starvatlon condltwdns, the level of

) ‘ pppGpp dec11nes very rap1d1y to the basa] 1eve1 in both the mutant

| ‘and the wild type (F1gure 4) ThlS response appears to be con-'
.trad1ctory to the hypothes1s that the 1ncreased accumu]at1on of

: pppGpp is- due to a defect 1n the rate. of turnover It must be noted

31 s

; .

thWever that the levels of the MS nuc]eot1des observed dur1ng starvH%— :

{on ref]ect an equ111br1um between net synthes1s and decay.  Lund and

"’KJengaard (1972) have ca]cu]ated that amino ac1d starved ce]]s, 1n°the o

_ steady state form and turnover ]0 mo]ecu]es of ppGpp/mln/cell

~ Thus, a re]at1ve1y slight change in the rate of pppGpp hydro1ysns m1ght

.a¢count for the 1ncreased 1eve] of accumu]atlon, nd yet be undetectab1e

| by measurlng the rate of decay fo110w1ng xhe re]ease of starvat1on‘_.
'COndltlonS It shou]d a]so bewnoted that, 1n the gpp mutant pppGpp

: accumu]ates and decays more rap1d1y than ppGpp Th1s effect 1sj

7 part1cu1ar1y pronounced in the case of the ser1ne hydroxamate Jﬁﬁuted

280
L\w
E3a J

~f‘ser1ne starvatlon (Flgure 5), where the onset of starvatlon abpears to i

-'be less rapid than the. va]tne 1nduced 1so]euc{%e starvatlon (Flgure 4).
‘A 51m11ar but 1ess pronounced response in the wl]d typebstra1n has
been observed by Kar{ et at. (1977), and 1nterpreted as eﬁﬁdence that

pppGpp is a precursor of ppGpp
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The 1soTeuc1ne starvat1on 1nduced chdnges 1n the ATP and GTP

E pooTs are- 1TTustrated in Flgure 6. The rate and extent of the decT1ne
'of the GTP pooT in the gpp mutant appears to be greater than in. the

| .w11d type straln “The dechne in the GTP pooT foTTow1ng am1no ac1d
"starvat1on has’ been attr1buted to 1nh1b1t1on of IMP dehydrogenase by .

| 'ppGpp (GaTTant et al., 1971) Thus, the 1ncreased (p)ppGpp pool in ,.l‘
the gpp kLtant m1ght br1ng about a proportlonateTy greater degree of -
1nh1b1t10n o\\TMP dehydrogenase, with the result ‘that the ‘rate of GTP

vsynthes1s is Tower in the mutant durlng am1no ac1d starvat10n ATtern-"

\_at1ve1y, the gpp mutants may- p]ace a: greater demand _upon the GTP pooT

? as -a precursor of (p)ppGpp The raptd 1ncrease in the GTP pool foTTowang
ﬂthe reTease of starvat10n has been attr1buted to recyc11ng of the

-‘»guanos1ne 5‘¥poTyphosphate mo1ety ‘of (p)ppGpp (Kar1 et aZ 1977)

 Mapping the gpp _.m'u'tati'oﬁﬁ_, - S e R
Th:mutant strain M5240 (F gpp-l lacz metG htsC thyA strA :cyLv_
tZ argH Ptfr glpK naZA); wh1ch exh1b1ted the most extreme phenotype '
of the three or1g1naT gpp mutants, was qhosen for mapp1ng stud1es
‘,Slnce no- other»phenotype coqu be ascr1bed to “the gpp mutat1on, ‘re= |
"comb1nants were scored by measur1ng the accumuTat1on of the MS nucTeo-":
it1des foTTow1ng 1soTeuc1ne starvat1on | |
“ A ser1es of short durat1on conJugaT crosses, 1nvoTv1ng severaT
g d1fferent Hfr stra1ns was undertaken in order to test for T1nkage

-between the gpp mutat1on and the hutr1t1ona1 markers in MSZ40 Out of o

| '_14 argH str recomb1nants obta1ned from a 30 m1n“mat1ng between Hfr

Rl (metB reZA) and MSZ40 2 recomb1nants had MS nucTeot1de Tevels charactru"

;Zer1st1c of the wild type ' ATso ‘out of 30 xyT str recomb1nants re- f."

‘ covered from a 30 min mating between Hfr KL209 (mal supE) and M5240 20 ':::5
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were w11d type for the gpp Tocus . These resu]ts suggested a ]ocat1on
for the gpp mutat1on 1n the re]at1ve1y short zZv—maZB region of the
chromosome, prox1ma] to the po1nts of or1g1n of the two Hfr stra1ns

I
S1nce the po1nt of origin of Hfr Ra-2 (maZ sfb) b1sects th]S

o

'.‘/reg1on of the map, a short (oO m1n) mat1ng was per*ormed between Ra= 2

'and MSZ4O A]] of the 32 argH str _recomb1nants obtalned from th1s
o cross were of the mutant phenotype Th1s negatlve resu]t suggested a'
]ocat1on in the zZv-rha reg1on, dlsta1 to the po1nt of or1gwn of Ra 2
'_and prox1ma1 to: the po1nt of or1g1n of Hfr R] S1nce a number of
‘auxotrophxc markers are ava11ab]e for th1s three: m1nute lnterval
Sa transduct1ona1 cross was performed A P]vzr 1ysate of: M5240 was-
used to" tr‘ansduce KL266 (F leu ara proC‘ ZacZ htsF cysC thyA str spc
ryl mtl metE thz) Of the IS*metE transductants recovered from th1s,
| cross, 3 had MS- nuc1eot1de leve]s characterlstlc of the gpp mutants
;'Llnkage to zZvD was a]so demonstrated by : a cross in wh1ch the stra1n 3
: CS40] (F zZvD gZpK metB argH maZA mtl tht strA) was tr‘ansduced W'lth
a P'hnr ]ysate Of the gpp mutant M5240 ' Of the 32 ﬂvD transduetants
Arecovered from th1s cross, 20 were gpp .
‘In order to pos1t1on the gpp locus w1th respect to adJacent genes,ia
»;severa1 three po1nt transduct1ons were performed The gpp-l mutatlon
from M5240 was f1rst transduced 1nto ‘the straln CS403 (F gpp—l gZpK
~metB argH maZA mtz thz strA) by se]ect1ng an 1]vD transductant of '
: CS401 Th1s was accomp11shed 1n order to e11m1nate other c]ose]y
._11nked mutat1ons wh1ch general]y resu]t from n1trosoguan]d1ne mutagen~ f
es1s (Guero]a et aZ 197]) A P] 1ysate of CS403 was subsequent]y |
. used to. transduce Cs410. (F~ htsF cysC’ thyA str spe xyZ ilvD

o metE thz) to metE i‘w1th th and gpp as unse]ected markers The'resUIts. :



~of this cross, presented 1n TabTe 2, 1nd1cate that the gpep Tocus is

-w1th1n the ilvD-metE 1nterva1 Th1s 1s 1nferred from the obser-'

,vatlon that aTT those recomblnants whlch were: 1TvD were aTso gpp -

‘but that not all of the gpp -recomb1nants were ITvD S1m11arly,

' the pos1t1on of the gpp Tocus re]at1ve to eya and zZv was de-'

- of the. stra1n CS4]4 (F thF cysC thyA str spe qu beya metE tht)

"'was used to transduce CS415 (F~ h’LSF cysC‘ thyA str spe xyl thD

gpp thz) to 1Tv ,_and the gpp and cya phenotypes were scored

| The resuTts of this cross, presented 1n Table 3, indicate the gene
S order 17D gpp cya ' Th1s sequence is 1nferred from the observat1on
.‘that aTT those recomb1nants wh1ch viere. cya were a]so gpp s where—
as many of the gpp recomb1nants rema1ned cya : The results of‘these"

_.mapp1ng exper1ments are summar1zed 1n F1gure 7

The gpp mutqtibﬁ'_is recessive -

The recess1ve nature of the gpp mutat1on was demonstrated by

r )

‘v1ntroduc1ng an F' ep1some, carry1ng a W1Td type aTTeTe of the gpp

J

gene, 1nto a recA der1vat1ve of a gpp mutant The F' stra1n AB1206

’(F'I4 zZv—argH/ A('LZZ)—anH) pro Zac supE gaZ hzs strA thL) was crossed :
- ,‘ w1th the gpp mutant CS409 (F recA 3trA spc km a:yZ gpp metE’ th‘b)

';met Km® (kanamyc1n reswstant) merod1pTo1ds were screened for the gpp -
e-rphenotype, and found to be w11d type The presence of the FT4 ep1some -
'5T1n these putat1ve merod1plo1ds was. conf1rmed by the1r sens1t1v1ty to

"'the ma]e spec1f1c phage RT?

37

vterm1ned-by a second three-po1nt cross, In th1s 1nstance a PT Tysate o
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Table 2

}

.Mapp1ng ‘the zZvD gpp,and metE genes by a three- po1nt transduct1ona]

cross. o A S I A
'Eelectea ' -'Recombjnant o Number of v
- marker . - m@rkers"' S kecombinanfs T
metg® AW gpp”
"met_E‘+ o iTV‘vgpp_gﬁ, , L .
. . - § . v - ‘ ‘ , ; E ‘, "_,’
metet Wyt oo \ |

. L

A Plvir 1ysa£e prepared bn a \p donor stram cs403 (F" gop gZpK mets |
‘argH malAd th thi stnA) was used to transduce an zZvD metE rec1p1ent
CS4'IO (F hst cysC thyA strA spc xyZ i1vD- metE th’L) to metE | |
: The a]]e]1c state. of the grp gene 1n the recomblnants was determ1ned
i in 11qu1d cu]tures by measurlng the 1ntrace11u]ar 1eve1s of the
‘MS nucleotldes fo]]ow1ng meth1on1ne starvat1on |

Ty

[



Sé]ecfed S Recomb]nant FARR Number of
marker: .~ markers \_;" o recomb1nants
g y ' | ' . .
i]V+' : - ‘QPP-' cya+ o e - ‘]7 : |
vt . gppteyat S s
iyt P oyan . 37
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;AA P]vzr ]ysate prepared on a cya donor stra1n CS414 (F hst cysC
,thyA 8tr spe zyl Acya metE’ thz) was used to . transduce an zZvD
B gpp rec1p1ent CS4}5 (F~ thF eysC thyA str. spe xyl LlvD gpp z‘:hz)

to iwt, ,Transductahts wérevsc0red.for the‘gya bhenptypednﬂMa¢Conk¢y

l”.;,agar conta1n1ng lactose and ma]tose The gpp phenotype was scored in

7.v1iqu1d cu]tures, by determ1n1ng the 1ntrace1]u]ar ]eve]s of the o

~MS-nuc]eot1des fo]]ow1ng 1so]euc1ne starvat1on

39
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Isolation of gpp mutants by Zocalized mutagenesis

] As. prev1ous]y noted the three or1g1na] gpp mutants show a rap1d
: 'rate of pppGpp decay foﬂ]oW1ng the re]ease of amino. ac1d starvat1on
' It was, therefore of interest to determ1ne whether gpp mutants of more

extreme phenotype coqu be 1so]ated For th]&sreason, a seco' ttenpt “i

hi&t§\utant 1soTat10n was undertaken In order to 1ncrease the recovery \\\\\\\f‘\\

'j of g9pp. mutants, a techn1que of 1oca11zed mutagenes1s (Hong and Ames, -

" _197]) was. emp]oyed Th1s method takes advantage of the’ observatwon that

‘fn1trosoguand1ne 1nduces—c]ose]y 11nked mu1t1p]e mutat1ons (Guero]a et
, 1971).  Thus, by se1ect1ng for: revertants of an auxotroph1c }f |

mutat1on, one can se]ect1ve]y mutagen1ze the area of the chromosome
p adJacent to the s1te of the revers1on -‘ V
” From 144 n]trosoguan1d1ne 1nduced 11v revertants of the stra1n
’CS40] (F .thD gZpK metB argH maZA th stra sup thi) 6 mutants w1th
e]evated 1evels of pppGpp were: 1solated by the same'screen1ng procedure o .
used for the isolation of the or1g1na1 gpp mutants These mutants,:- |
xdes1gnated ‘MS551, 552, 556 573 631, and 641, exh1b1ted phenotypes f

whlch were genera]ly 1nd1st1ngu1shab1e from the or1g1na1 three mutants
'These 6 mutants, ]1ke the or1g1na] 3 mutants, were a]] found to. carry
E mutat1ons wh1ch were cotransduc1b1e w1th metE and wh1ch appeared to be
responsvb]e for the h1gh 1eve1 of pppGpp accumu]at1on dur1ng am1no ac1d :
tistarvat1on This was demonstrated by transduc1ng KL266 (F Zeu ara a
:proC lacz htsF cysC thyA strA spc xyl th metE tht) to metE with P1 -
.;;1ysates of the mutants and recover1ng, 1n each case recomb1nants which fm
'fexh1b1ted the gpp phenotype It is), therefore tentat1ve1y conc]uded N

'h“that all nine mutatlons are a]1e11c within the gpp locus, or mutatwons

'(:1:1n c]ose]y ]1nked genes of s1m1]ar funct1on

N . N L
o«

&
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Th1s exper1ment aTso resuTted 1n a series of stra1ns wh1ch are

.

T 1sogen1c except for a small reg1on surround1ng the gpp Tocus These
- . stra1ns are des1gnated in Table T as CS425 432 The gpp phenotype
e ,>2 for severa] of these stra1ns and an appropr1ate w11d type contro], is
| 1]Tustrated in F1gure 8. It can be seen from these resuTts that the _;
four gpp muta;1ons produce a very s1m1Tar phenotype The sT1ght

var1at1on in the max1ma1 TeveT of ppGpp accumu]at1on among the var1ous

“1 is’ probabTy due to ‘some var1at1on in- the experlmentaT cond1t1ons, _

" and 1s mot con51der' i n1f1cant in th1s 1nstance It shoqu ‘also be-

noted from these resu]ts that the gpp” notype is reTat1ve1y 1nsens1- fb .

t1ve to dlfferences in the genet1c background of t”jj tralns (t e. ,‘the"
gpp-1 aTTeTe 1sfpresent in stra1ns CS416 (F1gure 8b) and- CS403
8c)). o ,

The 1soTat1on of ‘the add1t10na1 gpp mutants ‘was not 1nformat1ve

The unfortunate cho1ce of CS4OT (wh1ch carr1es an amber suppressor) as

& a parenta] stra1n, prec]uded the 1soTat1on Of\amber mutants A]so,'none .

x\\

of the mutants had a temperature dependent phenotype 1f‘fe£

In vitro synﬁhesis' of MS-—nu'c.ZeoAti'des .

Two s1mp1e, aTternate hypotheses coqu account for the 1ncreased .,

e — e L 2

Teve] of pppGpp accumuTat1on in. the gpp mutants E1ther there is an
1ncreased rate of synthes1s, or a decreased rate of degradat1on ;The.
in vttro ribosome . 1dT1ng react10n, descr1bed by Haseltlne et aZ‘ (1972),

: preseﬁted an attract1ve means of test1ng the f1rst hypothes1s

:_:@.f_ A :1T Low sa]t washed r1bosomes were prepared from the stra1ns CS416
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(gpp-1...) and CS4lq

.), which Were derived‘hy transduction

‘44

‘romia'conmo. rela’ parent strain (TabTe 1) The r1bosomes were washed

three tlmes, rather than f1ve, in order to aTTow express1on of - any

‘dlfference between the stra1ns w1th respect to a r1bosome -associated._

pppGppase act1v1ty The MS- nucTeotlde synthet1c ab1Trty of the riboso-

mes was asseised by 1ncubat1ng the r1bosomes w1th ATP. and GTP, and then .

separat1ng the pnoducts of the reactnon by PEL ceTTuTose chromatography

- The resu]ts of ‘this exper1ment, presented 1n F1gure 9‘~1nd1cate that

the rlbosomes of . the two stra1n§ are 1nd1st1ngu1shab1e w1th respect

3

to MS—nucTeotide synthet1c abllity It was', therefore, tentat1ve1y

. concluded that the gpp mutat1on does not d1rect]y affect the rate f
P R .

'of synthe91s of pppGpp A maaor caveat to this concTus1on 1s
“that. the in vttro cond1t1ons may not correspond to the in vivo

cond1t1ons in some 1mportant way. Such an expTanat1on has beep

- j'lnvoked for examp]e to exp]a1n ‘the observat1on that spoT mutants,'

- wh1ch do not synthes1ze s1gn1f1cant TeveTs of pPPpGpp-<n vivo, syn-

4

'the51ze normaT Teve]s of th1s nucTeot1de zn vztro (De Boer et al.

. -y

. In pitra_evidence tﬁdt:gﬁp‘ﬁutantévare dbféctive'in‘a'bppGppasp‘qetivity_-'

7';- It has prev1ously been reported that pppGpp 1s unstab]e in crude

1 extracts ‘which are capab]e of support1ng translat1on (Yang et aZ

’1974) It has aTso been noted that, in the presence of rxbosomes, the

'eTongat10n factdrs G (EF G) and T (EF T) are capab]e of converting "3

- pppGpp to ppGpp (Hame] and CasheT 1973 Cochraw and Byrne, 1974)
.TIt was, therefore, reasonabTe to eXam1ne the effects of - the gpp

' mutat1ons on- the tn vztro degradat1on of pppGpp
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nmoles of nucleotide
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]F1gure 9 - In vitro syntbes1s of ppGpp and pppGpp by r1bosomes from the "
- wild type and a gpp mutant. - The products of the react1on cata]yzed by
7r1bosomes from the w11d type straTn CS417 are indicated by dashed Tines
1(--—)2 The products of the reaction: cata]yzed by rib. somes  from- the
gpp-1. mutant strain CS416, are 1nd1cated by the solid 1 nes (———O The
open (o) and c]osed (d) symbo]s represent pppGpp and pp . respectively. ‘
.~ The 250 ul reaction contained .24 A260 units of Tow ~~ | washed ribosomes,
- 0.125 umo]es GTP, and 0. 375 umo]es 5' [B 32P]ATP (58.8 uC1/umo1e) The
_f1na] concentrat1on of, buffer and sa]ts was the same as’ in buffer A
(M&tertals ‘and Methods). .. 'The reaction was incubated at 32°. At the
1nd1cated intervals, 30 ul samples werw1thdrawn 1nto 15 ul of 2 M
formﬁte, and chromatographed on PEI ce 1ulose thln 1ayer plates

1
[T
e .



Crude S 30 extracts, potentially capab]e of supportlng in vttro
trans]at10n were prepared from the wild type straim €S251 and the gpp-1
mutant MS240. These extracts were assayed for pppGppase activity by

incubating an aliquot of the extract w1th [32

P1pppGpp and chromatofri, \
graph1ng the reactlon products on PEI ce11u1ose " From the résu]ts-of
this assay presented in Figyre 10, 1t can be seen that the gpp- 1
vmutant has a substant1a]1y 1ower 1eve1 of pppGppase act1v1ty than the -
wild type. As prev1ousty noted, ppGpp appears to‘be the.maJor,product
of  the reaction,'and is re]attvely‘stab1efunder theSe conditions (Yang
etar, Ne7e). . % | |

In order to d1st1ngu1sh between r1bosome dependent versus r1bosomee
1ndependent pppGppase act1v1ty, r1bosome free S- 100 extracts of a |
wild type stra1n, a spoT mutant, and three 1ndependen1’gpp mutants were,
B prepared.. The S—]OO extracts were then'assayed er‘pppGppase act1v1ty ’
as betore' The resu1ts ofvthiS‘experiment presented in'Figurevllg '
,*c]ear]y show that the gpp mutants are comp]ete]y def1c1ent in a
‘r1bosome 1ndependent pppGppase act1v1ty

The forego1ng conc]us1on is substant1ated by a series of exper-
<l1ments in wh1ch the var10us pppGppase act1v1t1es of the wild type and
the gpp 1 mutant were fract1onated on a DEAE Sephadex co]umn S 100v
extracts of the gpp:Z mutant CS416 and- the w11d type strain CS4]7

1were prepared and chromatographed under 1dent1ca1 cond1t1ons as descr1bed

~in. Mbtertals and M@thods The fracttons were then assayed for pppGpp- :

'ase act1v1t1es in the presence. and the absence of 10w sa]t washed

. r1bosomes

.a.

‘. w2
g



b,

1’ﬂstra1n and a gpp mutant
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';Flgure 10 - Hydro]ys1s of pppGpp by S 30 extracts of a w11d type

’m. o8
L

| The reactlon m1xture conta1ned 80 ul [ P]pppGpp (22 3 nmo]es, 1150 _

.CPM / nmo]e) in water, and 60 ul of S- 30 exﬁract (1 .8 mg/m] prote1n

: 1n buffer A) Thewreact1op m1xtures were 1ncubated at 32°' At the

\a,"

- 1nd1cated 1nterva]s, 30 ul’ samp]es werg w1thdrawn 1nto ]O u] of 4 M

S o-«

formate, and chromatographed on PEL=céllu1ose thin ]ayers (a) shows f__*_‘

 ithe rate of pppGpp hydro]ys1suﬁ(b) shows the rate of ppGpp accumu]at-

Symbols (o) M5240 (gp? ), (O) C525] (QPP )

-



g pppPGPP Hydrolyzed

TIME»(min) e ;

"F1gure ]1 - Hydro]ys1s of pppGpp by S- 100 extracts from var1ous stralns
The 320 u] react1on m1xtures conta1ned 200 ul of S- 100 extract (Gmg/ml
of prote1n 1n buffer A), and 80 ul of 3 [a P}pppGpp (3.8 uC1/umo]e)
‘1n buffer-A The final concentrat1on of pppGpp was 0 25 mM The reac-
t1ons were 1ncubated at 32°- At. the 1nd1cated 1nterva1s, 50 u] samp1es

: t were w1thdrawn into 10 u] of 5 M formate A11quots of the ac1d1f1ed

3 react1on m1xtures were chromatographed ‘on PEI ce]]u]ose th1n layers, and
the areas of 1nterest were cut out and counted Symbo]s (o) CS417 .

. (gpp spoT *Ys (0)- CS412 (gpp« SpoT ) (0) CS416 (gpp—l spoT ) CS425 ’
(gpp 2 spoT ), and CS426 (gpp 3 spoT ) R ‘.",_“_ Sl

. = LT . : ! Lot
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The resu]ts from the first ser1es of assays, 1n wh1ch fract1ons

of the w1]d type extract were assayed in the absence of r1bosomes, are

_ presented in F1gure 12. From these résults it appears. that there are

at ]east two maJor r1bosome 1ndependent pppGppase act1v1t1es 1n the

w1Td type; extnact The reTat1ve]y sma]] shoquer of act1v1ty (peak I A)

‘ '7'was gfpeated]y observed (Append1x I) however, the relative ]eve] of

&

act1v1ty var1ed substant1a11y in four separate preparat1ons The ‘

figst peak of act1v1ty is very ]ab11e under; these cond1t10ns The -

' ?.act1v1ty is aTmost compTeteTy degraded 24 hoUrs after the preparat1on

of the extract The act1v1ty of th1s peak may exceed that of peak II

A

' assayed as ]t emerges from the co]umn and the act1v1ty Ts not

:to conta1n a non spec1f1c phosphatase s1nce on]y 50% of the: pppGpp '

"], p- n1tropheny1 phosphate (a substrate for a var1ety of phosphatases)

f.but does not appear to hydro]yze ppGpp

when the wild type fract1ons were assayed in’ the presence of low

sa]t washed r1bosomes an add1t1ona] two peaks of pppGppase act1v1ty were

' observed (F1gure 13) ' These act1v1t1es probab]y represent EF -G and
'."EF T .which have prev1ous]y been shown to cataTyze the r1bosome~dependent'

- hydrolys1s of pppGpp (Hame] and Cashe] 1973) _ As expected these

49

. affected by the presence of r1bosomes (Appendi x I) Th1s peak appears B

. hydro]yzed is recovered as ppGpp (F1gure 12).. This peak a]so hydroTyzes’

fractions aﬂso conta1n GTPase act1v1ty (Append1x I) - The absence of the‘

peak " pppGppase is attrTbuted to the degradat1on of thTS act1v1ty '

9

durlng the 12 hour 1nterva] between the assays presented in F1gures ]2

J and ]3

Fractlonatlon of the pppGppase act1v1t1es of. the gpp -1 mutant

"extract revea]ed that the maJor r1bosome 1ndependent pppGppase

T



- jg :
aCtivity and the relatively sma]]er shoulder of activity were COmplete]y
missing (F1gure 14). The 5bs§ﬁ§; of twoppeaks of act1v1ty (peaks II -A
'.and\II B; Flgure 12) was unenpected but m1qht be exp1a1ned by the
assumption that the gpp enzyme is actlvéaﬁn two agaregate
forms : S1nce DEAE Sephadex separates on. the basis of both 'size and
ﬁcharge, the observed pattern of separat1on of the two act1v1t1es m1ght

resm]t ‘ A]ternat1ve]y, 1t 1s poss1b]e that the gpp mutant carr1es
”ﬂavmutat1ons in two t1ght1y 11nked genes of s1m11ar funct1on " Since no
"readlly observed phenotype has been ascrlbed to the gpp mutations, it
has not been poss1b]e to. exc]ude th1s poss1b111ty by the se]ect1on of
"revertants : ‘ 1-?) v . | o
A re]evant anc1]1ary quest1on concerns the spec1f1c1ty of the !
.:various pppGppase act1v1t1es ~Since EF-G and EF-T have been demon-

_strated to possess both GTPase and pppGppase act1v1t1es, 1t seemed

poss1b1e that the peak II nuc]eot1dase m1ght also hydro]yze nuc]eot]des

50

other than pppGpp This ‘was exam1n%24by assessing the ab111ty of severa] ‘

o re]ated nuéleotldes to act as c mpet1t1ve substrates The 1dea1 approach'

-:to th]S prob]em wou]d have been to determ1ne the K1 of the varlous
‘ cnuc]eotldes However, in order to obtaln accurate Km and Ki~’ est1mates,

the assay must be sens1t1ve ‘enough to detect hydro]ys1s of even a few

~.“percent of the Towest concentratlon of. substrate S1nce the spec1f1c :

act1v1ty of the [32P3pppGpp ava11ab]e at th1s time, was not h1gh enough

~to sat1sfy th1s cr1ter10n, a 1ess cr1t1ca] assay was emp]oyed

A cdmpet t1on assay was conducted by s1mp]y 1ncubat1ng the =
‘part1a11y purlfled peak II-B pppGppase from the w1]d type extract w1th
’ [ P]pppGpp and’ another nuc]eot1de and measur1ng the amount of pppGpp
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Figure ]2 - Ribosome lndependent pppGppaso activities frnm a wi]d type stra1n A
‘An S- ]00 extract of the wn]d type stra1n CS417 was chromatographed on DEAE Sephadex as

The d1a1yzed fractions were assayed 1n 40 ul reac-

tions containing 10 ul of 3 [a P]ppprpp (7 7 nmoles). 20 ul of enzyme, and 10 ul of

buffer A The reaction mixtures were 1ncubated at: 32° for 60 m1n, and the reactlon was

termlnated by the add1t1on of 5 ul of 5 M formate

mix%ure was chromatographed on PEI cel]ulose, and the areas of interest were cut out and

Tine. represents the amount of ppGpp produced

.

A 20 ul aliquot of the reaction

The SO]ld line represents the amount of pppGpp hydrolyzed and the dotted

A3 1ae oW Sy0x
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’Figu're 13 - The pppGppase acéiv‘ities from the v_lﬂd'type stra'.i‘n when assé‘yed in the pfésencg

of ribosomes. .
-An $-100 extract of.» the wi]vd_.ty.pe‘ strain CSd]Z.’was prep@req;'fractionéfed. and assaye_d as
descr:1bed Ain Eigure_lz. except that 2.5 A260 unigs of low-sal‘t‘wavs_hed ribosomes were 1n—. : v
cluded in 'Me»reac'vtion mixture. The 56116' 1ine rebresents pppGpp hy.dr.olyze‘d. an\d} the dotted

line represents ppPGpp proguﬁd. :
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Figure 14 - Fractionatwn of pppGppaae activities from a grp mutant.
* An $-100 extract of the app mutant CS416 was prepared fractionated and assayed as des-
cribed in Figures 12 and 13 The solid ]ine represents pppGpp hydrolyzed in the pre-
ence of ribosomes and the dotted line represnts ppp(;pp hydroiyzed in a r1bosome free

eaction.
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hydro]ys1s@ The results of this exper1ment presented in TabTe 4,
_suggest that GDP GTP, ATP and UTP, are not compet1t1ve inhibitors. It _f
1s, therefore, tentat1veTy concTuded that the enzyme( ) specified by
the gpp gene, exhibits cons1derab]e substrate spec1f;c1ty f pppGpo

. The product of the, gPPEg nzyme med1ated hydroTys1s of pppGpp is not
'd1st1ngu1shab1e from ppGpp by one d1mens1ona] chromatography in1.5M
KH2P04 on PEI cellulose th1n Tayers The hydrolysis product is, there-
fore,_probabTy pppap or ppGpp Since the hydroTysis product }s not a
'good substrate for 3 -nucTeot1dase (Appendix II),'it is tentativeTy
‘mconcTuded that the product is ppGpp. A more d&f1n1t1ve conclusion .
woqu have been obtained from the experlment presented in Append1x I1
1f pppGp had been ava1TabTe as a controT o S - '

No attempt was made- to determ]ne opt1maT cond1t1ons for the
"assay of peak II pppGppase It was noted however, that the: enzyme

,\act1v1ty d1sappears in four ‘days when stored 1n buffer A at 4°" .,: "

Effect of a reld mutation on. the gpp phenotype

The effect of a reZA mutat1on upon the gpp phenotype was 1nvest1-
v gated by constructlng a ser1es of 1sogen1c stra1ns,.1n which- the two :
genes were comb1ned in aTT p0551b1e comb1nat1ons The stralns werev4
constructed by first transduc1ng the gpp reZA strain C$421 (F~ argH reld
"str spc xyz metE gpp—l thz) to arg with a PTvtr Tysate of ghe stra1n-
'; CS305 (Hfr reZA thz) A reT transductant from thTS cross was reta1ned
and des1gnated CS422 (F” str spe xyZ metE gpp-1- tht) The stra1n CS422
‘ was then transduced to met w1th a PTvzr Tysate of CS305 A gpp, trans—

v7ductant from th1s crdSvaas reta1ned and des1gnated CS423 (F str spc a



. 55

Tab]e 4

The°effect of various nucleotides on fraction II pppGppase_aptivity.

‘NucTeotide . . PPPGPpase-11 .
added ' relative activity:
! . v
P . o .
o 0 1.00 -
6P g9
6P 0.97
‘ ATP: : - - 0.94
UTP Co ~-0.98

The pppGppase activity was measured in 90 ul react1on m1xtures conta1--7 :
ning 50 ul of wild type peak IT- pppGppase (3 ug of prote1n) 20 ul of o
£ D1pppGpp (3 8 uC1/umo1e 0.2 mM final concentrat1on), and 20 u]

fof GDP, (G, . ATP or: UTP at a final concentrat1on of 1. 0 mM "The final .

§ concentration £ buffer and salts was the same as for buffer A (M&terzals,_‘
and Methods) . e react1on was 1ncubated at 32° for 30 min, and ‘termin-:
ated by the addi=ion of 10 ul" of 5 M formate A11quots of the react1on
mixture were chrumatographed on PEI ce]]u]ose th1n 1ayers, and the areas
of interest wer: cut out and counted. The substrate; was present in
excess, since ass than 40% of- the pppGpp was hydro]yzed dur1ng the :
course of th= ‘eaction. * . The pppGppase act1v1ty is presented re]at1ve to ‘
the control which. had a spec1f1c act1v1ty of 13.1 umo]es pppGpp hydro]yzed -
per me o f protein 1n 30 min. : AR
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- starvation (F1gure 15)

| é\appro
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gyl thzk— The f1na1 member of the ser1es, a gpp reZA der1vat1ve, was

constructed by tranduc1ng CS421 to met with a P]DLP 1ysate of CSBOS

anCr ‘“n reZA mutat1on prevents express1on of the gpp phenotype a

numb " randomly chosen transductants were screened for the presence

of the gpp mutat1on by cross1ng out the reZ4 mutation by perform1ng a

conguga] cross between Hfr CS305 and each of the tranguctants By this

' method a gpp transductant des1gnated cs424 (F argA reld str spe xyl

thz) was 1dent1f1ed B ot

| ' The 9rowth rates of the fourd related stra1ns werev

found to be 1dent1ca] (57 min doub11ng t1me at 30° 1n Tr1s m1n11a1
supp]emented w1th 1euc1ne pro]xne, h1st1d1ne, arg1n1ne, meth1on1ne, §
-and 1so]euc1ne), 1nd1cat1ng that the var1ous comb1nat1ons of the gpp
and relA mutat1ons exert no de1eter1ous effects upon the growth of -

- the: organ1sm under thesé c1rcumstances As expected the reld

mutat1on is compﬁﬁte]y ep1stat1c to the gpp mutat1on in that it pre—

vents the accumulat1on of the MSJh E&eot1des fo]10w1ng am1no “acid

v

et . . _Q_‘ln't"

E‘ffect of the gpp mutatton upon the doumshtft response B

when re] stra1ns of E COZt are subJected to a decrease 1n the

avallab11}ty of a good carbon source, ppGpp accumu1ates at ]eve]s

,u;ing those observed dur1ng am1no ac1d starvat1on, but pppGpp

doeséibt accumu]ate Th1s we]] documented ‘but poor]y understood

t

o response is genera]]y be11eved to ref]ect a decrease 1n the turnover |

' rate of ppGpp, rather than an 1ncreased rate of synthes1s Accord1ng

CoA

<

to th1s hypothes1s, 1t m1ght be expected that a mutat1on affect1ng the

‘0“ )
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Figure A6 - The effect of vartous combinanons of the rela and app mut.atlons on the accumulation .

- of the MSrnuc‘leondes under cond'l tions of gm\no acid starvatwn

. Cultures growing 1n Tris minimal uere subJected at time O to serlne hydroxamate induced serine k

starvation Samples of - the cu]ture were withdrawn at the indlcated 1nt.ervals.gan gssayed for the

levels of the MS nucleotxdes as described in Matemla and Mathoda (a) 5421
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turnover rate of pppGpp shou]d not have any pronouhced effect upon the :

Ievel of the MS- nuc]eot1des A
The effect of a .gpp mutat1on upon the dOWnsh1ft 1nduced accumu]-_
at1on of the MS- nuc]eot1des was exam1ned by sub3ect1ng an 1sogen1c
parr of stra1ns to a- methy]g]uc051de 1nduced downshrtt From the*
resu]ts of this exper1ment, 1]]ustrated in F1gure ]6, it can be seen
that the ggﬁ’mutatlon causes a dramat1c 1hcrease 1n the level ofﬁbppGpp

accumu]at1 In contrast the 1eve1s of ATP ‘and GTP respond Tlmost

' 1dent1ca]1y 1n the mutantcand the wild type(stra1n (F]gure 17)

R
The s1mp1est 1nterpretat1on of th1s effect 1s that a s1gh1f1cant

o amount yf pppGpp synthes1s occurs dur1ng downshlft but is obscured

—

.-

“The;’i'ﬁt‘e_ractﬂ,on ‘of gpp and. sp'o'_T_. -

1n the w1]d type strain by the rapid rate of pppGpp hydro]ys1s cafalyzed

by the gpp- enzyme " As an. e]aboratlon of th]S scheme, it m1ght be ..

| postu]ated that other enzymes, whlch are norma]]y capab]e/of pppGpp

hydro]ys1s, are 1nh1b1ted dur1ng downshlft For examp]e/ the spoT gene |

product appears to be Tess actlve dur1ng downshlft //i
The downsh1ft induced accumu]atlon of pppGpp/1s a]so observed in

: s _
other gpp mutants (Flgure ]8), suggest1ng that the same mutat1on is.

L3

' respons1b1e for the 1ncreased 1evels of pppGpp observed dur1ng both

amlno ac1d and gTucose starvatlon

e

\,.

Fo]]ow1ng am1no ac1d starvatlon spoT mutants rap1d1y accumu]ate

h1gh ]evels of ppGpp w1thout the concom1tant accumulat1on of pppGpp

Upon the re]ease of starvat1on, the ppGpp'pool dec]1nes at a rate
!

: chétacter1st1c of the partldﬂlar spoT a]]e]e (F111 et al y 1977)

.
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‘Figure 16 - Downshift; induced accumuhtion of MS- nuc’leot{des

" In the wild type/and 2 gpp mutant.

Cul tures were subject.ed to a-methy'lglucoside induced downshift

. and the nucleatide pools were measured. as described in Mztemala
' and Meﬂwda At time 20; the downshift was reversed by the
addition of. g!ucose to 2%. {ay cs417 (gpp ) and (b) Cs416

(app-;)- Smois- (0) ppGpp. (o) -pppGop.
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Figure '18 - Downshift 1nduced accumulation of pppGpp in several gpp mutants

Cul tures growing ‘in Tns mﬂﬂmal (0.1% glucose) were subjected to downshlft by the addlu’on'

“at t'lme 0, of a-met.hylgluconde t,o a final. concentratwn of 21 Samples of the cultures were

described ln ﬂawmls and Meﬂra..o (a) KL266 (:,'pp b (b) CS425 (gpp-z), (c) €s426 (gpp-

and (d) CS427 (gpp 1). Symbols (0) ppGpp. (0) PPPGPp
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vprev1ous]y noted these character1st1cs of the spoT mutants have been

‘1nterpreted as ev1dence that °poT is 1nvo]ved 1n both the synthes1s and

| degradat1on of ppGpp. . C v'_ - .

“F5b1nat1on was obta1ntd by demonstrat1ng a reduct1on 1n the cotransduct1on R,nf,-';

, pyrE Zeu ara pro lac his cys thy str spc thz) Of 57 pyrE transductants

.
‘spoT rec1p1ent S1nce the ‘same 1ysa,e produced more than 304 spoT o

:,van attempt was made to 1ntroduce a gpp mutat1on into a spoT mutant
I'A P]vtr 1ysate of the gpp stra1n CS403 (F gpp- stra mtzngp met arg “
.VmaZ thi) was used to transduce the spoT stra1n CS412 (F spoﬂ’pyrE 'f
;metE Zeu ara hzs cys thy str spc thz) The 43 metE transduétants

;»recovered from th1s cross were lndlst1ngu15hab1e from the! gpp spoT et

“metE and gpp was 32% (Tab]e 2) It was, therefore %entat1ve]y con- ; ';>' . i S

' c]uded that the spoT gpp phenotype is- 1nv1ab1e i. . ~"Qf . ‘_f ‘ | ‘vzy_l [

The_pattern of (p)ppGpp accumu]at10n in a spoT mutant undergo1ng N

' amlno acid starvat1on is s1m11ar to that observed in a reta® spoT

straln undergoi/g carbon source downsh1ft It was, therefore, expected

.that a gpp spol mutant undergo1ng am1no ac1d starvatlon would . resemb]e a’
‘gpp. mutant fol]ow1ng carbon source’ downsh1ft However, severa] attempts ~

. to construct a spoT gpp stra1n failed to produce the doub]e mutant ,In-

the f1rst attempt, a P]vzr 1ysate of the spoT stra1n WZ ( spoT thr Zeu

pro gaZ his arg thL) was used to transduce the “gpp mutant CS4]9 (F~ 'gpp ,f, B

el

recovered from th1s cross, none were d1st1ngu1shab]e from the gpp e ?"e{f}fbftéf

] g .

transductants in a contro] experiment, 1t was\conc]uded that e{ther the

gpp mutat1on prevented detect1on of the spoT mutat1on xor the

-

'doub]e mutant was 1nv1ab1e - In order to exam1ne the f1rst poss1h1]1ty

rec1p1ent , In a prev1ous exper1ment the cotransduct1on frequenCy for S

Add1t1ona1 eV1dence for the 1nv1ab1]1ty of the spoT gpp com~ _.f

‘aﬁ;‘a

v



frequency of outs1de markers A Plvir 1ysate of the gpp stra1n CS415

.1(F gpp thD hts cys. thy str spc xyZ fﬁt was used to transduce the spoT

~strain CS412 (F™ spoT erE metE Zeu ara his cys thy str spc tht)

“the 150 metE transductants recovered from th1s cross, 5 were ilv'.
i

In the contro] exper1ment in whyéﬁ CS lk (F metE hts cys thy str. spe

......

ayl thi) was transduced to, me&E':w ‘”Zt@e same 1ysate of CS4]5 35%

'of the transductants were i, Thus; the presence of the gpp mutatlon
on th; donor chromosome resu]ted in a substant1a1 reduct1on in the co-
transduct1on frequency of the outs1de markers when the rec1p1ent was
spoT “but not when the rec1p1ent was spoT The 5 th transductants
"recovered from the CS4]5 X CS412 cross “had a phenotype wh1ch was not
"d1st1ngu1shab]e from the spoT rec1p1ent stra1n CS412. In order to

Tb ensure that the spoT mutation was not mask1ng the effect of a gpp
mutat1on, each of the 5 except1ona1 th transductants was- transduced
.to spoT* with- a Pluir 1ysa§e of CS4®3 (Eﬁggpp str th th glp met.arg
?maZ thz) A11 of the 5 transductants were c1ear1y gpp Thus, these
5. transductants probab]y received the thD mutat1on by a. doub]e cross-

over event

UN

In order. to examine the bas1s for t}e apparent 1nv1ab1]1ty of the

- gpp~spoT comblnatlon, an. attempt was made to 1so]ate a cond1t1onal muta—v_

yt1on at one of the ]oc1 An add1t1ona1 6 gpp mutants were 1so]ated by |

the. procedures descr1bed prev1ously, br1ng1ng the tota] number of gpp

'~t.mutants to 15 However none of’these mutants exh1b1ted a temperature P

| r.cond1t1ona1 phenotype Fortunate]y, a number of mutants, resembllng

b°t.'spoT mutants, were 1nc1denta11y recovered dur1ng the course of th1s L

' study ‘ The straln MS]92 whlch was obta1ned from C5251 (F~ lae metG

"}hzs thy str xyZ mtl arg rzfr gZp naZ) by n1trosoguan1d1ne mutagene51s,

.‘.\'
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s 1dent1ca] to w11d type with respect to.: (p)ppGpp accumulation at 32°,
but spoT at 43.5°, The mutation respons1b]e for th1s effect was trans—
'duced from the orlg1na1 mutant strain, M$192 to CS411 (F~ pyﬂj metE tew
ara. pro Zac ‘his cys str spc thz) by se]ect1ng pyrE transductants Only |
ya few transductants from th1s cross were scored S0 the prec1se map
pos1t1on of this mutat1on is. not known ' However the s1m11ar1ty of map
pos1t1on and phenotype to. that of the spoT mutants suggests that it is .
an a]1e1e of spoT. A transductant from the MS]92 X CS411 cross was ; .,
b retained and’ des1gnated CS444 (F~ spoTt metE Zeu ara pro Zac hzs cys
str spe tht) ' | |

The pattern of ’ (p)ppGpp accumu1at1on during amino ac1d starvat1on

<SRN 5 T R A e P

of the sp_oTt stra1n CS444 and the appropr1ate contro]s is presented ‘
in Figures 19'- 21. At 32° the pattern of (p)ppGpp accumulation in th1s

‘stra1n is 1nd1$t1ngu1shab1e from. that observed in the otherw1se iso-

genic w11d type stra1n €5411 (Flgure ]9) _However when a cu]ture of -
' -CS444 is sh1fted to-43 5° > the spoTt stra1n\s) rap1d1y accumulates

‘ppGpp to a 1eve] wh1ch 1s 50% of. the. max1ma1 ]eve] of ppGpp accumu]at1on ST
:'durlng am1no acid starvatlon at 32° (F1gure 20) Am1no acid starvatlon
l‘at 43 5° resu]ts in, a rap]d 1ncrease in the a]ready e]evated 1eve]|of

’ ppGpp but does not provoke pppGpp accumu]at1on In th1s respect tﬁe :j'
stra1n behaves as a typ1ca1 spoT mutant | However fwhen the starvathon-

is a]]ev1ated the 1eve] of ppGpp fa]ls very rap1d]y to the. prestarvat1on\

' leve] It therefore appears that the spoTt mutat1on does not cause a

‘],observat1on 1t seems necessary to propose that ‘the 1ncrease in the leve]

f-of ppGpp fo]]ow' y

"“:sh1ft to 43. 5° reflects e1ther an 1ncreased '
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Figure 20 - MS nucleotide accumulation 1n r-poz' / str’a'l'ns at 43.5°, .

,Cells grcwn in Iris minfmal at 32° were shifted to 43 5° at time 0. At'35 'r;lin‘ 'isolei:cine survation

was 1mposed (1nd1cated by the arrow) At 55 min amino acid starvauon uas alleviat.ed by the addition’.

- of L-1st_)]euc1ne~.

- ppGPP.and PpPGOP.

TppGpp.

At u\e 1nd1cated 1ntervals, sdmp]es of the 'cultures were assnyed for the leve'ls of

(a) C5444 (gpp upoT ). and (b) C‘445 (gpp apaT‘s) SymeIS' (O)DDGpp. (o)

>
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2 "The {)rvbc'edures 'were as described 1n.Figure 20.
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mutant and a wild type strai’n at 43.5‘?;
(2) €541 (gpp” opor®), and (b) €S416




, accumuTat1on dur1ng amino ac1d starvat1on of the spoTt

Although the spoTt mutat1on is ‘anomalous in several respects, it

was nonetheTess of interest to.determine the'effect'of a.gpp nutation

'ts

" upon' the spoT phenotype ~ The double mutant was constructed by -

transducing_the spoT straTn CS444 (F— spoTt metkE Zeu ara pro,Zac ‘
‘his cys str spe thi) to metE with a PTvtr Tysatéﬁ’f the gpp Sstrain
_CS403'(F— gpp-1 strA th gZp met. arg maZ tht) A gpp spoTt strain was

_recovered from this cross and de519nated CS445 (F gpp spoTt leu

pro lac his ‘cys str spc.tht). At 32° thTS straln 15 not dlstTnQUTShabTe

from the gpP, spoT straln CS416 (F gpp- 1 his cys thy str spe xyZ metE)

(Flgure 19) The only maJor dwfference 15 ‘that the gpp spoTt stra1n

. accumuTates essent1aTTy w1Td type TeveTs of pppGpp ‘The grp mutat10n, :

therefore, effect1ve1y suppresses one effect of the spoTt mutat1on TAs -

’

prev1ousTy noted th]s effect was expected by ana]ogy with. the resu]ts
obta1ned during downsh1ft of gpp mutants. Th1s resuTt is 1nterpreted
| as ev1dence that substant1a1 pppGpp synthes1s occurs in the spoTt

| stra1ns foTTow1ng amlno ac1d starvat1on at . 43 5° The ]OW']EVE] of:
pppGpp accumuTat1on in the spoTt gpp strain must therefore be due

“ to an 1ncreased rate of pppGpp degradat1on or to a comp]ex 1nteract10n

between the spoT and 9pp - products The latter poss1b111ty is d1scussed.v"

- in detaT] under Dtscusston R I '1, ' -

As prev1ous]y noted certa1n combunat1ons of the spoT and gpp

~alleles appear‘to.be jnv}abTe: A s]m1lar effect 1s_observed‘1n»thev
' o o D A l, .
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'.spoTFf gpp'mutant>C5445 at 46°. At th1s temperature, wh1ch is extreme

for E. coli, the w1ld type stra1n CS411 and ‘the gpp mutant CS4]6

exh1b1t “good growth in minimal med1um supp]emented w1th the requ1red

amino ac1ds and 1.0% casam1no acids. -The spoTt stra1n CS444, wh1ch | W
_ has a s]ower growth rate than the w11d type at a]] temperatures, a]so

grows at 46°. The spoTt gprp stra1n‘Cﬂn45 fa1]s‘to grow on casam1n0'ac1ds

or L—broth at 46°. A numberﬁbf spontaneous temperature'resistant mutants

of CS445 have been se]ected by p1at1ng cells for growth at th1s temperat-

| ure; however, these have not been character1zed |

~h;

Slnge there was . a detectab]e d1fference in the growth of

the spoT straln and the otherw1se 1sogen1c spoTt gpp stra1n at 46°'
a prellmlna;% 1nvest1gatlon of the pattern of RNA. synthe51s at th]S :

temperature wa',undertaken Ce]]s grow1ng at 32°'1n Tr1s m1n1ma1

e ,2':

| medlum supp]emented w1th casamlno ac1ds were sh1fted to 46° and stab]e

 RNA synthes1s was mon1tored by measur1ng the accumu]atlon of ‘1abeled |

i urac1] 1nto TCA prec1p1tab1e mater1a1 The resu]ts of th1s exper1ment,

presented 1n F1gure 22 demonstrate a dramat1c d1fference between the U»I‘d
'spoTt ctraln CS444 and ‘the spoTt gpp stra1n CS445. Three mlnutesb
after the temperature sh1ft RNA accumu]at1on (presumab]¥.5yntheSisj
has ceased in the spoTt gpp straﬂn but not 1n-the7epoTtsigpp+ strain
It is, therefore apparent that the d1rect or’ 1nd1rect products of the
~gpp .and spoT genes 1nteract in some manner | | v | -
| There does, not appear to be aqy simple scheme topaccount for the _""
d1fferent1a1 rate of RNA synthes1s 1n the spoTt straln and the spoTt
| gpp straln. However, several po1nts are- worth not1ng From the resu]ts

ME

presented in- F1gure 22 it can be seen that even at the perm1ssive temper- L

oy
o

R

"_ ature, the stra1ns carry1ng the spo.f't mutat1on have a 3- to 4 fo]d
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i

Cells were grown at 32° ln Tris minlmal supplemented with 1: 0% msaMno acids and 10 ug/ml uracll:

A

At 9 min. the cul ture’ was shifted to 46°. At the indlcated lntervals

© At time 0, the culture was supplem_ ted with [ H] uracil to- 2 final specific activity of 83 uCi/umole.

120 ul samples of the culture

© o were added to 3 ml of 5% "TCA (0" . The preclpf:ate collected by filtratlon on GF/C filters. was

washed 3 times with 3 ml of 52 TCA (0°), drled and counted {a):

(gpp spoT ),' (b) (o) CS445- (f';vp apoTtS) (o) Cs444 (gpp spoT

LN

(e) 5411 (gpp
ts)

apoT ). (o) 5416

-




1ower rate of RNA-accumuiation S1nce the pattern of (p)ppGpp synthests |
1s norma] at th1s temperature 1t appears that th1s effect cannot -be,
vid1rect1y attr1buted to (p) pGpp 'Furthermore, s1nce the prestarvat1on .
ipattern of (p)ppGpp accumulat1on at 43 S° does not d1ffer between the ,‘J

,‘spoTt mutant and the spoTt gpp mutant (F1gure 20), it appears that the

' :dlfference in. RNA accumu]at1on at e]evated temperature cannot be

td1rect1y attr1buted to the 1eve] of (p)ppGpp- ThiS ra1ses the poss1bil1t¥

- that the grp. and spoT’gene products both part1c1pate 1n a process other S

b ,f)
‘than the hydrolys1s of pppGpp and ppGpp respect1ve1y This proposa]

;e1s con51stent w1th the observat1on that spoT mutants exh1b1t a reduced HL“"V o

rate of (p) pGpp synthes1s dur1ng am1no acid starvat1on (Fiil et aZ s .
| 1977) Slnce this: property of spoT mutants is not apparent in. vztro
_ (De Boer: et aZ ,1977), 1t seems- poss1b]e that the gpp ‘and spoT gene

rproducts are 1nvo]ved in a. regu]atory capac1ty

o
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R to remove from r1bosomes, has been demonstrated to possess such hydro]ytlc

Bt

LadE

DISCUSSION

- There are three hypotheses concern1ng the precursor product |
.relat1onsh1p of ppGpp and pppGpp (1) ppGpp is the precursor of pppGpp,
- (i) pppGpp is the precursor of ppGpp;- and (111) ppGpp and pppGpp are .
| syntheSIZed 1ndependent]y from GDP and GTP respect1ve1y The d1fferent

3

'approaches which have been emp]oyed in an attempt to ver1fy these schemes -

aﬁ@ considered be]ow ' 7” L S “ﬁ

In vztro expermments . 7 ‘
Tﬁe r1bosome med1ated in vttro synthes1s of ppGpp and pppGpp
g requires the product ‘of the reld gene (str1ngent factor), the 305 and
505 r1bosoma] subun1ts mRNA and an uncharged tRNA capab]e of recogn1z-. f
1ng a codon carr1ed by thegnessage (Hase1t1ne and B]bck 1973 Pedersen
‘et aZ N 1973) Nhen GDP is the substrate, ppGpp is the on]y.pr6auct of

the react1on However when GTP 15 the substrate both ppGpp'and pppGpp S

oy are produced ‘?he rat1o of ppGpp to pppGpp?decreases when more h1gh]y L

o pur1f1ed r1bosomes are uSed to cata1yze the'react1on 1t. 15, therefore,

lnferred that the accumu]at1on df ppGpp is due to the presence of beta-ff’

bs

gamma GTPasea wh1ch tosed1ment w1th the r1bosomes and cause the hydro]ys1s
A

of GTP to.GDP and pppGpp to ppﬁpp* EF- G wh1ch 1s partlcu]ar]y d1ff1cu1t

’ -0

act1v1ty (Hame1 and Cashe] ]973 Cochraﬁ and Byrne, 1974) In the non- o
cibosoma] reacttoh-catalyzed by pur1f1ed str1ngent factor the product 1s
B exc]usive]y pppGpp when GTP is used as . the substrate and ppGpp when GDP
is the substrate (B?ock and Lase1t1ne, ]974) A

'/c.

Thes; results 1mp1y that, tn v;vo. PPGpp can be formed by the -

hydroﬁysis of pppGPP. or by stringent factor-mediated pyrophosphorylation ﬂj;};-—“

T



. from.the free nuc]eot1de pdot. However, 51nce severa1 of the translat-

& in wh1ch pppGpp 1s the maJor precursor of ppGPp, and _one 1n wh1ch the

‘ 73
// ) .
/

/

of GDP. S1nce the 1ntrace11u1ar concentrat1on of GDP is on]y 5% of
the GTR-1eve1 (Kari et al., 1977) and since GDP and GTP are equa]]y
acceptab1e substrates for the str1ngent factor med1ated reaction

ALY Y

' (Cochran and Byrne, 1974; Sy, 1974), it would be expected that the

rate of direct synthes1s of ppGpp from GDP should be only a sma]]

fract1on of the rate of*pppGpp synthes1s Th1s expectat1on,1s based/

"von the assumpt1on that the precursors of (pfﬁpGpp are obta1ned d1rect1y

f lon factors are GTPases 1t is poss1b]e thathDP produced on the
rlbosome by a trans]at1on factor, 1s captured as a substrate by the
 stringent fattor before 1t can be re1eased from the r1bosome This

w

‘ proposal 1s ent1re1y cons1stent ‘with-the resu]ts of the in vztro r1bosome~. .

. 7med1ated react1on, in wh1ch{ even though the GTP concentrat1on tast]y '

_exceeds the GDP concentratlon,!the magor produ2§&1s ppGpp Thus, 1t

[0

(appears that the in vtppo ev1dence does not dtscr1m1nate between a mode]

two nuc]eot1des are synthes1zed 1ndependent1y “There 1s no eV1dence

I

3 from in vitro stud1es wh1ch m1ght 1mp11cate.ppGpp as.a precursor of

4

)

'ipppGpp e R »‘? ;".-f\
In vivo{experimentS',;i- ' ’
» B ! T oy T N
@y'fhe resu]ts of in. vzvo exper1ments, 1n which the k1netﬁcs of : :w'f ' »"2" |

,(p)ppGpp synthes1s and decay Were exam1ned in deta11 have.been 1nterpre ”
-ofted as ev1dence that the,magor1ty of ppGpp 1s der1ved by hydro1y51s of\\]’

.pppGpp Nhen w1]d type cells, undergo1ng am1no ac1d starvat1on are i‘\tv” e
.n';supplemented with [ H] guanos1ne, the spec1f1c act1v1ty*of the nuc1e0t1de

'fjpools 1ncrease 1n the order GTP, pppGpp, ppGpp (Cha1oner Larsson and

S P O S f-:« I T I T T W S A
S R R PSP DR S R YT S O
. . e N ° - . e s . P . Lo . .
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,Yamazak1, 1976 F11T et aZ » 1977). These resu]ts are cTear]y inconsis-

tent w1th a scheme in. wh1eh ppGpp 1s the precursor of pppGpp, but favor

the converse These results aTso argue against the 1ndependent synthesis
of ppGpp and’ pppGpp Since GDP is the precursor of GTP, the spec1f1c
act1V1ty of the GDP pool should increase more rap1d1y than that of the

GTP pooT ~Thus, if GDP from the free nucTeot1de poo] was. a major preo&%

'sor of ppGpp, the spec1f1c act1v1ty of the ppGpp pooT woqu be expected | l

. [Ato increase more rap1d1y than that of- the pPpPPGpPp pooT

Y

o p0551b111ty that the two nuc]eotldes are synthes1zed 1ndependent]y Th ff

- or’ the 1nh1b1t1on of (p)ppGpp synthe51s by chToramphen1coTr(5ar1 et-al.

| _tn vzvo resu]ts are therefore, suggest1ve but ot compeTT1ng

Slm11ar concTus1ons have been reached by compar1ng the rates of

“.ppGpp and pppGpp decay, fo]]ow1ng the reTease of starVat1o cond1§?ons

.

'1977 weyer et az : 1977) It was observed thae,,under these cond1t1ons, e

an 1mmed1ate and rap1d decrease in the pppGpp poo] precedes a sTm1Tar, .
but sT1ghtTy less rap1d dec11ne of the ppGpp pooT The GDP and GTP

pooTs s1mu]taneous]y undergo trans1ent 1ncreases, presumabTy -due to'

¢

' the recyc11ng of the 5! -guanos1ne po]yphosphate mo1ety of (p)ppGpp The At

"absence of a tran51ent 1ncrease in the pppGpp’pooT dur1ng the degradat1on°ﬂ ’jfﬂ 3

of ppGpp, is cons1dered as ev1dence that ppGpp is not a: precursor of

-

pppGpp Furthermore a. ca]cu]at1on of the abso]ute rates of (p)ppGpp
o4

: synthes1s and decay revea]ed that- the rate of pppGpp decay is. approxmmate]y :[;"‘

. equa] to thefrate of ppGpp synthes1s but that the converse is not true _f

.‘v

o (F11T eﬁ;az 1977)r These resuTts, therefore argue aga1nst a scheme >

71n wh1ch ppGpp is the precursor of pppGpp, but do not e11m1nate the

]
»

N




: Genette expemments S
| Genetic ev1dence for a precursor product re1at1onsh1p between
pppGpp and. ppGpp is der1ved ]arge]y from analys1s of spoT mutants |
Fo]]ow1nd‘am1no a§1d°starvat1on, thése mutants accumu]ate greater than
wild type amounts of pppr but fa11 to accumu]ate pppGpp (Laff]eruand
GaHant 1974 Stammmger and 'Lazzar1n1, 1974). spol mutants g1so have
a decreased rate of ppGpp degradat1on Therefore, these are conswdered -
to be defect1ve in an enzyme wh1ch is. respons1b1e for convert1ng ppGpp
/to some un1dent1f1ed compound These character1st1cs of the spoT |
mutants were 1n1t1a]1y 1nterpreted as. ev1dence that the spoT gene |
product/was a, k1nase, respons1b1e for the phosphoryﬁat1on of ppGpp to o
pppGppK’ However, 1t has recent]y been demonstrated that, at the onset
of am1no ac1d starvat1on, spoT mutants show a rapid burst of synthes1s

of pppGpp, the concentrat1on of wh1ch may trans1ent1y exceed that of ppGpp

(Cha]oner Larsson and Yamazak1, 1976) The pppGpp level . subseguent]y‘

e undergoes a rap1d dec]1ne to a bare]y detectabﬁe ]evel Th1s resuTt

_ wh1ch 1nd1cates that spoT mutants are competent to synthes1ze pppGpp,.'

| e]1m1nates thewrat1ona1e for propos1ng ppGpp as ‘a precursor of pppGpp:

; In order t3 sat1sfy the requ1rements of a mode] 1n wh1ch pppGpp "is
the precursor,of ppGpp, 1t is necessary to propose that the spoT mutat1on
causes a reduct1on 1n the rate of pppGpp synthesas, but does nqi affect
the rate of degradat1on The&ce11 wou]d therefore possess excess1ve f
pppGpp hydro]yt1c act1v1ty, and pppGpp wou]d not accumu]ate 'In contrast,
-the decreased rate of ppGpthurnover effected by the spoT mutat1on wou]d
: compensa:e for the reduced rate of ppGpp synthes1s and ppGpp wou]d be P

s expected to accumu]ate Th1s mode] has rece1ved support from severa]
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»authOrs who have reported that,.1n spoT mutants, the rate of pppGpp
‘synthes1s is reduced by as much as an order*of magn1tude dur1ng am¥no

‘acid starvat1on (Fiil et az. 1977; De Boer et aZ , ]977) The resu]ts o
| obta1ned w1th spoT mutants do, not exc]ude the poss1b11ﬁty of 1ndependent
esynthes1s of the MS- nuc]eot1des The requ1rements of th1s modeT are
sat1sf1ed by assum1ng that the spoT mutat1on causes‘an equ1va]ent redu t—
ion 1n both ppGpp and pppGpp synthesis. S1nce the spoT mutants are a]Z\\\
—defect1ve in ppGpp (but not pppGpp) degradat1on, ppGpp would accumu]ate
;but pppGpp would not. ‘ . o . -» ) .T: Y

Cons1dered as a whole, the ava1]ab1e ev1dence prov1des some

pos1t1ve support for the_h,ﬁ rat pppGpp 1s a. maJor,precursor

‘of ppGpp However, none ;-;;" 3 exc]ude the poss1b1]1ty of

Jndependent synthes1s A prerequ151te of elther mode] 1s the exlstence
o

'of one or-more enzymes which are capab]e of caus1ng the rap1d degrada-~

r'

‘ : \
tion. of pppGpp It wou]d be expected that a” mutat1on 1n such an

enzyme shou]d d1st1ngu1sh between the mode]s, by caus1ng a reduct1on
' & 8 : .

(

in the ppGpp gpo} 1n one oase but not “in the. pther case

K

On the basis of the forego1ng cons1derat1ons, the present study :vVU.* ‘:’”"”'

nowas undertaken w1th the obJect1ve of 1den}1fy1ng mutants defecf1ve 1n A
”;A;;the degrad3t1on of pppGpp Severa] mutants, wh1ch accumu]ate greater
“'than w11d,type'ﬂevets of - pppGpp durJng am1no ac1d or carbon source

g starvatlon were ﬁsolated and character1zed A]] of these mutantS\

lfappear t@ h ye_an a]teratIon 1n a prev1ous]y undescrlbed gene, wh1ch

"5_115 c]ose]ykllhked to the zlﬁ operon This gene, tentatlvely des1gnated

s

~.as the rpp IOCUS, appears to code for a: nuc]ease wh1ch spec1f1ca11y

o hydro]yzes pppGpp to ppGpp The most conv1nc1ng evidence for thISveggﬁngt3}7ﬂ

P

ass1gnme“' of,functwop was obtalned from in vttro exper1ments Crude ;r”'

| '-Tf:extracts of the gpp mutants show severe1y reduced pppGpp hydro]yt1c

,.Dt/".




o

-

activity. Fract1onat1on of the crude extracts revealed that the . gpp -1

—mutat1on resu]ts in the d1sappearance of ‘two of the five separab]e

,pppGppases wh1ch are observed in w11d type extracts The unexpedted

d1sappearance of two peaks of act1v1ty can be accounted for in severa]

‘ways. One poss1b1]1ty is that the gpp 1 mutant carr1es mutat1ons in

: two c]osely 11nked genes of samxlar funct1on If th1s is the case “the

EX

. genes are not 51mp1y tandem repeats of an 1dent1ca1 gene, since the pro-

A second poss1b111ty 1s that the gpp enzyme is funct1ona] as- . 5‘T~g;a]fi

’_.ﬂ k . . i ..
le1ther a monomer and a mu]tlmer or 1n twO d1fferent mult1mer1c forms 't,tj o .
¥ v . v RS
‘"~_S1nce DEAE Sephadex Separates on the basws of s1ze and charge, the ’ ;}";_ RN

'ﬂducts are wel] separated by DEAE Sephadex chromatography Ver1f1cat10n

.mutat1ons by an appropr1ate genet1c cross “This wou]d resu]t in the

of thls poss1b1T1ty m}ght be accomp41shed by remov1ng one: of the.

a
KU

R

E reFovery of a recomb1nant w1th a phenotype wh1ch 1s 1ntermed1ate be-

. '
e o~ !
. i

 tween the gpp 1 mutant and w11d type However, no such hecomb1nants

’»“dur1ng the“mapp1ng of the gpp 1ocus Thus, if. there are tWO or more
;'mutat1ons, they are e1ther very c]ose]y 11nked or\the recomb1nants

‘xf“cannot be dlst1nguished from the parenta] phenotypes in mass screen1ng

'by the se]ection of revertants

‘ttobserved pattern of §eparat1on m1ght resu]t Ver1f1cat1on of the mu]tlmer
f hypOtheS1S m1ght be obta1ned by rechromatography of the 1nd1v1dua1 peak

;fractlons of pppGppase act1v1ty Spontaneous d1ssoc1atwon of the JT

uone of the gpp—Spec1f1ed pppGppases A pre11m1nary attempt to demonstrate

7‘t has. "Ot been POSS?bkE tO exclude the poss1b1]1ty of severa] mutat1on5'2“

ﬁpostu]ated multlmer shou]d result 1n a Shlft 1n the°e}ut1on prof11e 6f 'ff';f fér.‘ﬁ

were observed fﬁng the severaT hundred transductants wh1ch were scored_-:

(

exper1ments Since the gpp mutants have no read11y d1scerhed phenotype,!

. .
-.' J.’

,". . . . B 3 N ’

>

"
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'h-ihyer§e1yfsugge%t3

COn31dered as weak é"

Q;Jser1es of . experlments in wh1ch the ab111ty of severa] ot};j

"ever, there is- no apparent decrease in the rate of pppGpp degradat1on

«

f:the 1nterconVersion of the two peaks of gpp-enzyme activity rewealed '
i. that the e]ut1on prof11e of these two act1v1t1es may vary substant1al]y s

_afrom one preparat1on to another (Append1x I) ~In one 1nstance peak II-A

conta1ned the maJor1ty of pppGppase act1v1ty, wheras in two other prep-

the major peak A]though the reason fOr th1s .

»vértabt]ity'f sthe fact that the two peaks of act1v1ty vary

~t'they may be re]ated These observat1ons are .

. -
S

ence in support of the mu1t1mer hy

-othes1s

The substrate %

*

) c1f1c1ty of theﬁ;pp enzyme was’ 1{

Y LA
Q-

'ﬁﬁ%4e0t1des

¥

lto act %g compet1t1ve 1nh1b1tors of the pppGppase react1on was in-

'vest1gated The resu]ts of these exper1men&§31nd]cated that ATP GDP
GTP and UTP were not effect1ve 1nh1b1tors of the pppGppase act1v1ty

In v1ew of the structura] s1m1]ar1ty of GTP and pppGpp 1t app@ars that

.-the enzyme exhibits a h]gh degree of‘!pec1f1c1ty A]though te]eo]og1ca1
‘yarguments are se]dom dﬁmpe1]1ng, 1t m1gﬁt be argued that the| mere
'L.ex1stehce of an enzyme wh1ch seems to spec1f1ca]1y hydro]yze pppGpp to
hfppGpp is. substant1a1 ev1dence that th1s pathway is a maJor route of ppGpp

Gsynthes1s in vtvo

Dur1ng amlno ac1d starvatlon the max1ma1 1eve1 of pppGpp accu—f

:mulatlon 1n the gpp mutan s 1s approx1mate1y two fo]d greater than the

'z

maxtma] level 1n,the w11d type stra1n The zn vttro resu1ts suggest

Ji,.that thts s due to a reduct1on 1n the: rate of pppGpp degradat1on HoW~_

-

:follow1ng the re]ease of starvat1oq cond1t1ons Th1s is presumably due )

i-tto the presence of severa] other enzymes wh1ch are capable of pppGpp

Bt el R S T SUNUPITIA
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hydro]ysis Neverthe]ess, 1f pppGpp is a maJor precursor of ppGpP, the

. 1ncreased leve] of pppGpp accumu]at1on should be accompan1ed by -a- pro-

porttona] decrease in the 1eve1 of ppGpp accumu]at1on S1nce th1s 1s
not observed,'lt seems necessary to propose fhat in the grp. mutants,

the rate of PpGpp degradat1on is reduced in proport1on to the decreased

rate of pppGpp hydro]ys1s A s1mp]e mechan1sm to account for th1s ) ?

i ‘ G

: effect is that® the spoT gene product may not d1st1ngu1sh between ppGpp

“and pppGpp as~substrates Thus, ‘the 1ncrease 1n the pppPpp poo] wou]d

reduce the rate of PPGPP hydrolys1s by compet1t1ve 1nh1b1t1on A1terna\—‘a

1ve1y, it is poss1b1e that a gpp mutat1on affects spoT function in some\
other way o o - v_pfr\,‘ |
~ An un]1ke1y a]ternat1ve to these schemes is that in vzvo,_the
gpp enzyme hydro]yzes pppGpp to someth1ng other than ppGpp Th1s
f' rematns a poss1b111ty, since 1t was not r1gorous]y esta211shed that the
_product of the gpp- catalyzed react1on was - ppGpp The‘cond1t1ons used
for the separat1on of - the react1on products m1ght fot’ have d1st1ngu19hed
' ppGpp from pppGp The 1atter compound wou]d not be expected to be a
| precursor of ppGpp, s1nce E coZt is not known to have an’ enzyme capab]e‘
.h?’;: of phosphory]at1ng a 3‘-nuc1eot1de “{L]““' Tr"tﬂ. t‘v“"{ %zh
' Severa] propert1es of the gpp mutants prov1de conv1nc1ng ev1dence

that pppGpp 1s .8 maJor precursor of ppGpp ’ The strongest eV1dence 1s

|-

RS

der1ved from the observatlon that at the onset of am1no acid stargat1on -

-

of,gpp mutants, the 1n;t1a1 rate of ppGpp accumulat1on lags substant1a]]yf

;ﬁf}:" beh1nd the rate of .. pppGpp ﬂikumu]atlon Th1s observatlon 1sed1ff1cu]t

to reconc11e w1th schemes in wh1ch ppGpp 1s the precursor of pppGpp, or

v‘e two nuc]eot1des are synthesized lndependently It 15, .

e v
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however, an essent1a]1y quahwtat1ve resuTt, in that 1t does not exc]ude

the- poss1b1T1ty that some fract1on of tHe ppGpp pool is synthésized . P
d1rect]y from GDP 1n proport1on to the ava1Tab1T1ty of GDP at the s1te %-«V
. of str1ngent factor act1on HOWever, Since all of the enzymes wh1ch have
"been shown to hydro]yze pppGpp’reportedly produce ppGpp as the major
product, 1t mlght be assumed that the amount of ppGpp wh1ch is de-'_-

rlved from pppGpp 1s approx1mate]y equaT to the amount of pppGpp wh1ch

is hydro]yzed S1nce F11T et aZ (1970) have caTcuTated that the

rate of pppGpp degradat1on 1s equa? to the rate of PppGpp synthe51s, it ,

is concTuded that d1rect synthes1s of ppGpp from GDP accounts for a‘

smaT] proport1on of the totaT g ':. C 'v S

oA

A'modeT'for'ppGpp and pppGpp synthe51s and gegrﬁsat1on is
'presentedhin‘Figure’23 The proposed mode] wh1dh 1ncorporates most- of
- the reTevant 1nformat1on, is an eTaborat1on of pravious mode]s (Cha]oner>\>
Larsson and Yamazakl, T976 F‘rﬂet at., 1977; Kari et.al., 1977). T‘h‘e T
- mode] proposes that PpGpp and pppGpp are produced by the product of . the |
breZA gene in response to the b1nd1ng of an uncharged tRNA to the PIbO-'
;_\some GDP and GTP serve as aTternate substrates of the react1on, 1n “‘ ;:P '“ifi. f
proport1on to the1r concentrat1on 1n the free nucTeot1de pooT Thus 4:;.;?(f
P-"jGTP 1s the dlrect precursor o: aTT of the pppGpp produced .wheras GDP |
L fs t ;bdfrect precursor for on]y some of the ppGpp produced “The' pppGpp

~is;subsequen

/ converted to ppGpp by the act1on of the gpp enzyme, EF- G :;;‘-'
’»EFwT and p0551b1y other prote1ns ATT or most of the ppGpp 1s then |
f_“degraded to an unldent1f1ed metabollte by the act1on of the spoT gene
- product The probab]e degradat1on product of ppGpp 1s GDP Sy, }977)
s The pathway is regulated 1n seJeraT ways. The synthes1s of the pur1ne

: nuc]eotldes appears to be negatlve]y reguTated by the 1nh1b1t1on of




( »aactlon of the gpp enzyme, EF G, EF \G?\and poss1b1y other un1dent1f1ed

-

'1}5T¥3ﬁyw"’
F1gure 23 - Proposed model of ppGpp and pppGpp metabo11sm S r,"fﬁ5
"'The mode]l proposes that GDP and GTP are converted respect1ve1y, to A L*\jr

ppGpp and pppGpp by ‘the. reZA prote1n 1n proport1on to: the free nuc]eo-

t1de poo] sjze of the precursors, pppGpp 1s converted to- ppGpp by the

fprote1ns, ppGpp is subsequent]y converted to° :; un1dent1f1ed compound

by the’ spoT gene product Possrb]e s1tes of regu]at1' are Jnd1cated

by the numbered arrows. The regu]atory agents in each case are: (1){:_

the spoT gene product ppGpp, or a metabo]1te of ppGpp, (2) ppGpp, "

(3) a component of carbohydrate metabo]xsm

" - ‘ >



1,T; % ATthough the search for gpp mutants has not resulted in the

| IMP_dehydrogenase,and adeny]osuccinate synthetase by‘ppGpp'(Ga]Tantvat
al., 1971). This would reduce the fTow of precursors for (p)ppGpp |
synthesis and wou]d therefore be" expected to reduce the rate of .va
(p)ppGpp synthes1s The second point. of reguTat1on appears tb»be at

.the site of (p )ppGpp synthes1s ThTS is 1nferred from the observat1on )
-

that during amino acid starvat1on, spoT. mutants synthe51ze (p )ppGpp at

product 1s directly 1nvoTved in. (p)ppGpp synthes1s, or that the greater -

“than w1Td type Teve] of ppGpp accumu]at1on in spoT mutants, 1nh1b1ts

e

(p)ppGpp synthe31s The degradatlon of ppGpp. aTso appears to be -

82

&B lower rates than the. W1Td type. This suggests tHat ‘either the quT gene

reguTated Th1s is’ 1nferred from the observation that, in the wild type

\stra1n the rate of ppGpp degradat1on s reduced durlng carbon source
-downshlft (GaTTant et aZ R 1972 Fc:esen et,aZ > ;975 Hansen et al.,
1975) Th1s response suggests that the actlon of the spoT gene product

:fTS reguTated by some component of carbohydrate or energy metaboT1sm
"The model appears to -be 1nadequate to exp]a1n the fact that, 1n gpp -
’d-mutants, the max1ma1 ]eve] af ppGpp accumu]atlon is” not reduced in

'proport1on to the 1ncrease 1n the pppGpp pooT _ The resoTutlon of th1s
T.-anomaly re u1res add1t1ona1 exper1menta1 eV1dence

-t

1soTat1on of mutants wh1€h are totaTTy defect1ve in: pppGpp hydro]ys1s,'

presented here 1nd1cate that there are at Teast three other prote1ns

wh1ch are CapabTe of . pppGpp hydroTys1s It seems probab]e that the»two fi.

.j‘ 1t m1ghb fac111tate the eventua] construct1on of such a stra1n Resu]ts ‘

ribosome dependent pppGppases represent EF G and eTongat1on factor Tu _

(EF T) both of wh1ch have been reported to possess GTPase and ‘
pppGppase actavxt1es (Hame] and Cashel 1973 Cochran and Byrne T974

A .

BTock and HaseTt1ne, 1974) ATthough cond1t10na] mutants affect1ng

S

e

r :
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.
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these enzymes have been reported (Tocch1n1 VaTent1n1 and Mattocc1a, ]968

‘w

Lupker et al., 1974), the1r ut1]1ty in th1s context 1s 11m1ted by the

fact that ‘they are requ1red for trans]at1on, a necessary prerequis1te for

pppGpp synthes1s Furthermore, the. ex1stence of two a]most 1dent1ca}
cop1es of the gene for EF Tu (Jaskunas et al., 1975; Furano, 1977)
: renders the techn1ca1 aspects of stra1n construct1on d1ff1cu]t Therefore,

it seems that the construct1on of a mu]t1p]y mutant stra1n may not ‘be .-,'\\g '
: Pract1ca1 T MR A _'.]' B .// |
o In add1t1on to prov1d1ng cv1dence that pppGpp 1s a maJor precursor>

Vof ppGpp, the 150]at1on of - the gﬁp mutants may prov1de an 1ns1ght 1nto

 several re]ated probTems The accumuTat1on of pppGpp dur1ng downshlft

'
of gpp mutants was somewhat unexpected s1nce 1t has been reported that

e,y A e td e v o s

.T1tt]e or no (p)ppGpp synthes1s occurs durlng downsh1ft (GaTTant tt al., . S

;~]972 Fr1esen et al., 1975 Hansen et al., 1975) The s1mp1est 1nterpre- '_'_‘- (
w - N

@ tat on of the resu]ts presented here is that prev1ous authors hav;.‘; w o
vunderestlmated the extent of (p )ppGpp synthe51$ dur1ng downsh1ft due IR -j

v .
%;érfgt‘to the d1ff1cu1t1es’assoc1ated w1th d1st1ngu1sh1ng between synthesrs’
8 :

,Q _};_and reduced turnover ATternat1ve]y, 1t is poss1b]e that downsh1ft

”.causes a funther reduct1on 1n the rate of pppGpp degradat1on in the

{i-gpp mutants . Inh1b1t1on of one or more of the rema}n1ng pppGppases&& o

’ fby GDP or. a re]ated nucTeotlde m1ght account for such an effect Ver-

’ 31f1cat1on of one of these a]txrnat1ves m1ght resuTt 1n a useful reap-

PPalS&T'@f the mechan1sm resp ns1b1e for the - downsh1ft 1nduced accumula—/"‘

% }ﬁon;of,p@Gpniv.'- T S o e ] EE
L R o W e T
IR I Y A partagui ly: 1nterest1ng and unexpected resuTt was th A
Ty :

adparent 1nv1ab111ty of gpp spoT doub]e mutants The phenotype expectedgvn”

of such a stra1n uas that 1t; )

' be part1a11y defect1ve 1n both ppGpp

and pppGpp degradat1on Thus, 1t was expected\that the doub]e mutant
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e

e
. .

"\'%mpu1d accumu]ate more pppGpp than a spoT mutant, and would have 1ower
: levels of ppGpp due to the reduced rate of entry from the pppGpp pool

l There 1s no apparent reason why such a phenotype shou]d be 1nV1ab1e

i

’ The 1so]at10n of the presumpt1ve spoTt ‘mutant permitted the'n

'Aconstruct1on of a spoT 'gpp stra1n Although the spoTt mutant 1s an o ;_” ’:“

atyp1ca] spoT mutant 1n sever&& respects, the effect of a gpp mutat1on
~upon (p)ppGpp accumulat1on in the spoTt mutant'at the‘non-perm1ss1ve )
temperature was as expected Fyrthermore,dthe'presence’of;tﬁe/;;p
mutat1on 1n the spoTt ‘strain. resu]ted ina dramat1c dxfference 1n the
rate of RNA accumulation at the non perm1ss1ve temperature Th1§dresult
s, cons1dered as conv1nc1ng ev1dence that the SpOT and gpp‘genes 1nter— :
_-'act in some manner but does not necessar1]y 1mp]y that the pr1mary

_ .effect of the 1nteract1on is at the level of transcr1ptlon S1nce the

"effect on RNA accumu]at1on was not correlated w1th the levels of ﬁ

”A;(p)ppGpp, it seems apparent that one‘ or. both of these génes are-1n- -

vo]yed 1n some process other than (p)ppGpp degradat1on Further ana]ys1s ?f,‘

of th1s prob]em should be fac111tated by a more comp]ete ana]ys1s o( :

.f‘w
S ]
£ e

the spoTt‘ mutant
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pppGpp HYDROLYZED (CPM x10°3)

APFENDIX I
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Figure 1. - Ribosome 1ndependent pppGppaae activities from the wild type stra‘in _ ;
An S-100 extract: of the mld type stram C5417 was fractionated 0n al.2 x 33 cm column of DEAE
Sephadex The column was ‘eluted with a 300 ml KOAc grad1ent (0 1 - 0.45. M) at 10 ml/hr (4°)
The elutwn buffer contained 50 mM Tris-OAc (pH 7. 4) 10 mM Mg(f)l&c)2 and 7 w4 Z-mercaptoethanol
The fractions were. assayed in a reactwn rixture conta‘ir-fng 10 vl of pppGpp (10 nnoles). and 25 u) T , i s

.of enzyme. The reactwn mixture was 1ncubated at 32° for 60 n1n At this t:ma the reactwn

was Stopped with 5 ulof 5 M for:mate “The reaction products were sebarated by chronatography

~.on PED cellulose, cut out and counted._ Symbols ©) PPPJppruw actfyity of undialyzed fraction’s.

(@) pppGppaée activity of fractions which have been dialyzed in buffer:A. o ‘ o . S
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- Figure 2 - beosome 1ndependent pppGppaBe activities 1n the wﬂd type strﬂin

e

An.‘SqOO extract of the wild type stratn CSQU was prepared and frattionated as described 1n ngure }

‘.except that the KQAc gradient was from 0.75 0.5 M The dialyzed fractions Here assayed 1n SO [

reactions containing 20 nmoles pppGpp (in 10.ul), 30 uI of protefn (ln buffer—A) and 10 u'l of" buffer A,'
- " The reaction was 1ncubated at 32° for 80 min. then terminated by ‘the addition of §.ul of 5 M. fomate
A 30 ul aliquot of the: reaction mixture was chromatographed an PEI. ceHulose, and the |reas of 1nterest";‘

S were cut out and counted.
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“An'S 100 extract; of the ,yvﬂ'd.type s’tfain'{CVSqW was bi-épared_; fractionated, and assayed as describe /

10 Figure 2 exdept that 3.0 Azéo units of low-salt vwash'é'ﬂ r"1bo‘soines' were‘inél'udéd-1n the réat_tiqn
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o rracTIon ussER

o " Figure S - GTPaae activiﬁes 1n ‘the wild. type strafn uhen assayed 1n the presence of r‘lbosomes

CAn. S-IOO extract of the de type strain CS“7 vas prepared fractionated, and assayed as descr!bed

in Figure 3 except that GTP was. used -as the substrate. ; N ER S '
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—T e APPENDIX. 11
.HydroTysis'of various_nucTeotTdes'by 3'—nucTeotidase 3
SUbstrate'. 4‘ - Concentration %'hydro;ySTS_
L ppGpp]v“Qf;g”f""fﬁ"' - 50 uM. o R §
PPRBPP. L g N N L
‘HydroTys1s'.- e T e

'p~,pppGpp

“product of,f;ﬁ. BQJUMf ?""hf;;55f3f7iff ]3~;v e é%.d;'iffn

*

e ';The react1on m1xture conta1ned substrate, 3'-nuc1eot1dase (T 2 un1ts/m1)

Lo v

and. buffer and saTts at the same concentrat1on as buffer A The‘ S

.react1on was 1ncubated at 32° fé% 30 m1n then term1nated by the

,»add1t1on of 0. T voTumes of. 5 M formate The reactlon products were o
}”separated by chromatography on. PEL ce]TuTose th1n Tayers, cut out

-‘and counted The act1v1ty of. .

fnucTeot1dase toward the substrate

"”f1s presented as the proportlon of'the substrate wh1ch was hydro]yzed

: -dur1ng the react1on

* The hydroTys1s product of pppGpp was obta1ned by 1ncubat1ng the peak

'-fract1on of gpp enzyme act1y1ty (Trom a DEAE Sephadex coTumn) W1th

'-:pppGpp unt1T the hydroTys1s of. pppGpp was complete (Z_hrs at: 32°)” i*m ’
ff The reactlon m1xture was then d1v1ded 1nto two aT1quots, one of‘wh1ch ;:7
- was” suppTemented w1th 3‘—nucTeot1dase and the 1nc633t10n was cont1nued :

| ';for an add1t1onaT 30 min, at 320 T "-} e




