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The flagellar anti-a factor FlgM actively 
dissociates Salmonella typhimurium  
a 28 RNA polymerase holoenzyme
Meggen S. Chadsey, Joyce E. Karlinsey, and Kelly T. Hughes1
Department of Microbiology, University of Washington, Seattle, Washington 98195 USA

The anti-a factor FlgM of S a lm o n e l la  t y p h i m u r iu m  inhibits transcription of class 3 flagellar genes through a 
direct interaction with the flagellar-specific a  factor, a 28. FlgM is believed to prevent RNA polymerase 
(RNAP) holoenzym e formation by sequestering free a 28. We have analyzed FlgM-mediated inhibition of a 28 
activity in vitro. FlgM is able to inhibit a 28 activity even when a 28 is first allowed to associate with core 
RNAP. Surface plasmon resonance (SPR) was used to evaluate the interaction between FlgM and both a 28 and 
a 28 holoenzym e (Ea28). The K d of the a 28-FlgM com plex is ~2 x 10-10 m ; m issense m utations in FlgM that 
cause a defect in a 28 inhibition in vivo increase the K d of this interaction by 4- to 10-fold. SPR measurements 
of E a28 dissociation in the presence of FlgM indicate that FlgM destabilizes E a28, presumably via an 
interaction with the a  subunit. Our data provide the first direct evidence of an interaction between FlgM and 
E a28. We propose that this secondary activity of FlgM, which we term holoenzym e destabilization, enhances 
the sensitivity of the cell to changes in FlgM levels during flagellar biogenesis.
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B acter ia l core R N A  po ly m era se  (RNAP), a m u l t im e r ic  
e n z y m e  w ith  a m o le c u la r  co m p o s i t io n  of a 2p p ' ,  has th e  
ab i l i ty  to t r a n sc r ibe  R N A  process ive ly  from a n ick  or 
bub b le  in d o u b le -s tran ded  D N A , b u t  is u n ab le  to  in i t ia te  
t r a n sc r ip t io n  specifically  at a p ro m o te r  (Burgess and  T r a ­
vers 1969). P ro m o te r  specific ity  is conferred  by one  o f  a 
n u m b e r  o f  d issoc iab le  a  su b u n i ts ,  w h ich  con ta in  th e  d e ­
te rm  in a n ts  necessa ry  for p ro m o te r  r ecogn i t ion  and  lo ca l­
ized d e n a tu ra t io n  o f  t h e  D N A  (H e lm an n  and  C h a m b e r ­
lin 1988). T h e  in te rac t io n  o f  a  w i th  core R N A P  to form 
RN AP h o lo e n z y m e  is m e d ia te d  by at leas t  one  do m a in  of 
a ,  loca ted  in conserved  a  regions 2 .1 /2 .2  (Lesley and  B ur­
gess 1989; Shu ler  et al. 1995; T in t u t  and  G ra l la  1995; 
Severinova  et al. 1996; C li f ten  et al. 1997; Joo et al. 1997; 
L eo n e t t i  et al. 1998; O w e n s  et al. 1998) and  m a y  also 
in vo lv e  conserved  a  reg ions  3 (Zhou et al. 1992; Joo et al. 
1998; C li f ten  et al. 1997; O w en s  et al. 1998). T h e  h o lo ­
e n z y m e  co m p lex  is ex tre m e ly  stable ,  w i th  a K d of  
~5 x 10-10 M(Gill et al. 1991).

E scherich ia  coli  c o n ta in s  seven species o f  a  su b u n i ts  
( I sh iham a  1997), w h ich  share  s ign if ican t seq uen ce  s i m i ­
la r i ty  (Lonetto  et al. 1992). T h e  m a jo r i ty  o f  bac te r ia l  
genes are t r an sc r ib ed  by R N A P  h o lo e n z y m e  c o n ta in in g  
th e  v ege ta t ive  a  factor, a 70 (Harris et al. 1978; O sa w a  and 
Y ura  1981). Subsets  o f  genes w h o se  p ro d u c ts  are requ ired

C orresponding author.
E-MAIL hughes@ i.w ashington.edu; FAX (206) 543-8297.

on ly  d u r ing  certa in  d e v e lo p m e n ta l  stages or u n d e r  spe­
cific co n d i t io n s  are often  coo rd ina te ly  t ran sc r ibed  by 
R N A P  h o lo e n z y m e  co n ta in in g  an a l te rn a t iv e  a  factor. 
Pools of a l te rn a t iv e  a  factors m a y  be syn th e s iz ed  before 
th ey  are needed  and  m a in ta in e d  in an in ac t iv e  s ta te  u n t i l  
th e  cell  rece ives a signal t h a t  th e y  are requ ired .  T h is  
s t ra tegy  is often  em p lo yed  in s i tu a t io n s  th a t  d e m a n d  a 
rap id  and  co o rd ina ted  shift in th e  focus of tran sc r ip t io n ,  
such as d u r in g  flagellar sy n th e s is  in E. coli , S. t y p h i m u ­
rium  , and  o th e r  species (O h n ish i  et al. 1990; H e lm a n n  
1991; Liu and  M a t s u m u r a  1995). T h e  sequ es te r ing  o f  a  
factors from core RN AP is carr ied  o u t  by a fam ily  of 
nega t ive  regu la to ry  p ro te in s  k n o w n  as a n t i -a factors (for 
rev iew , see Brown and  H ug hes  1995; H ug hes  and  M at-  
th a i  1998). A n t i - a  factors b ind  d irec tly  to free a  s u b u n i ts  
and  appear to in h ib i t  an early  step in th e  tran sc r ip t io n  
cycle  prior to  th e  stab le  a ssoc ia tion  o f  R N A P  h o lo e n ­
zy m e  w ith  p ro m o te r  D N A . A n t i - a  factors are t h e m ­
selves nega tive ly  regu la ted  by a varie ty  o f  m e c h a n is m s ,  
in c lu d in g  export  o f  th e  a n t i -a  factor o u t  o f  th e  cell , and 
c o m p e t i t iv e  b in d in g  by a n t i - a n t i -a factors.

S tud ies  o f  th e  in te ra c t io n  b e tw e en  th e  a n t i -a  factor 
FlgM and  th e  flagellar-specific a 28 o f  S a lm o n e l la  t y p h i ­
m u r iu m  led to th e  proposa l  th a t  FlgM p re v e n ts  h o lo e n ­
zy m e  fo rm a tio n  by b ind ing  to  th e  a m in o - te rm in a l  c o n ­
served a  regions 2.1 /2 .2  o f  a 28, th e reb y  m a s k in g  im p o r ­
ta n t  core R N A P -b in d in g  res id ues  (O h n ish i  et al. 1992). 
T h e  d iscovery  th a t  th e  m i n im a l  F lgM -binding  do m a in  of 
a 28 w as c o n ta in e d  in th e  ca rb o x y - te rm in a l  -3 5  p ro ­
m o te r -b in d in g  d o m a in ,  co m p r ised  by regions 4 .1 /4 .2 ,  led
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to  rev is ion  o f  th is  m o d e l  (K u tsu kak e  et al. 1994). It was 
p roposed  th a t  FlgM b o u n d  to a 28 at regions 4 .1 /4 .2  i n ­
ter fered  w i th  h o lo e n z y m e  fo rm a tio n  th ro ug h  an a llos te -  
r ic  m e c h a n is m  t r a n s m i t t e d  from regions 4.1 /4 .2  to r e ­
gions 2 .1 /2 .2 .  O th e r  a / a n t i - a  factor pairs  appear to  i n ­
te ra c t  in a s im ila r  m a n n e r .  It has  been d e m o n s t ra te d  th a t  
a ca rb o x y - te rm in a l  f ragm en t o f  a 70 c o n ta in in g  region 4.2 
is th e  m i n im a l  ep itope  capable  of b in d in g  th e  phage T 4  
a n t i - a 70 factor (Severinova et al. 1996; A d e lm an  et al. 
1997; C o l lan d  et al. 1998). L ikew ise , regions 4 .1 /4 .2  of 
th e  B acil lus  s u b t i l i s  sp o ru la tion -spec if ic  a  factor a F 
fused to  m a l to se -b in d in g  p ro te in  (MBP) w as suffic ien t to 
m e d ia te  b in d ing  to  th e  a n t i - a  factor SpoIIAB (D ecatur  
and  Losick 1996). G e n e t ic  analys is  o f  a 28 and  a F have  
iden t if ied  single am in o  acid su b s t i tu t io n s  th a t  allow 
th e se  a  factors to  escape n ega tive  reg u la t io n  by th e i r  
cog na te  a n t i - a  factors, p re s u m a b ly  by a l te r ing  im p o r ta n t  
a n t i - a  co n tac t  po in ts .  T h e  m a jo r i ty  o f  th ese  m u ta t i o n s  
m a p  to regions 4 .1 /4 .2  (K u tsuk ake  et al. 1994; D e c a tu r  
and  Losick  1996; M. C h ad se y  and  K. H ughes ,  unpubl.) .

D esp i te  th e  e m erg in g  s im i la r i ty  a m o n g  d ifferent a /  
a n t i - a  factor sy s tem s ,  l i t t le  progress has been m a d e  in 
u n d e rs ta n d in g  how  a n t i - a  factor b ind ing  affects th e  a -  
core R N A P  in te rac t io n .  It is c lear th a t  th is  process  is 
m  ore co m p l ic a te d  th a n  th e  re su l ts  above w o u ld  suggest. 
T h e  sam e  gene tic  se lec tions  th a t  y ie lded th e  region 4 .1 /  
4.2 su b s t i tu t io n  m u t a n t s  o f  a 28 and  a F also p ro du ced  
m u ta n t s  in th e  p u ta t iv e  core RN A P -b ind ing  d o m a in s  in 
regions 2.1 and  3.1, and  MBP fus ions  to each of th ese  
regions o f  a F also sh ow ed  som e aff in ity  for SpoIIAB (De­
c a tu r  and  Losick 1996). S om e o f  th e  a l te red  res idues  m a y  
rep re sen t  ad d it io n a l  a n t i - a  factor co n tac t  p o in ts .  A l te r ­
na t iv e ly ,  th e  su b s t i tu t io n s  m a y  in te rfe re  w i th  an a lloste- 
ric  signal p ropaga t ing  from a n t i - a  factor b o u n d  at th e  
carboxy l t e rm in u s .  A th i rd  poss ib i l i ty  is th a t  th e  s u b s t i ­
tu t io n s  increase  th e  aff in ity  o f  th e  a  factors for core 
R N A P , th u s  enab lin g  core R N A P  to c o m p e te  m o re  ef­
fec t ive ly  w i th  th e  a n t i - a 28 fac tor for th e  a  factors.

A m ajo r  q ue s t io n  ra ised  by th e se  ana lyses  is w h e th e r  
th e  s i tes  recogn ized  by a n t i - a  factors on free a  are still 
access ib le  on h o lo e n zy m e .  If th is  is th e  case, th e n  a n t i - a  
factors cou ld  regu la te  t r an sc r ip t io n  at tw o  levels: (1)By 
b in d ing  to and  seq ues te r in g  free a  from core RN AP (Ben­
son and  H a ld e n w a n g  1993; D e c a tu r  and  Losick 1996; 
G a m e r  et al. 1996; G o rh am  et al. 1996; Xie et al. 1996), 
and  (2) by b in d in g  to h o lo e n z y m e  via th e  a  s u b u n i t  to 
p rev en t  tran sc r ip t io n  d irec tly .  W e have  addressed  th is  
q ues t io n  in our analys is  o f  th e  in te rac t io n  be tw ee n  a 28 
and  FlgM in S. ty p h im  urium  . D u r in g  flagellar b iogenesis,  
FlgM regu la tes  th e  tran sc r ip t io n  o f  a 28-dependen t  genes 
(Gillen and  H u gh es  1991), w h ich  encode  th e  s u b u n i ts  of 
th e  flagellar f i lam en t .  T h e  genes enco d ing  a 28 and  FlgM 
(fliA and  f l g M , r espec t ive ly )  are bo th  expressed  early  in 
flagellar b iogenes is  (K u tsukake  et al. 1990; O h n is h i  et al. 
1990; G il len  and  H u gh es  1993). FlgM checks  a 28 a c t iv i ty  
w h i le  th e  m em b ra n e -a s so c ia te d  flagellar su b s tru c tu re ,  
th e  h o o k /b a s a l  body (HBB), is being assem b led .  U pon 
co m p le t io n  o f  th e  HBB, FlgM is secre ted  o u t  o f  th e  cell 
th ro u g h  th e  n a sc en t  flagella, th e reb y  re leas ing  a 28 from 
in h ib i t io n  (Hughes et al. 1993; K u tsu k a k e  1994). T h e

purp ose  o f  ou r  s tudy  w as to e x a m in e  in v itro  th e  m e c h a ­
n ism  o f  F lgM -m edia ted  in h ib i t io n  of a 28-dep end en t  t r a n ­
sc r ip tion .  T h e  d a ta  p re sen te d  here  suggest th a t ,  in a d d i­
t ion  to  sequ es te r ing  free a 28 from core  R N A P , FlgM e m ­
ploys a nove l m e c h a n is m  to regu la te  a 28 h o lo e n z y m e  
(Ea28) ac tiv ity .

Results

M u ta t io n s  in th e  carboxy- term  ina l h a l f  o f  FlgM  
d is ru p t  a n t i -a  f a c t o r  a c t iv i ty

To b e t te r  u n d e rs ta n d  th e  m e c h a n is m  by w h ic h  FlgM p re ­
v en ts  a 28-dep end en t  t r an sc r ip t io n ,  w e iso la ted  f lg M  m u ­
ta n t s  defec t ive  in th is  a c t iv i ty  (Hughes et al. 1993; 
D a u g h d r i l l  et al. 1997). T w o  o f  th ese ,  m is se n s e  m u t a n t s  
w i th  single am in o  acid su b s t i tu t io n s  in th e  carboxy- ter-  
m in a l  a 28-b ind ing  d o m a in  of FlgM (Iyoda and  K u tsu k ak e  
1995; D au g h d r i l l  et al. 1997), w ere  chosen  for fu r the r  
ch a rac te r iz a t io n  in v itro  to  d e te rm in e  w h e th e r  th e i r  in 
vivo p h e n o ty p e  w as in fact a t t r ib u ta b le  to a decrease  in 
th e i r  ab il i ty  to in h ib i t  th e  a 28 t r an sc r ip t io n  m a c h in e ry  
(a28 a n d /o r  E a 28). S tra ins  TH2781 and  T H 3 4 72  express 
m u t a n t  alleles w i th  a Leu to  Ser change  at re s idu e  66 
(FlgM*L66S), and  an Ile to  T h r  s u b s t i tu t io n  at re s id ue  82 
(FlgM*I82T), resp ec t iv e ly  (* is used  to d es igna te  m u t a n t s  
defec t ive  for a 28 inh ib i t ion ) .  T h e  m u t a n t  f l g M  * alleles 
w ere  c lo n ed  in to  a m in o - te rm in a l  h is t id in e - tag  fusion 
v ectors  as described  in M ate r ia ls  and  M e tho ds .  T h e  p u ­
rified m u t a n t  p ro te in s ,  H is-F lgM  *L66S and  H i s -  
FlgM *I82T, w ere  th e n  c o m p ared  w i th  H is-F lgM  for th e i r  
ab il i ty  to  in h ib i t  a 28-d ependen t t r an sc r ip t io n  from the  
f l i C  p ro m o te r  in v it ro .  R e c o n s t i tu te d  E a 28 specifically  
t r an sc r ib ed  th e  a 28-dep end en t  f l iC  p ro m o te r  and  reached  
a n e a r -m a x im a l  ra te  o f  t r an sc r ip t io n  at a 1:1 ra t io  b e ­
tw e en  a 28 and  core RN AP (Fig. 1 A). W hen  E a 28 w as c h a l ­
lenged w i th  inc reas in g  a m o u n t s  o f  H is-F lgM , t r a n sc r ip ­
tion  from th is  p ro m o te r  rap id ly  dec lined ,  and  reached  
back g ro u n d  (a - ind epen den t)  levels at a 4:1 ra t io  o f  FlgM 
to  a 28 (Fig. 1B). Both FlgM* m u t a n t s  d e m o n s t ra te d  r e ­
duced  ab il i ty  to in h ib i t  a 28-dep end en t  t ran sc r ip t io n ;  
even at a 10:1 ra t io  o f  FlgM* to a 28, t r a n sc r ip t io n  w as no t 
co m p le te ly  abolished .  In vivo assays of p-galac tos idase  
expression  from a 28-d ependen t  p ro m o te rs  in th e  p re s ­
ence  o f  th e  f l g M  * a lle les w ere  c o n s i s te n t  w i th  th e  resu l ts  
o f  th e  in v itro  t r an sc ip t io n  assays; s t ra ins  express ing  the  
m u t a n t  FlgM*L66S and  F lgM *I82T p ro te in s  had  th ree-  
and  six-fold h ig he r  levels o f  p-galac tos idase  ac tiv ity ,  r e ­
spect ively , co m p are d  w i th  isogenic  f l g M + s t ra ins  (data 
n o t  show n). T h u s ,  th e  s im p le s t  ex p lan a t io n  for th e  effect 
o f  th e  su b s t i tu t io n  m u ta t io n s  in vivo and  in v itro  is th a t  
th ey  fail to  b ind  to  a 28, or in h ib i t  i ts ac tiv ity ,  as effi­
c ie n t ly  as w ild - type  FlgM. H ow ev er ,  n e i th e r  assay  r e ­
vealed  w h e th e r  th e  ta rget o f  F lgM -m edia ted  in h ib i t ion  
was a 28, E a 28, or bo th .

T he  FlgM *L66S m u t a n t  is de fe c t iv e  f o r  b in d in g  
to  G S T - a 28

C ro ss - l in k in g  of purif ied  FlgM and  a 28 in v itro  suggested 
th a t  th e  tw o  p ro te in s  cou ld  in te ra c t  d irec tly  (O hn ish i  et
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Figure 1. Effect of FlgM on a 28-dependent transcription in 
vitro. (A) Transcription from a a 28-dependent promoter by re­
constituted Ea28. Reaction mixtures contained 30 nM His-core 
RN AP (E) and 3 nM template DNA [either the a 28-dependent 
f l iC  promoter (O), or the a 70-dependent tac promoter (•)]. The 
m olar ratio of a 28 to core RN AP in each reaction is indicated on 
the x axis. (B) Inhibition of a 28-dependent transcription by FlgM 
and mutant FlgM* proteins. Purified His-FlgM proteins were 
incubated with a 28 and core RNAP prior to the initiation of 
transcription. Reaction mixtures contained 30 nM core RNAP 
and 15 nM a 28. (O)FlgM; (A) FlgM*L66S; (A) FlgM*I82T. The 
molar ratio of His-FlgM to a 28 in each reaction is indicated on 
the x axis. Error bars in A and B indicate s.d. (assays performed 
in triplicate).

al. 1992). C opu r if ica t io n  o f  FlgM w ith  a G S T - a 28 fus ion 
p ro te in  from a c rude  cell  ex trac t  d e m o n s t ra te d  th a t  th e  
a 28-FlgM  co m p lex  w as suff ic ien tly  s tab le  to be iso la ted  
w i th o u t  c ross- l ink ing  (Jishage and  I s h ih a m a  1998). T h e  
re su l ts  of a s im ila r  G S T - a 28 assay for F lg M -a 28 co m plex  
fo rm a tio n  are sh ow n  in Figure 2A. W h en  c rude  ex trac ts

of  S. ty p h im  urium  cells  express ing  G S T - a 28 w ere  passed 
over a g lu ta th io n e -S e p h a ro s e  co lu m n ,  th e  G S T - a 28 fu ­
sion p ro te in ,  bands  co rresp on d ing  to th e  a  (not vis ib le  by 
C o o m ass ie  staining), p, and  p '  s u b u n i ts  of R N A P , and 
th e  FlgM p ro te in  w ere  all re ta in ed  (lane 2. T h e  p resence  
of  a  and  th e  id e n t i ty  of FlgM w ere  co n f i rm e d  by W este rn  
analys is ;  d a ta  n o t  show n). N e i th e r  FlgM no r  th e  R N A P  
s u b u n i ts  b o u n d  to  th e  u n fu sed  GST p ro te in  (lane 1). 
T h e se  d a ta  confirm  ed th a t  FlgM is able to b ind  a 28, and 
th ey  did no t  exc lu de  th e  poss ib i l i ty  th a t  FlgM is also 
capable  o f  b in d in g  E a 28.

T h e  G S T - a 28-based assay  for a 28-F lgM  co m p lex  for­
m a t ion  w as em p loyed  to  assess th e  re la t ive  aff in it ies  of

Figure 2. Binding of FlgM and mutant FlgM*L66S proteins to 
GST-a28 in crude cell extracts. (A) FlgM associates with GST- 
a 28. Crude cell extracts from S. typhimurium  strain LT2 ex­
pressing either GST alone or a G ST-a28 fusion were passed over 
glutathione-Sepharose affinity columns. Proteins that re­
mained on the column following washing were eluted, sepa­
rated by SDS-PAGE, and stained with Coomassie blue. (Lane 1) 
GST alone; (lane 2) G ST-a28 fusion. (B) FlgM*L66S mutation 
weakens the FlgM-a28 interaction. Assays were performed as 
above except that crude cell extracts were prepared from strains 
expressing FlgM-LacZ (lane 1) and FlgM*L66S-LacZ (lane 2).
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FlgM and  FlgM*L66S pep tides  for G ST-ct28. T h e  G S T -  
a 28 expression  vec to r  (pKH486) w as in t ro d u c e d  in to  
m e ro d ip lo id  S. ty p h im u r iu m  f l g M  s t ra ins  expressing  
F lgM -L acZ  fus ion p ep tides  in add it ion  to  n a t iv e  FlgM. 
C e ll  ex trac ts  from p K H 4 8 6 /T H 2 8 2 2  (expressing FlgM 
and  F lgM -L acZ ) and  p K H 4 8 6 /T H 2 8 2 5  (expressing FlgM 
and  F lgM *L66S-LacZ ) w ere  an a lyzed  as above (Fig. 2B). 
A co m p ar iso n  o f  lane  2 w i th  lane  1 reveals  th a t  G S T - a 28 
b o u n d  s ign if ican tly  less o f  th e  F lgM *L66S-LacZ  fus ion 
(and c o n se q u e n t ly  m o re  o f  th e  n a t iv e  FlgM p ro te in  and 
th e  p /  p '  s u b u n i ts  o f  core R N A P )  th an  it  did  o f  th e  
FlgM+-LacZ fus ion. T h is  re su l t  can be a t t r ib u te d  to  a 
w e a k e r  aff in ity  o f  th e  F lgM *L66S-LacZ  fusion for G S T -  
a 28, as th e  in t race l lu la r  level o f  th e  m u t a n t  LacZ fusion 
p ro te in  in T H 2825  w as d e te rm in e d  by q u a n t i ta t iv e  
W estern  analysis to be at least as great as th a t  of FlgM+- 
LacZ in T H 2822 (data no t shown). T hese  data  suggested 
th a t  th e  defect in th e  ability  of FlgM*L66S to inh ib it  a 28 is 
a tt r ibu tab le  to a decreased affinity o f  th a t  m u ta n t  for a 28.

FlgM-m e d ia te d  in h ib i t io n  o f  a 28 a c t i v i t y  occurs prior  
to  D N A  b in d in g

T h e  f i l te r-b ind ing  te c h n iq u e  (H ink le  and  C h a m b e r l in  
1972) w as em p lo y ed  to  te s t  th e  effect o f  FlgM on p ro ­
m o te r  b ind ing  by E a 28. In th e se  assays, specific b in d in g  
o f  p ro m o te r  D N  A is te s ted  by cha llenge  o f  p ro t e in -D N  A 
co m p lexes  w i th  nonspec if ic  c o m p e t i to r  D N A . N e i th e r  
a 28 no r  FlgM a lone  w as able to  b ind  D N  A c o n ta in in g  th e  
f l i C  p ro m o te r  in th is  assay (Fig. 3A, lanes  2,8). O n ly  
R N A P  c o n ta in in g  a 28 bo u n d  specifically  to th e  f l i C  p ro ­
m o te r  (Fig. 3 cf. A, lanes 4 and  6 w i th  B, lanes  1 and  4). 
Specific b in d in g  o f  E a 28 to  th e  f l i C  p ro m o te r  w as in h ib ­
ited  by FlgM regardless  o f  th e  order of add it ion  o f  p ro ­
te in s  to th e  reac t io n  m ix tu r e  (Fig. 3B, lanes 2,3). In these  
tw o  lanes,  it  appeared  th a t  a 28 th a t  had  first been in c u ­
b a ted  w i th  core R N A P  for a period  o f  t im e  suff ic ien t to 
a llow  h o lo e n z y m e  fo rm a tio n  (as ev idenced  by th e  d a ta  in 
Fig. 1) was as su scep tib le  to  FlgM as free a 28. H ow ever ,  
o nce  E a 28 fo rm ed  a co m p lex  w i th  th e  p ro m o te r ,  su b s e ­
q u e n t  in cu b a t io n  w i th  FlgM cou ld  n o t  reverse  th is  p ro ­
cess (data n o t  show n), w h ich  suggested  th a t  FlgM is no t  
able  to in te ra c t  w i th  E a 28 once  it  is b o u n d  to  D N A .

FlgM com igrates w i th  E a 28 in n a t iv e  P A G E

R eso lu t io n  o f  p ro te in  co m p lexes  on n a t iv e  gels w as e m ­
ployed  to  te s t  for th e  ex is ten ce  o f  a te rn a ry  F lg M -E a 28 
com p lex .  FlgM, a 28, and  core R N A P  w ere  e lec tropho-  
resed  e i th e r  by th e m se lv e s ,  or in d ifferent c o m b in a t io n s  
on a na t iv e  gel (Fig. 4A, lanes 1-7). P ro te in  com p lex es  
from th e  na t iv e  gel w ere  an a lyzed  by SD S-PAG E to id e n ­
tify  th e i r  c o n s t i t u e n ts  (Fig. 4B, lanes  10-14). W h en  a 28 
and  FlgM w ere  m ixed ,  a nove l  band  appeared  on th e  n a ­
tive  gel (Fig. 4A, lane  3) w h ich  proved  to  be a h e te r o c o m ­
plex  (Fig. 4B, lane  14). T h e  poss ib i l i ty  th a t  FlgM was 
c o m ig ra t in g  w i th  a 28 by v ir tu e  o f  a nonspec if ic  in t e r a c ­
tion  w as te s te d  by m ix in g  FlgM w ith  BSA, w h ich  has a 
p red ic ted  p i  s im i la r  to  th a t  o f  a 28 (4.97 and  4.91, r e sp ec ­
tively). N o  FlgM w as found  assoc ia ted  w i th  BSA (data

Figure 3. FlgM interferes with specific binding of Ea28 to the 
fl iC  promoter. Filter binding assays were used to evaluate the 
effect of FlgM on promoter binding by Ea28. Proteins indicated 
above each lane were incubated together for 10 min prior to the 
addition of labeled promoter DNA. In lane 5 (A )and lanes 2 and 
3 (B), proteins enclosed in brackets were preincubated for 10 
min before the addition of the third protein; reactions were 
incubated a further 5 min before DNA was added. The hatched 
bars indicate s.d. (assays performed in triplicate). (A) Noncom­
peted binding of the f l iC  promoter by a 28, core RNAP (E), and 
FlgM. (B)The effect of FlgM on specific binding of Ea28 to the 
fl iC  promoter. Samples were chased with unlabeled sheared 
salmon sperm DNA (a competitor for nonspecific DNA binding) 
prior to sampling, so promoter DNA retained on filters repre­
sents only that bound specifically by protein.

n o t  shown). W h en  core  R N A P  w as m ix e d  w i th  a 28, 
FlgM, or bo th  p ro te in s  toge ther ,  no n o ve l  bands ap ­
peared , th ou gh  th e  app ea rance  of th e  R N A P  co m p le x  in 
th e  p resence  o f  a 28 w as changed ,  poss ib ly  re su l t in g  from 
th e  fo rm a tio n  o f  E a 28 (Fig. 4A, lanes  4-7). SDS-PAGE 
ana lys is  o f  th e se  core co m plex es  revea led  th e  presence  of 
com ig ra t in g  p ro te in s  (Fig. 4B, lanes  9-13). As expected , 
a 28 assoc ia ted  w ith  core R N A P  (Fig. 4B, lane  11). A l­
th o u g h  FlgM by i t se l f  did n o t  a ssoc ia te  w i th  core R N A P  
(Fig. 4B, lane  10), separa tion  o f  th e  R N A P  co m plex  in 
Figure 4A (lane 6; a 28 and  FlgM added) revea led  th a t  a 
sm a ll  a m o u n t  (visible by C o o m a ss ie  s ta in ing)  was found  
to  co m ig ra te  w i th  th e  a 28-c o re  R N A P  co m p lex  (Fig. 4B, 
lane  12). C h a n g in g  th e  order in w h ic h  th e  p ro te in s  w ere 
added to  th e  reac t io n  m ix tu r e  did n o t  a l te r  th e  o u tc o m e  
o f  th is  e x p e r im e n t  (Fig. 4B, lane  13). T h e  c o m ig ra t ion  of 
FlgM w ith  th e  a 28-c o re  R N A P  c o m p lex  was ev idence  for 
th e  ex is ten ce  o f  a te rn a ry  com plex ,  b u t  to  ad eq ua te ly  tes t  
th is  poss ib il i ty ,  it w o u ld  be necessary  to  use  an assay 
th a t  w o u ld  no t  allow FlgM, a 28, and  core R N A P  to exis t
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Figure 4. FlgM associates with Ea28 in vitro. A combination of 
native PAGE (A) and denaturing SDS-PAGE (B) was used to 
detect complexes formed by FlgM, a 28, and core RNAP. (A) Pro­
teins shown at the top were incubated together for 15 min and 
electrophoresed on a native polyacrylamide gel. In lane 6, pro­
teins enclosed in brackets were preincubated for 10 min before 
the addition of the third protein and a further 5-min incubation. 
Protein complexes were visualized by staining with Coomassie 
blue. (B) Bands corresponding to core RNAP or the a 28-FlgM 
complex in A were excised and separated by SDS-PAGE to iden­
tify the proteins contained within them. (Lane 8) a 28 and FlgM 
standards; (lanes 9-12), the core RN AP bands from lanes 4, 7, 5, 
and 6, respectively; (lane 15) the core RNAP band from a sepa­
rate native gel in which the order of protein addition is indicated 
at the top of the gel; (lane 14), the a 28-FlgM band from lane 5.

in d y am ic  eq u i l ib r iu m  (i.e., w h e re  a 28 cou ld  be rapid ly  
a l t e rn a t in g  b e tw een  a co m plex  w ith  core R N A P  and  a 
co m p lex  w i th  FlgM).

K in e t ic  ana lys is  o f  th e  F lgM -Ea28, F lg M -a 28, 
a n d  a28-core  R N A P  in te rac t ion s

T h e  surface p lasm  on re so n a n c e  (SPR)-based sys tem  (Bi- 
acore) w as used  to e va lua te  th e  in te ra c t io n  o f  FlgM w ith  
E a 28 u n d e r  n o n e q u i l ib r iu m  c o n d it ion s .  SPR enables  th e  
m  e a s u r e m e n t  o f  m o le c u la r  in te ra c t io n s  in rea l t im e  by 
fo l low ing  th e  specific adsorp t ion  and  deso rp t ion  of a p ro ­

te in  in so lu t ion  (the ana ly te )  to  its b in d ing  p a r tn e r  (the 
ligand) im m o b i l iz e d  on a sensor  surface (Karlsson et al.
1991). T h e  a ssoc ia t ion  ra te  c o n s ta n t  (ka) can be d e te r ­
m in e d  by ana lys is  of a co l lec t ion  o f  b ind ing  cu rves  in 
w h ich th  e con cen t ra t io n  o f  an a ly te  flow in g over a fixed 
co n c e n t ra t io n  o f  ligand is varied. T h e  d is soc ia t ion  rate  
co n s ta n t  (kd) can l ik e w ise  be ca lc u la ted  from th e  su b s e ­
q u e n t  decrease  in signal th a t  occurs  after th e  an a ly te  
p u lse  has ended, and  th e  c o n t in u o u s  flow o f  buffer r e ­
m o v e s  an a ly te  from th e  sensor surface as it d issocia tes  
from bo u n d  ligand.

T h is  la t te r  fea tu re  o f t h e  SPR sys tem  enab led  us to  tes t 
o ne  m o d e l  for FlgM in h ib i t io n  o f E a 28 th a t  w as n o t  easily  
ev a lu a te d  by o th e r  m e th o d s ,  th a t  is, th a t  FlgM binds  to 
E a 28 and  increases  th e  ra te  o f  d is soc ia t ion  of a 28 from 
core RN AP. W e reason ed  th a t  i f  FlgM possessed  th e  ab i l­
ity  to  d es tab il ize  h o lo en zy m e ,  th e n  th e  d is soc ia t ion  ra te  
o f  th e  E a 28 co m p lex  w o u ld  increase  in th e  p resence  of 
FlgM. If, ho w ev er ,  th e  ap p a ren t  su scep tib i l i ty  o f  E a 28 to 
FlgM d e m o n s t ra te d  by th e  filter b in d ing  assays was s i m ­
ply a t t r ib u ta b le  to th e  ab il i ty  o f  FlgM to c o m p e te  w ith  
core R N A P  for sp o n tan eo u s ly  d issoc ia ted  a 28, th en  the  
d is soc ia t ion  ra te  o f  th e  E a 28 com p lex  w o u ld  be u n a f ­
fected  by FlgM. For th ese  e x p e r im e n ts ,  a 28 (28 k D )  was 
used  as th e  ligand and  core R N A P  (380 k D )  as th e  a n a ­
ly te ,  as th is  a r ra n g e m e n t  w o u ld  re su l t  in th e  largest 
change  in signal per m o le c u le  o f  an a ly te  re leased. C o n ­
tro ls  to en su re  th a t  th e  m e a s u re m e n ts  w o u ld  n o t  be 
skew ed  by ana ly te  reb in d in g  dur ing  th e  d issoc ia t ion  
p hase  w ere  pe rfo rm ed  (see M ate r ia ls  and  M ethods).

T h e  effect o f  FlgM on th e  ra te  o f  d is soc ia t ion  o f  E a 28 is 
sh ow n  in Figure 5A. T h e  re su l ts  in d ica te  th a t  FlgM sig­
n if ic a n t ly  increases  th e  ra te  o f  E a 28 d is soc ia t ion ,  in c r e a s ­
ing th e  k d of th e  co m p lex  ap p ro x im a te ly  fourfold. R e ­
d u c in g  th e  FlgM co n c e n t ra t io n  from 250 nM (used above) 
to  50 nM d im in ish e d  th is  effect (such th a t  th e  k d was 
increased  on ly  2.5-fold), and  th e  effect w as n o t  c o m ­
p le te ly  abo lished  u n t i l  th e  c o n c e n t ra t io n  o f  FlgM was 
decreased  to  10 nM (data no t  show n). A F lgM -induced  
increase  in th e  k d o f h o lo e n z y m e  w as n o t  observed  w h en  
H i s - a 70 w as su b s t i tu te d  as th e  ligand (Fig. 5B), d e m o n ­
s t ra t ing  specific ity  for E a 28 (the sharp  drop in signal i m ­
m e d ia te ly  fo l low ing  th e  end  o f  an a ly te  in jec tion  was 
caused  by th e  difference in re f rac tive  index  b e tw e en  the  
an a ly te  buffer and  th e  ru n n in g  buffer in th is  e x p e r im e n t  
and  did n o t  affect th e  in te rp re ta t io n  o f  th e  da ta .)  T h e  fact 
th a t  FlgM did n o t  appear to  affect E a 70 suggests th a t  th e  
sites on E a 28 w ith  w h ich  FlgM in te rac ts  are com p le te ly  
or p art ia l ly  c o n ta in e d  on th e  a 28 su b u n i t .  In a separa te  
e x p e r im e n t ,  th e  ab i l i ty  o f  core R N A P  to b ind  to FlgM 
w as te s te d  by in jec tion  o f  a 125 nM so lu t ion  of core 
RN AP over a dense  FlgM ligand surface; no specific b in d ­
ing w as observed  (data n o t  shown).

SPR w as used  to  co m p are  a 28 b in d ing  by the  
FlgM*L66S and  FlgM *I82T m is se n s e  m u t a n t s  w i th  th a t  
o f  w ild - typ e  FlgM. In th e  first set o f  e x p e r im e n ts ,  H i s -  
FlgM p ro te in s  w ere  used  as th e  ligand, and  th e  an a ly te  
was n a t iv e  a 28. T h e  k a and  k d for each in te rac t io n ,  th e  
ca lc u la ted  d is soc ia t ion  c o n s ta n t  (K d), and  th e  r e la t iv e  a f­
fin ity  o f  th e  m u t a n t  FlgM* varian ts  for a 28 are repor ted
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Figure 5. SPR analysis of the effect of FlgM proteins on the rate 
of dissociation of RNAP holoenzyme. An SPR-based assay was 
used to evaluate the effect of FlgM on the stability of Ea28. The 
amount of protein associated with the chip surface was mea­
sured in RU; the change in RU during the course of the experi­
ments is plotted as a function of time (seconds). All curves have 
been normalized relative to the start of analyte injection. The 
horizontal bar at the top of each panel defines the period during 
which core RNAP (the analyte)was injected (association phase). 
The dissociation rate constants (kd )for Ea28 in the presence of 
FlgM proteins or in HBS buffer are displayed next to the curves. 
(A )FlgM increases the rate of Ea28 dissociation, and FlgM* m u­
tants are defective for this activity. A 50 nM solution of purified 
core RNAP in HBS buffer was injected over a surface of im m o­
bilized a 28 to generate a layer o fE a28. Dissociation o fE a 28 was 
carried out in HBS buffer or in HBS buffer containing 250 nM 
His-FlgM, 250 nM His-FlgM*L66S, or 250 nM His-FlgM*I82T. 
(B) Ea70 is not destabilized by FlgM. These experiments were 
carried out in the same manner as above, except that H is-a70 
instead of a 28 served as the immobilized ligand, and the amount 
of His-FlgM during dissociation was 50 nM.

in T ab le  1. T h e  ~3.6-fold w eak e r  aff in it ies  o f  th e  m u t a n t  
FlgM* p ro te in s  for a 28 in th e se  e x p e r im e n ts  w ere  rep ro ­
ducib le ;  in d e p e n d e n t  p rep a ra t io ns  o f  FlgM p ro te in s  and  
n a t iv e  a 28 gave e ssen t ia l ly  id en t ic a l  resu l ts .  In th e  sec ­
o nd  set o f  e x p e r im e n ts ,  th e  id e n t i t ie s  o f  th e  ligand  and  
an a ly te s  w ere  reversed ; H i s - a 28 was used  as th e  ligand, 
and  w ild - ty pe  and  m u t a n t  H is -F lg M  p ro te in s  as a n a ­
ly tes .  T h e  re su l ts  o f  th ese  ex p e r im e n ts  para l le led  th ose  
from th e  first set o f  assays, th o u g h  th e  a 28 b ind ing  defect 
o f  th e  m u t a n t s  w as m o re  p ro n o u n c e d  here,  m a in ly  b e ­
cause  of an increase  in th e  k d (this d isc repancy  m ig h t  be 
a t t r ib u te d  to th e  p resence  o f  th e  h is t id in e  tag on a 28, or

to  th e  d ifferent ligand cap tu re  m e th o d  used  in th ese  e x ­
pe r im en ts ) .  Also p re sen ted  in T ab le  1 are th e  k a , k d, and 
th e  ca lc u la ted  K d o b ta in ed  from a k in e t ic  analys is  o f  the  
a 28-c o re  R N A P  in te rac t io n .  A l tho ug h  th e  ca lc u la ted  K d 
for th e  E a 28 co m p lex  is s im i la r  to  th a t  m e a s u re d  for E a 70 
us ing  f lu o rescen t  spec troscopy  (Gill et al. 1991), th e  a c ­
cu racy  o f  th is  e s t im a te  shou ld  be co n f i rm e d  u s in g  an 
a l te rn a t iv e  te c h n iq u e  before it is accep ted .  T h e  SPR 
te c h n iq u e  is u sed  m o s t  re l iab ly  to  derive re la t ive  k in e t ic  
m e a s u re m e n ts ,  as was done  to  te s t  th e  effect o f  FlgM on 
E a 28 d is soc ia t ion .  In a re la t iv e  co n tex t ,  h ow ever ,  it is 
w o r th  p o in t in g  o u t  th a t  th e  aff in ity  of a 28 for core in 
th e se  ex p e r im e n ts  w as s im ila r  to  th a t  of  a 28 for FlgM. 
T h is  m a y  have  im p o r ta n t  con seq u en ces  on th e  ab i l i ty  of 
FlgM and  core R N A P  to c o m p e te  for a 28 in vivo (see 
D iscuss ion ) .

T h e  ab il i ty  o f  m u t a n t  FlgM* p ro te in s  to  increase  th e  
k d o f  E a 28 w as te s ted  to d e te rm in e  w h e th e r  th e i r  a 28 
b ind ing  defects also affected  th is  in te rac t io n .  Figure 5A 
show s th a t  at 250 nM, n e i th e r  o f  th e  FlgM* p ro te in s  was 
able to s ign if ican tly  increase  th e  d is soc ia t ion  of E a 28 
above th e  ra te  in th e  co n tro l  e x p e r im en t ,  p rov id ing  fu r ­
th e r  ev idence  th a t  d e s tab i l iza t ion  o f  E a 28 by FlgM a p ­
pears  to  invo lve  specific co n ta c ts  b e tw e en  FlgM and  a 28.

Discussion

SPR e x p e r im e n ts  designed  to tes t  th e  effect o f  FlgM on 
E a 28 s tab il i ty  revea led  th a t  FlgM increases  th e  ra te  of 
d is soc ia t ion  of th e  com plex ,  p re s u m a b ly  th rou gh  an i n ­
te rac t ion  w i th  th e  a 28 su b u n i t .  T h o u g h  th is  effect could  
be caused  by th e  ab il i ty  o f  FlgM to in te rfe re  w i th  r e b in d ­
ing o f  core R N A P  to a 28 dur ing  d is soc ia t ion ,  ex ten s iv e  
co n tro ls  in d ica ted  th is  w as u n l ik e ly  to be th e  case here  
(see M ate r ia ls  and  M ethods) .  T h e  f ind ing  th a t  FlgM is 
able to  increase  th e  d is soc ia t ion  ra te  o f  E a 28 in vitro ,  an 
a c t iv i ty  w e te rm  h o lo e n z y m e  des tab i l iza t io n ,  a l low s us 
to  specu la te  a b o u t  th e  n a tu re  o f  th e  a 28-F lgM  in t e r a c ­
t ion ,  and  a bo u t  th e  behav io r  o f  th is  a  s u b u n i t  w h en  it  is 
b o u n d  to core  R N A P.

T h e  a 28-FlgM com plex  m a y  involve m u l t ip le  contac ts  
b e tw een  FlgM and a 28 at regions 2.1, 3.1, and 4.1 /4.2 , 
analogous to th e  in terac t ion  betw een  a F and SpoIIAB 
(K utsukake et al. 1994; D eca tu r  and Losick 1996; M. C h a d ­
sey and  K. Hughes, unpubl.) . M ul t ip le  in terac t ions  be­
tw een  a 28 and FlgM could account for th e  ex trem e  stability 
of the  complex, w h ich  m u s t  be dissolved in 6 M guanidine 
H C l to achieve com ple te  dissociation (see Materia ls  and 
Methods). T h e  region of FlgM identif ied as th e  a 28-binding 
dom ain  is ex tensive (between 25 and 57 contiguous res i­
dues at th e  carboxyl te rm in us ;  Iyoda and K u tsukake  1995; 
D aughdril l  et al. 1997, 1998), and could  conceivably m a k e  
contac ts  w ith  n oncon tiguous  dom ains  on a 28. This  entire  
region, no rm ally  u nst ruc tu red ,  is k n o w n  to undergo a co n ­
form ationa l change w hen  it binds a 28, as upon complex 
formation  it becom es co n s t ra in ed  (D aughdri l l  et al. 1997, 
1998). T h e  su b s t i tu t io n  at FlgM res id ue  66 is par t  o f  a 
c o n t ig u o u s  14 re s id ue  region th a t  appears to adopt a h e ­
lical s t ru c tu re  upon  a 28 b in d in g  (D aughdri l l  et al. 1998). 
U n l ik e  th e  I82T m u ta t io n ,  L66S appears  to affect th e  k a
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Table 1. Analysis o f  binding o f  FlgM proteins and core RNAP to a28

Ligand Analyte
k a

(105/M per sec)
k d

(10-4/sec)
Kd

(pM)

Relative 
affinity 

(Kd*/Kd WT)

His-FlgM a 28 8.9 1.6 180 —

(5.0) (1.0) (200) —
His-FlgM*L66S a 28 2.4 1.5 630 3.5x

(2.3) (1.6) (720) (3.6x)
His-FlgM*I82T a 28 5.6 3.7 660 3.7x

(3.4) (2.5) (740) (3.7x)

H is-a28 H is-FlgM 5.5 1.6 290 —
H is-a28 His-FlgM*L66S 2.1 8.5 4000 13.8x
H is-a28 His-FlgM*I82T 5.5 16 3000 10.3x

H is-a28 core RNAP 4.8 3.9 800

His-FlgM proteins (wild type and mutant) were prepared in parallel. Data set in parentheses was generated with an independently 
purified series of His-FlgM proteins and native a 28.

o f  th e  a 28-FlgM  in te rac t io n ,  w h ich  m a y  im p ly  th a t  su b ­
s t i tu t io n  o f  a po la r  re s id ue  for a h yd ro p h o b ic  one  at th is  
p os i t ion  p e r tu rb s  th e  fold ing o f  FlgM th a t  occurs  upon 
b in d ing  of a 28. T h e  ob serva t ion  th a t  th e  FlgM m is se n s e  
m u t a n t s  th a t  are defec t ive  for free a 28 b in d ing  are also 
defec t ive  for th e  in te rac t io n  w ith  E a 28 suggests th a t  th e  
s i te (s )o n  free a 28 th a t  c o n tac ts  th e  a lte red  FlgM res idues  
also m e d ia te s  th e  in te ra c t io n  b e tw een  FlgM and  E a 28.

If, as is l ike ly , th e  em erg ing  co ncep t  o f  th e  a - c o r e  
R N A P  in te rac t io n  can be genera l ized  to  a 28, th en  bo th  
regions 2 and  3 o f  a 28 m a y  p a r t ic ip a te  in core R N A P  
b ind ing . A m u l t i p a r t i t e  in te rac t io n  b e tw e en  a 28 and  core 
R N A P  m e a n s  th a t  th e  E a 28 co m p le x  m ig h t  b rea the .  A 
b rea th in g  co m p lex  cou ld  be v iew ed  as o ne  in w h ich  a  
regions 2 and  3 are a l te rn a te ly  exposed as th ey  t e m p o ­
rar i ly  lose c o n ta c t  w i th  core R N A P , m a k in g  th e m  av a il­
able  to  c o m p e t in g  b in d in g  p a r tne rs  such  as FlgM (Fig. 6, 
p a th w a y  I). A l te rn a t ive ly ,  b rea th in g  cou ld  be im ag ined  
as an a llos te r ic  process  in w h ic h  th e  co n fo rm a t io n  o f  a  
a l te rn a te s  b e tw e en  a t ig h t ly  bo u n d  c o n fo rm a t io n  (bound 
at bo th  regions 2 and  3) and  a w eak ly  b o u n d  c o n fo rm a ­
tion  (bound at region 2 or 3; Fig. 6, p a th w a y  II). T h is  
a l te rn a t iv e  scenario  does n o t  a s s u m e  th a t  a  regions n o r ­
m a l ly  buried  in th e  a 28-c o re  RN AP in te rface  are exposed 
by b rea th ing .

It is no t  c lear how  FlgM is able to des tab il ize  E a 28. W e 
can env is ion  tw o  m o de ls ,  w h ich  our d a ta  do n o t  allow us 
to  d is t in gu ish  at th is  p o in t  (Fig 6). T h e  c o m p e t i t iv e  d is ­
p la c e m e n t  m o d e l  (pa thw ay  I) p roposes th a t  d e s tab i l iz a ­
t ion  of E a 28 re su l ts  from th e  d isp la c e m e n t  o f  core RN AP 
from a  as FlgM co m p e te s  for b ind in g  to t r a n s ie n t ly  e x ­
posed  a  regions 2 and  3. FlgM m a y  in i t ia te  th is  process 
by in te ra c t in g  w i th  its u n iq u e  b in d ing  s ite  in regions 
4 .1 /4 .2 .  E s tab l ish ing  co n tac t  at th is  site  w o u ld  increase  
th e  p robab i l i ty  o f  su b s e q u e n t  in te ra c t io n s  w i th  regions 
2.1 and  3.1. It is re a son ab le  to  expec t regions 4 .1 /4 .2  to 
be access ib le  on E a 28, as th e y  m u s t  be able to  in te rac t  
w i th  th e  -3 5  p ro m o te r  d e te rm in a n ts .  A lte rn a t ive ly ,  
FlgM m a y  b ind  first to  one  o f  th e  d o m a in s  it  shares  w ith  
core R N A P  (these tw o  p oss ib il i t ies  are no t  d if fe ren t ia ted  
in Fig. 6). T h e  a l los te r ic  d isp la c e m e n t  m o d e l  (pa thw ay  II)

Figure 6. Possible mechanisms for holoenzyme destabilization 
by FlgM. Conserved a  regions 2, 3, and 4 are numbered. a 28 
regions interacting with core RN AP (E)are shaded dark gray; a 28 
regions interacting with FlgM are shaded light gray. Free FlgM is 
depicted as an unstructured molecule; a 28-bound FlgM is de­
picted in a constrained conformation. For simplicity, only the 
carboxy-terminal a 28-binding domain of FlgM is shown partici­
pating in the interaction with a 28. (I) Competitive displacement 
model. Ea28 breathing alternately exposes a  regions 2 and 3. 
FlgM partially bound to a 28 can compete with E for rebinding to 
regions 2 and 3 to effect dissociation. For simplicity, FlgM is 
only shown interacting with one of the two partially bound 
forms of a 28. (II) Allosteric displacement model. Binding of 
FlgM to exposed region 4 stabilizes a a 28 conformation that is 
incompatible with E, resulting in the release of the a 28-FlgM 
complex.
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p o s tu la te s  th a t  FlgM in te rac ts  w i th  E a 28 at exposed a  
reg ions  4 .1 /4 .2  to  s tab il ize  a F lgM -bound  co n fo rm a t io n  
o f  a 28 th a t  c a n n o t  in te rac t  eff ic ien tly  w i th  core R N A P . 
A d d i t io n a l  co n tac ts  b e tw e en  FlgM and  a 28 are p roposed  
to  form after d is soc ia t ion  of th e  a  su b u n i t  from E a 28.

Both m o d e ls  in v o k e  a te rn a ry  c om plex  b e tw een  FlgM 
and  E a 28. A t te m p ts  to d e m o n s t r a te  s im ila r  com p lex es  in 
o th e r  a n t i - a / a  factor sy s tem s  have  been largely u n s u c ­
cessful,  w i th  th e  excep t ion  o f  th e  co puri f ica tion  of th e  
phage T 4  p ro te in  A siA  w ith  E a 70 (Stevens 1976; O rs in i  et 
al. 1993). T h e  re la t iv e  s tab i l i ty  o f  th e  A s iA -E a 70 c o m ­
plex  can be a t t r ib u te d  to  th e  pos i t ive  regu la to ry  ro le  of 
a 70-bound  AsiA  (in con ju c t io n  w ith  th e  phage T 4  p ro te in  
M o tA )  at a 70-dep end en t  m id d le  phage  p ro m o te rs  (Ou- 
h a m m o u c h  et al. 1994, 1995). O ften ,  th e  co nc lu s ion  
d raw n  from these  n ega t ive  re su l ts  is th a t  core R N A P  
b in d ing  and  a n t i - a  factor b ind ing  are m u tu a l ly  exclus ive . 
W e su b m i t  th a t ,  at leas t  in th e  case o f  E a 28 and  FlgM, it 
is on ly  th e  u n s ta b le  n a tu re  o f  th e  te rn a ry  co m p le x  th a t  
h as preven  t ed its iso la tio  n . D e tec t io  n o f  an E a 28-FlgM  
co m p lex  in th e  n a t iv e  gel assays w as p robably  a t t r i b u t ­
able  to  th e  ex tre m e ly  high c o n c e n t ra t io n  (>1 a 28 and  
FlgM; 100 nM core RN AP) of th e  p ro te in s  in th e  sam ples.

T h e  SPR e x p e r im e n ts  revea led  t h a t  in th e  p resence  of 
FlgM, th e  half-life o f  th e  E a 28 co m p le x  decreased  a p ­
p ro x im a te ly  fourfold  to  4 m in .  H ow ev er ,  becau se  th e  sig­
n a l  gene ra ted  by FlgM b in d in g  to E a 28 w as ins ig n if ican t  
co m p ared  to  th e  drop in signal caused  by E a 28 d is soc ia ­
t io n ,  w e w ere  u n ab le  e s t im a te  th e  half-li fe o f  th e  p u t a ­
t ive  F lg M -E a 28 c o m p lex  i tself.  It is poss ib le  th a t  th e  h a lf ­
life o f  th is  co m p lex  is sign if ican t on th e  t im e  scale r e ­
qu ired  for E a 28 to  in i t ia te  t r an sc r ip t io n  at a p ro m o te r  
(Record 1996). If th is  is th e  case, th e n  th e  p r im ary  
m e c h a n is m  of  E a 28 in h ib i t io n  by FlgM m a y  be steric  
in te r fe ren ce  w i th  p ro m o te r  reco g n i t ion  by th e  -3 5  p ro ­
m o te r -b in d in g  d om a in  in regions 4 .1 /4 .2 ,  ana lagous  to 
th e  proposed  effect o f  a 70-bound  A siA  at phage T 4  early  
p ro m o te rs  (Severinova et al. 1996, 1998; A d e lm an  et al. 
1997; C o l lan d  et al. 1998).

In ou r  SPR ex p e r im e n ts ,  FlgM had  to  be p re se n t  at a 
c o n c e n t ra t io n  at leas t  tw o  orders of m a g n i tu d e  h igher  
th a n  th e  K d of  th e  a 28-F lgM  co m p lex  (w hich w as e s t i ­
m a te d  to be ~200 pM) to hav e  an effect on th e  d is so c ia ­
t ion  ra te  o f  E a 28. T h is  observa tion  is c o n s i s te n t  w i th  
b o th  of th e  p roposed  m od e ls .  In th e  c o m p e t i t iv e  d is ­
p la c e m e n t  m od e l ,  a high co n c e n t ra t io n  o f  FlgM m ig h t  be 
necessa ry  to  co m p e n s a te  for th e  fact th a t  so m e  o f  its 
b in d ing  d e te r m in a n ts  on a 28 are m a s k e d  by core R N A P . 
In th e  a l los te r ic  d isp la c e m e n t  m od e l ,  th e  high c o n c e n ­
tra t io n  of FlgM m ig h t  be req u ired  to  ov e rc o m e  a k in e t i -  
cally  u n favorab le  in te ra c t io n  w i th  th e  core R N A P-asso-  
c ia ted  co n fo rm a t io n  o f  a 28.

P re l im in a ry  m e a s u re m e n ts  of FlgM in exp o n e n t ia l ly  
g row ing  S. ty p h im  urium  in d ic a te  th a t  th e  c o n c e n t ra t io n  
o f  FlgM is w i th in  th e  range  requ ired  for it to have  an 
im p a c t  on E a 28 ac tiv ity .  FlgM is p re sen t  at ~400 nM in 
w ild - ty pe  cells, and  is at leas t tw ice  th a t  in a m u t a n t  
stra in  defect ive  for FlgM export  (as sum ing  a cell  size of 
0.5 |^m x 2 |^m; d a ta  n o t  shown). T w o  p red ic t io n s  can be 
m a d e  on th e  basis of th e se  m e a s u re m e n ts .  First, at these

FlgM c o n c e n t ra t io n s ,  th e re  sh ou ld  be e s sen tia l ly  no free 
a 28 in th e  cell; all a 28 shou ld  be e i th e r  invo lved  in a 
p o te n t ia l ly  ac tive  co m p lex  w ith  core R N A P  or s e q u es ­
te red  by FlgM (the e s t im a te d  K d o f  th e  a 28-F lgM  i n t e r ­
ac tion  is of th e  sam e  m a g n i tu d e  as th e  e s t im a te d  K d of 
th e  a 28-c o re  R N A P  in te ra c t io n ;  see T ab le  1). Second, 
re la t ive ly  sm a l l  changes  in th e  c o n c e n t ra t io n  o f  FlgM 
w h en  it is a lready a p p ro x im a te ly  th re e  orders o f  m a g n i ­
tu d e  over th e  K d o f  th e  a 28-F lgM  co m p lex  w ill  n o t  affect 
th e  effic iency w i th  w h ich  th a t  in te rac t io n  occurs ,  bu t  
th ey  cou ld  affect th e  ab i l i ty  o f  FlgM to in te rac t  w ith  
E a 28. T herefore ,  at leas t w h i le  FlgM levels are h igh, as 
th ey  are be lieved to be pr io r  to  th e  co m p le t io n  o f  th e  
HBB s u b s t ru c tu re  (Hughes et al. 1993; K u tsu k a k e  1994), 
F lgM -m edia ted  in h ib i t io n  of E a 28 m a y  be an im p o r ta n t  
regu la to ry  m e c h a n i s m .  T h e re  is a 10- to 15-min in te rva l  
b e tw e en  th e  o n se t  o f  expression  o f  th e  genes encod ing  
a 28 and  FlgM, and  th e  appea ran ce  o f  a 28-depen den t  gene 
p ro d u c ts  in s ide  th e  cell (J. K arlinsey  and  K. H u gh es ,  un -  
publ.). A ssu m in g  a 4 -m in  half-li fe o f  E a 28 in th e  presence  
of  a high co n c e n t ra t io n  o f  FlgM (>250 nM), th is  in te rva l  
sho u ld  be suff ic ien t for E a 28 levels to  be s ign if ican tly  
redu ced  by FlgM.

It appears th a t  sm a ll  changes  in th e  aff in ity  or c o n c e n ­
t ra t io n  o f  FlgM are suff ic ien t for FlgM to affect a 28 a c ­
t iv i ty  in vivo. S. t y p h im u r iu m  m u t a n t s  express ing  
FlgM* p ro te in s  w i th  on ly  a 4- to10-fold h igh e r  K d for the  
in te rac t io n  w i th  a 28 cou ld  be easily  d is t in g u ish ed  from 
th e i r  f l g M  + p a re n t  s tra in  on th e  basis  o f  a 28-dependen t  
gene express ion  (D aughdri l l  et al. 1997). In our SPR ex ­
p e r im e n ts ,  th e  effect o f  th e se  m u t a t io n s  on th e  ab il i ty  of 
FlgM to des tab il ize  E a 28 w as sign ifican t.  T h e  level of 
FlgM in a S. ty p h im  urium  basal body m u t a n t  th a t  is 
u n ab le  to export  FlgM (and th ere fo re  does n o t  express 
a 28-dep end en t  genes) is on ly  tw ofo ld  h igher  th an  th a t  of 
an e x p o r t -c o m p e te n t  s t ra in  th a t  expresses  a 28-dependen t  
genes n o rm a l ly  (Karlinsey et al. 1 998). T h ese  o b se rva ­
t ion s  are c o n s i s te n t  w i th  in t ra ce l lu la r  FlgM levels being 
close to th e  th r e sh o ld  co n c e n t ra t io n  for a 28 in h ib i t io n .

O u r  d a ta  suggest th a t  in add it ion  to  s im p ly  s e q u e s te r ­
ing free a 28 from core R N A P , FlgM is capable  o f  n e g a ­
t ive ly  re g u la t ing  E a 28 itself.  W e propose  th a t  regu la tion  
at th e  level o f  E a 28 serves to  e n h a n c e  th e  sen s i t iv i ty  of 
th e  cell  to changes  in FlgM levels d u r ing  a s sem b ly  o f  th e  
flagellar o rganelle .  T h e  ab il i ty  to  finely  tu n e  th e  ex p res ­
sion o f  a 28-depen den t  genes d ur ing  th is  process  m a y  be 
c r i t ica l  for eff ic ient assem b ly .  R ecen t  w o rk  in our  lab 
suggests th a t  th e  level of FlgM prior  to  HBB co m p le t io n  
m a y  be m o re  d y n a m ic  and  respo ns iv e  to in te rm e d ia te  
stages in HBB d e v e lo p m e n t  th an  w as p rev io us ly  th o u g h t  
(Karlinsey et al. 1998). O u r  rev ised  m o d e l  is th a t  FlgM 
levels are h ig h es t  w h i le  th e  basal body su b s t ru c tu re  is 
be ing  assem b led ,  th en  decrease  s l igh t ly  dur ing  ho o k  a s ­
sem b ly  as a p re lu de  to d ropping  to  th e i r  lo w es t  level 
once  th e  hoo k  is co m p le te d  and  th e  HBB b eco m e s  c o m ­
p e te n t  for export .  O n e  p u rpo se  o f  th e  sl ight decrease  in 
FlgM levels cou ld  be to ease FlgM in h ib i t io n  o f  E a 28 
ac t iv i ty  ju s t  prior to co m p le t io n  of th e  HBB. A low level 
o f  a 28-depen den t  expression  at th is  stage w o u ld  enable  
th e  cell  to  sy n th e s ize  a sm a ll  pool o f  f i lam en t  su b u n i ts
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for p o ly m e r iza t io n  th e  m o m e n t  th e  HBB w as c o m p le ted .  
T h is  s t ra tegy  w o u ld  p re v e n t  th e re  be ing  a lag in flagellar 
b iogenes is  w h i le  m a x im a l  express ion  o f  flagellin was 
g e t t ing  u n d e rw a y .  O n c e  export  o f  FlgM th ro u g h  th e  c o m ­
p le ted  HBB had  c o m m e n c e d ,  th e  level o f  in t ra ce l lu la r  
FlgM m ig h t  reach  a p o in t  w h e re  even seq u es tra t io n  of 
free a 28 from core R N A P  is no longer eff ic ient; d u r ing  
m a tu ra t io n  o f  th e  f i lam en t ,  a 28-dep end en t  express ion  of 
flagellin w o u ld  be expec ted  to reach its h igh es t  ra te .

It has been p roposed  th a t  as th e  flagella increase  in 
leng th ,  export  o f  FlgM sh ou ld  b ec o m e  increas in g ly  d iffi­
cu l t  (Hughes et al. 1993). T h is ,  tog e th e r  w i th  th e  fact 
th a t  f l g M  t r an sc r ip t io n  is po s i t iv e ly  regu la ted  by E a 28 
(Gillen and  H u gh es  1993) and, therefore ,  is expec ted  to 
be m a x im a l  du r ing  f i lam en t  p o ly m e r iza t io n ,  cou ld  m e a n  
th a t  th e  in t ra ce l lu la r  c o n c e n t ra t io n  of FlgM gradual ly  
r e tu rn s  to a high level as th e  flagella reach th e i r  m a tu re  
leng th .  FlgM in h ib i t io n  o f  E a 28 m a y  p lay  a h o m e o s ta t ic  
ro le  once  flagellar b iogenes is  is co m p le te .  P re su m a b ly  at 
th is  stage th e re  w o u ld  be a large pool of ac tive  E a 28. 
D is m a n t l in g  o f  E a 28 m ig h t  p lay  an im p o r ta n t  ro le  in 
sh if t ing  th e  focus o f  ce llu la r  t r an sc r ip t io n  aw ay  from fla­
gellar p ro m o te rs .

Materials and methods

Bacterial strains

S. typhimurium  strains used were isogenic with wild-type 
strain LT2 (John Roth, University of Utah, Salt Lake City). 
flgM  mutants TH2781 and TH3472 were isolated as de­
scribed (Daughdrill et al. 1997). FlgM-LacZ fusion strains 
TH2822 {DUP1114PgM5208)*MudB*(purB1879)]} and TH2825 
{DUP1116[fZgM*5224 (L66S)flgM5208)*MudB*(purB1879)]} were 
constructed by standard genetic procedures (Davis et al. 1980). 
The strain TH3920 fliC5050::Mu d A DEL1141[(fZgA5211)* 
Mud Cm(flgN5220)] vh2~ fl jBenx}was used to assay the activity 
of the His-tagged FlgM proteins in vivo. TH3656 
{leuBCD485 trp::[spcR PlacT7RN APlacI]} (Stanley Maloy, 
University of Illinois, Urbana) was used for the expression 
of His-core RNAP. E. coli strain DH5a was used for cloning, 
and E. coli strain BL21(DE3) lysogenic for bacteriophage DE3 
(Novagen) was used for the expression of H is-a28, H is-a70, and 
His-FlgM proteins. Cells were transformed by standard proce­
dures.

Plasmid constructions

The H is-a28 fusion expression vector pKH445 was derived as 
follows: A 764-bp EcoRI fragment from pMS531 (Starnbach and 
Lory 1988) was cloned into the Bam HI site ofthe vector pET15b 
(Novagen)to create pKH441 (both insert and vector were treated 
with Klenow prior to ligation). pKH441 was linearized with 
XhoI, partially filled in with Klenow, dTTP, dCTP, and dGTP, 
blunted with mung bean nuclease, and religated to create 
pKH445. The G ST-a28 fusion expression vector pKH486 was 
made by ligation of the EcoRI fragment from pMS531 into the 
EcoRI site of pGEX-3X (Pharmacia).

The FlgM expression vector pMC64 was derived as follows: A 
326-bp DNA fragment containing the flgM  gene was amplified 
from the LT2 chromosome by PCR, with primers EcoRI-BspHI- 
FlgM (GAATTCATGAGCATTGACCGTACC) and FlgMend 
(GTATTTCTGACAAACGAGTC) such that a BspHI site was

introduced at the start codon of the flgM  gene. This fragment 
was cloned into the SmaI site of BluescriptII vector KS+ (Strata- 
gene) to create pMC56. A BspHI (Klenow-treated-HindIII frag­
ment from pMC56 was cloned into pTrc99A (Pharmacia) di­
gested with NcoI, blunted with mung bean nuclease, and di­
gested with HindIII.

pMC96 is a derivative of pMC64 designed to co-express FlgM 
and a 28 and was derived as follows: The 764-bp EcoRI fragment 
from pMS531 was cloned into pTrc99A digested with NcoI to 
create the a 28 expression vector pMC61 (both insert and vector 
were treated with Klenow prior to ligation). An SspI fragment 
carrying the a 28 expression cassette from pMC61 was cloned 
into the unique NsiI site of pMC64 to create pMC96.

The His-FlgM+ expression vector pJK302 was constructed by 
cloning a BspHI (Klenow-treated)-Hin dIII fragment from 
pMC56 into pET28c (N ovagen) digested with NheI, treated with 
Klenow, and digested with Hin dIII. The His-FlgM*I82T expres­
sion vector pJK306 was constructed as follows: f lgM *5436(I82T) 
was PCR amplified from the chromosome of TH3472 with 
primers EcoRI-BspHI-FlgM and FlgMend. The PCR fragment 
was treated with Klenow, digested with EcoRI, and ligated into 
BluescriptII vector SK- digested with EcoRI and EcoRV to create 
pJK300. A BspHI (Klenow-treated)-HindIII fragment from 
pJK300 was cloned into pET28c as in the construction of pJK302 
to create pJK306. The His-FlgM*L66S expression vector pJK314 
was constructed as follows: f lgM *5224(L66S) was cloned by 
overlap extension mutagenesis as described (White 1993). The 
first round of PCR used pMC56 as a template for two sets of 
reactions. Set A primers: M5'sense (GGAATTCCATATGAG- 
CATTGACCGT) and L66Santisense (GCCGTTTTGCTT- 
GCTTCGAC); set B primers L66Ssense (GTCGAAGCAAG- 
CAAAACGGC) and FlgMend. PCR fragments generated from 
sets A and B were gel purified, pooled, and used as templates for 
a second round of PCR with primers M5'sense and FlgMend, 
generating a 340-bp fragment containing the f lgM *5224 allele 
with an NdeI site at the start codon. This fragment was treated 
with Klenow and cloned into BluescriptII vector SK- digested 
with SmaI to create pJK310. An N deI-Bam HI fragment from 
pJK310 was cloned into pET28c digested with NdeI and Bam HI 
to create pJK314.

The phage P22 integration vectors pJK374 (His-FlgM+), 
pJK376 (His-FlgM*I82T), and pJK378 (His-FlgM*L66S) were 
constructed by subcloning the Nco I-HindIII fragments from 
pJK302, pJK306, and pJK314, respectively, into pBAD24 (Guz­
man et al. 1995) digested with NcoI and Hin dIII to create 
pJK368, pJK369, and pJK370. BspEI (Klenow-treated)-SspI frag­
ments from these plasmids were cloned into the EcoRI site of 
the phage P22 integration vector pMC16 (Chadsey 1998; details 
of construction available on request) to create pJK374, pJK376, 
and pJK378, respectively.

pJK127 was made by cloning of a 56-bp HindIII-EcoRI fl iC  
promoter fragment from M13mp19-P/liC (A. Dombroski, Uni­
versity of Texas, Houston) into BluescriptII vector SK- digested 
with the same enzymes. A 211-bp BssHII fragment from pJK127 
served as the DNA fragment for the DNA filter binding assays. 
pJK128 was made by cloning of a 141-bp HindIII-BssHII frag­
ment from pJK127 into pKK233-2 (Pharmacia) digested with 
EcoRI and Hin dIII (both insert and vector were treated with 
Klenow prior to ligation).

In vivo assay o f  His-FlgM+ and His-FlgM* proteins

To verify that the His-tagged derivatives of FlgM+, FlgM*L66S, 
and FlgM*I82T were active in vivo, the genes expressing these 
fusion proteins (under the control of the arabinose-inducible 
PBAD promoter) were introduced into the chromosome in single
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copy as follows: Plasmids pJK374 (PBADhis-flgM+), pJK378 [PBA- 
dhis-flgM* 5224(L66S)], and pJK376 [PBADh is-flgM* 5436(I82T)] 
were recombined onto the chromosome of S. typhimurium  
phage P22 essentially as described (Youderian et al. 1983), ex­
cept that mitomycin C treatment instead of UV irradiation was 
used to stimulate recombination between the plasmids and 
phage P22, to generate recombinant phage P22(JK374), 
P22(JK378), and P22(JK376). Though these phage have a partial 
deletion of the im m I  region, they can be propagated and lysog- 
enized normally. Phage $374, $378, and $376 were lysogenized 
into strain TH3920 to introduce the PBADhis-flgM  alleles into 
the S. typhimurium  chromosome at the ataA locus. TH3920 is 
deleted for the flgM  locus, and contains a transcriptional fusion 
of lacZ to the f l iC  gene, which serves as a reporter for a 28- 
dependent transcription. To assay His-FlgM-mediated inhibi­
tion of a 28-dependent LacZ expression, the lysogens were grown 
to mid-log stage in the presence of arabinose, and assayed for 
p-galactosidase activity in triplicate as described (Davis et al. 
1980). The results of these assays demonstrate that the His- 
tagged FlgM proteins are active in vivo, and that the His-FlgM* 
proteins retain their mutant phenotype (Fig. 7).

Expression of proteins fo r  pu rification

For the production of H is-a28, pKH445 was transformed into 
bacterial strain BL21(DE3). Cells were grown at 37°C in 1-liter 
batches in LB broth plus 50 ^g/ml carbenicillin to A 600 of 0.8. 
The fusion protein was induced by the addition of 1 mM IPTG 
for 1 hr. For the production of native FlgM, plasmid pMC64 was 
transformed into S. typhimurium  strain LT2, and the cells were 
grown and induced as described above except that IPTG induc­
tion was continued for 2 hr. For the production of His-FlgM
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Figure 7. The His-FlgM fusion proteins are active in vivo and 
the His-FlgM* mutants are defective for a 28 inhibition. p-Ga- 
lactosidase assays demonstrating inhibition of a 28-dependent 
lacZ expression by the His-FlgM proteins (both wild type and 
mutant) in vivo. The His-FlgM proteins are being expressed 
from the arabinose-inducible PBAD promoter from the S. typhi­
murium  chromosome. The ability of the His-FlgM proteins to 
inhibit a 28-dependent expression of lacZ was measured in 
strains grown to mid-log phase in the presence of 1.3 |^M arabi- 
nose. p-Galactosidase activities are expressed as nmole/min per 
OD650/m l (Davis et al. 1980).

proteins, pJK302, pJK306, and pJK314 were transformed into 
bacterial strain BL21(DE3). Cells were grown at 37°C in 1-liter 
batches in LB broth plus 50 ^g/ml kanamycin to A 600 of 0.8. 
The fusion proteins were induced by the addition of 1 mM IPTG 
for 2 hr. For the production of H is-a70, E. coli strain BL21(DE3) 
containing pQETa70 (A. Dombroski) was grown and induced as 
described (Wilson and Dombroski 1997). For the production of 
His-core RNA polymerase, pT7his6fla (R. Gourse, University of 
Wisconsin, Madison) was transformed into TH3656. Cells were 
grown at 37°C in 1-liter batches in LB broth plus 50 ^g/ml 
carbenicillin and 0.1 mM IPTG to A 600 of 0.8.

Purification of native a28 and derivatives

All steps were carried out at 4°C. a 28-FlgM complex was puri­
fied as described (Daughdrill et al. 1997) and dissociated by the 
addition of guanidine-HCl to 6 M. Denatured proteins were 
separated at room temperature over a Pharmacia Superdex 75 
HR 10/30 FPLC column equilibrated with denaturing FPLC 
buffer (6 M guanidine-HCl, 50 mM Tris-HCl at pH 7.9, 150 mM 
NaCl, 0.1 mM EDTA, 1 mM DTT). a 28 eluted close to the void 
volume, whereas FlgM did not elute from the column. Fractions 
containing FlgM-free a 28 were pooled, concentrated, then rena- 
tured by a rapid 50x dilution into dilution buffer (20% glycerol, 
50 mM Tris-HCl at pH 7.9, 150 mM NaCl, 0.1 mM EDTA, 1 mM 
D TT ; Hagar and Burgess 1980)plus 0.01% Triton X-100 at room 
temperature. Renatured pure a 28 was run a second time over the 
Superdex 75 column equilibrated with TGED (10 mM Tris-HCl 
at pH 7.9, 0.1 mM EDTA, 0.1 mM DTT, 5% glycerol; Lowe et al. 
1979) containing 500 mM NaCl (TGED-500) plus 0.01% Triton 
X-100 to isolate monomeric a 28. The H is-a28 fusion protein was 
purified according to Novagen’s pET-His protocols with 6 M 
guanidine-HCl in all buffers. Proteins were stored in storage 
TGED-500 (containing 50% glycerol instead of 5%)plus 0.01% 
Triton X-100 at -20°C or -80°C.

Purification of FlgM and derivatives

All steps were carried out at 4°C. For native FlgM purification, 
cell pellets were resuspended in AMK buffer (Ohnishi et al. 
1992) and lysed by French press at 20,000 psi. Total soluble 
protein was dialyzed into buffer A (10 mM NaOAc at pH 5.2, 0.1 
mM EDTA), bound to a CM-52 (Whatman) column, and eluted 
with a 0-500 mM linear NaCl gradient in buffer A. FlgM-con- 
taining fractions were loaded onto a Pharmacia FPLC Mono S 
column in buffer A and eluted with a 0-250 mM linear NaCl 
gradient in buffer A. FlgM-containing fractions were pooled and 
loaded onto a FPLC phenyl-Sepharose column in buffer B [1 M 
(NH4)2SO4, 20 mM Tris-HCl at pH 7.2, 1 mM EDTA), and eluted 
with a 0-100% linear gradient of buffer C (20 mM Tris-HCl at 
pH 7.2, 1 mM EDTA). FlgM fractions were pooled and dialyzed 
into TGED storage buffer containing 100 mM NaCl (TGED- 
100). FlgM was homogeneous as determined by Coomassie- 
stained SDS-PAGE analysis. His-FlgM proteins were purified 
according to Novagen’s pET-His protocols. The binding buffer 
and initial washes contained 6 M guanidine HCl; subsequent 
steps were performed with nondenaturing buffers. Proteins were 
stored in TGED-100 at 4°C or storage TGED-100 at -20°C.

Purification of H is-a70

His-a70 was purified as described (Wilson and Dombroski 1997) 
and stored in storage TGED-500 plus 0.01% Triton X-100 at 
-80°C.

Purification of core RNAP

Core RNAP was purified from 50 grams of S. typhimurium
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strain LT2 as described (Thompson et al. 1992). His-core RNAP 
from 28 grams of S. typhimurium  TH3656 was purified by the 
same protocol with an extra passage over the Biorex 70 column 
to completely separate His-core RNAP from contaminating a 
subunits. His-core RN AP was separated from native core RN AP 
by passage over a HisBind (Novagen) column under nondena­
turing conditions according to Novagen’s pET-His protocols. 
Proteins were stored in storage TGED-100 at -20°C.

Protein concentration determinations

The concentration of purified proteins was measured by use of 
the standard Bradford procedure (Bradford 1976) or determined 
by adsorbance readings at 280 nm corrected for light scattering. 
Molar extinction coefficients were calculated on the basis of the 
method of Gill and von Hippel (1989) and are reported in units 
of M 1/cm: a 28 and H is-a28, 27310; FlgM and His-FlgM, 1280; 
core RNAP, 198500; H is-a70, 39400.

In vitro transcription assays

Spot transcription assays were performed essentially as de­
scribed (Thompson et al. 1992) except that the reaction buffer 
contained 150 mM NaCl, 0.05% BSA, and 0.01% Triton X-100, 
and the final wash of the DEAE-cellulose disks in ether 
was omitted. Reactions (100 |il) contained 0.3 pmole of linear 
DNA promoter template and 3 pmoles of native or His-core 
RNAP. Linear templates were PCR amplified from pJK128 
with primers 128/233 (CTCATCCGCCAAAACAGCC) and 
128 (GATCTTCCCCATCGGTGATGT) to generate a 271-bp 
f l iC  promoter fragment and from pKK233-2 with primers 128/ 
233 and 233 (GCGCCGACATATAAACGG) to generate a 158- 
bp tac promoter fragment. Proteins were added to the transcrip­
tion assay buffer containing NTPs on ice, allowed to equilibrate 
at 37°C for 10 min, and initiated by the addition of template.

Copurification of GST-a28 and a28-associated proteins

pKH486 or pGEX-3X plasmid DNA was electroporated into 
LT2, TH2822, and TH2825 cells. Cells were grown in LB plus 
100 |ig/ml ampicillin at 37°C to A 600 of 0.4-0.6, then allowed to 
grow for an additional hour without induction. The cells were 
lysed by passage through a French press twice at 20,000 psi. The 
G ST-a28 fusion protein and other complexed proteins were af­
finity purified over a Sepharose-glutathione column (Sigma) as 
described (Smith and Johnson 1988). Column eluants were elec- 
trophoresed on 10% tricine/SDS-polyacrylamide gels (Schagger 
and Jagow 1987). Protein bands were identified by Western 
analysis or by comparison with purified protein standards.

Filter binding assays

DNA filter binding assays were performed as described (Hinkle 
and Chamberlin 1972). The DNA template, a 211-bp BssHII 
fragment from pJK127 containing the f l iC  promoter was end- 
labeled with [a-32P]dCTP (NEN) in a Klenow reaction. DNA 
binding reactions were carried out in 50 |il of TXN buffer (50 
mM Tris-HCl at pH 7.8, 50 mM NaCl, 0.1 mM EDTA, 0.1 mM 
DTT, 3 mM MgOAc, 25 ^g/ml BSA)at 37°C. The concentration 
of core RNAP was 30 nM. The concentrations of a 28 and FlgM 
w ere both 60 n M. Proteins w ere incubated together for 10 or 15 
min, followed by the addition of 5 |il of prewarmed radiolabeled 
f l iC  promoter DNA to a final concentration of 6 nM, and incu­
bated for 5 min (samples chased with 1 [ig of sheared salmon 
sperm DNA were incubated an additional 5 min after the addi­
tion of nonspecific competitor DN A). Samples were diluted to 1

ml in TXN buffer and filtered through a 13-mm BA83 nitrocel­
lulose filter (Schleicher & Schuell) prewetted with 1 ml of TXN 
buffer on a Millipore sampling manifold. The filters were dried 
and counted by liquid scintillation.

Native PAGE analysis o f  Ea28-associated proteins

Reactions (10 |il) containing (where indicated) 5 [ig of a 28, 5 [ig 
of FlgM, and/or 1 |ig of core RNAP in modified TXN buffer 
containing 100 mM NaCl and lacking BSA, were incubated for 
15 min at 37°C. Native sample buffer (Novex) was added to 1x, 
and samples were electrophoresed on a 4%-12% native Tris- 
glycine gel (Novex) according to the manufacturer’s protocol. 
Excised gel fragments were equilibrated in 1xLaemmli sample 
buffer (Laemmli and Favre 1973) for 15 min prior to electropho­
resis on a 16.5% tricine/SDS-polyacrylamide gel (Schagger and 
Jagow 1987).

SPR assays

SPR experiments were carried out with a Biacore 2000 (Biacore). 
Kinetic constants k a and k d were calculated using the BIAevalu- 
ation software version 2.1 (Biacore); models assumed a 1:1 in ­
teraction.

Ea dissociation Measurements of the k d of Ea28 and Ea70 in 
the presence and absence of FlgM proteins were carried out in 
HBS buffer (Biacore) at a flow rate of 10 ^l/min. Native a 28 or 
H is-a70 (25 ^g/ml in 10 mM acetate at pH 4.0 and pH 4.2, re­
spectively) were coupled to the CM5 sensor chip via standard 
NHS/EDC activation chemistry (Biacore). Core RNAP in HBS 
buffer was injected over the ligand surface at 10 ^l /m in  for 2.5 
min, followed by injection of HBS buffer, or HBS buffer contain­
ing His-FlgM protein. As a control for nonspecific binding, ana­
lyte was injected over an adjacent flowcell lacking immobilized 
ligand; the signal from blank runs was subtracted to correct for 
noise. The a  surface was cleaned of noncovalently bound pro­
tein by a 1-min injection of denaturing FPLC buffer, followed by 
a 3-min injection of dilution buffer (see section describing pu­
rification of native a 28). The immobilized a  factor could be re­
peatedly regenerated by this procedure, recovering an identical 
level of analyte binding capacity for over 20 regeneration cycles.

Controls were performed to optimize the level of immobi­
lized ligand (ligand density)and the analyte concentration. This 
was necessary to eliminate the possibility of analyte rebinding 
during the dissociation phase of our experiments. If rebinding 
were allowed to occur, then the observed k d of Ea28 would be 
slower than the true k d. In addition, an increase in the apparent 
k d in the presence of FlgM might then be attributed to the 
competitive binding of FlgM to ligand sites as they became 
available, rather than to active dissociation of Ea28 by FlgM.

Different ligand densities were tested to identify one that 
could generate a significant binding response curve upon ana­
lyte injection, but was not so high that the rates of binding and 
dissociation were influenced by mass-transport limited kinetics 
instead of by interaction-limited kinetics. A 50 nM solution of 
core RNAP was injected over three different levels of ligand 
[900, 300, and 100 resonance units (RU) of immobilized a 28]. 
Although the 900 RU ligand surface was somewhat limited by 
mass transport, as judged by the shape of the binding curve 
during the initial phase of analyte injection (and was therefore 
excluded from subsequent experiments), the two lower-density 
ligand surfaces were not. The finding that dissociation of ana­
lyte from the 300 and 100 RU ligand surfaces occurred at nearly 
the same rate (data not shown) was another indication that our 
measurements were not skewed by mass-transport effects at
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these ligand densities. The flow rate was increased from the 
standard 10 ^ l/min  to 50 ^l /m in  to evaluate the effect of flow 
rate on analyte dissociation. The k d of Ea28 was not altered by 
an increase in flow rate, confirming that dissociation at 10 |il/ 
min was not mass transport limited. Various concentrations of 
analyte were tested to determine the concentration at which the 
ligand surface would quickly become saturated. It was impor­
tant that the ligand surface be saturated for our experiments so 
that, during the early phase of analyte dissociation, a molecule 
of core RNAP dissociating from the ligand surface would be 
unlikely to rebind to an unoccupied molecule of a 28 before flow­
ing out of the sensor chamber. Analyte binding reached a maxi­
mum at concentrations of 50 nM and above (data not shown) 
and, therefore, 50 nM core RNAP was used in all experiments.

As a final test of the experimental conditions, the dissociation 
of core RNAP was measured in the presence of soluble a 28 (50 
nM in HBS buffer) as a competitor for rebinding of core RN AP to 
immobilized a 28. The presence of competitor did not increase 
the rate of dissociation of Ea28 (data not shown), therefore we 
concluded that analyte rebinding was not occurring under our 
conditions. All of the Ea28 dissociation experiments described 
in Results were performed with both the 300- and 100-RU li­
gand surfaces; the data depicted in Figure 5A are from the 100- 
RU experiments only. To obtain the k d values reported in Figure 
5, we analyzed the dissociation curves from 210 sec to 330 sec.

Kinetic analysis of FlgM-a28 and core RN AP-a28interactions 
To prepare the sensor chip for the measurements of a 28-FlgM 
interactions in experiments where His-FlgM proteins were used 
as the ligand, 20 |il of a 500 |^M NiCl2 solution was passed 
through the flowcell of a sensor NTA chip at 20 ^l /m in  to prime 
the surface for capture of the His-tagged ligand. Ligand was 
applied to the primed flowcell surface by injection of 15 |il of a 
50 nM solution of the His-FlgM protein (FlgM+, FlgM*L66S, or 
FlgM*I82T) in Eluent buffer (Biacore) at 10 ^l/min . Typically, 
60-80 RU of ligand were captured during these injections. A 
fresh ligand surface was applied to the chip before each analyte 
injection. Analyte was serially diluted into Eluent buffer to pre­
pare 100-|il samples ranging in concentration from 0.625 to 40 
nM, and injected at 20 ^l/min . Rate constants for each a 28-His- 
FlgM protein pair were derived by analyzing the data from six or 
seven analyte injections. As a control for nonspecific binding, 
analyte was injected over an adjacent N i2+-primed flowcell lack­
ing immobilized ligand; the signal from these blank runs was 
subtracted to correct for noise. After each experiment, the NTA 
chip surface was regenerated by injection of 60 |il of regenera­
tion solution (Biacore), followed by 20 |il of 50 mM NaOH at 20 
^l /m in . This treatment stripped the flow cell of N i2+ and any 
non specifically bound protein.

For measurement of the a 28-FlgM and a 28-core RNAP inter­
actions in experiments where H is-a28 was used as the ligand, 
~200 RU of H is-a28 was coupled to the second flow cell of a 
CM5 chip (the first flowcell served as a blank control for non­
specific analyte binding), prepared and regenerated as described 
in the description of Ea28 dissociation. Analyte samples (50 ml) 
were prepared by serial dilution into HBS buffer (concentration 
range for His-FlgM+ was from 500 to 15.6 nM; for core RNAP, 
from 80 to 1.25 nM), and injected at 10 ^l/min . Data were cor­
rected for noise and analyzed as above. Kd values reported in 
Table 1 were calculated from the equation Kd = k d/ k a.
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