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Abstract 

Many  mutant  variants  of  the  P22  Arc  repressor  are  subject  to  intracellular  proteolysis in Escherichia coli, which 
precludes their expression at  levels sufficient  for  purification  and  subsequent  biochemical  characterization.  Here 
we examine  the  effects  of several different  C-terminal  extension  sequences  on  the expression and activity  of a set 
of  Arc  mutants. We show  that two tail  sequences,  KNQHE (st5) and  H,KNQHE (st1 I) ,  increase  the  expression 
levels of most  mutants  from 10- to  20-fold and, in some  cases, result  in restoration  of biological  activity in  the 
cell.  A third  tail  sequence, H H H H H H  (st@, was not  as  effective  in  increasing  mutant expression levels. All  three 
tail  sequences  are  functionally  and  structurally  silent,  as  judged by their lack  of effects on  the  DNA  binding  ac- 
tivity and  stability of otherwise wild-type Arc.  The  properties of the  st1 1 tail  sequence  make it an  efficient system 
for  the  expression  and  purification  of  mutant  Arc  proteins,  both  because  mutant  expression levels are  increased 
and  because  the  proteins  can  be  rapidly  purified using  nickel-chelate affinity  chromatography.  Arc  mutants  con- 
taining  the  EA28,  RL31,  and  SA32  mutations were purified in the  st1 1 background.  The  thermodynamic  stabil- 
ity of  the  EA28  mutant (AAG, = -0.4 kcal/mol) is reduced  modestly  compared  to  the  st1 1 parent, whereas the 
RL31 mutant (AAG, = -3.0 kcal/mol)  and  SA32  mutant (AAG, = -3.3 kcal/mol)  are  substantially less stable. 

Keywords: affinity  purification;  C-terminal  tails;  DNA  binding  protein;  intracellular  degradation;  protein  sta- 
bility; protein  structure-function 

Biochemical and biophysical  studies  of mutant  variants 
that  contain single amino acid substitutions have become 
the  primary  method  for  evaluating  the  contributions of 
individual residues to  the  folding, stability, and  function 
of  proteins. We are  studying  P22  Arc, a  53-residue  di- 
meric  phage  repressor  (Sauer et al., 1983; Vershon et al., 
1985; Knight  et al., 1989). The  solution  structure of the 
Arc dimer has been determined (Breg et al., 1990), as have 
the crystal  structures of the  DNA  bound  protein  and  the 
unbound  protein (B. Raumann, M. Rould,  C.  Pabo, & 
R. Sauer,  submitted  for publ.; C .  Kissenger, U.  Obey- 
sekare, B. Raumann, R. Sauer, & C. Pabo, in prep.).  Un- 
fortunately, many Arc  mutants  are sensitive to proteolysis 
in Escherichia  coli and  are difficult to purify because they 
do  not accumulate  to high steady-state levels and/or  are 
degraded  during  purification (Vershon et al., 1986; Bowie 
& Sauer, 1989~).  The expression of proteolytically  unsta- 
ble mutants in  other  systems  has been increased by using 
strains defective in specific proteases or  the heat-shock re- 
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sponse  or by altering  growth  conditions  (Gottesman & 
Zipser, 1978; Kohno & Roth, 1979; Baker et al., 1984; 
Parsell & Sauer, 1989; Reidhaar-Olson  et  al., 1990), but 
these  approaches have not helped in the  Arc system (Ver- 
shon et al., 1986; our unpublished  results). 

Another  potential  method of increasing mutant expres- 
sion levels involves altering  the  C-terminus  of  Arc, since 
addition  of a 26-residue tail  has been shown to protect 
some  Arc  mutants from intracellular  degradation (Bowie 
& Sauer, 1989b; Parsell & Sauer, 1989). In  this  paper, we 
examine the effects  of  three  different  C-terminal  tail se- 
quences,  ranging from 5 to l l  residues, on  the intracel- 
lular  expression  of  a set of mutant  Arc  proteins.  The  tail 
sequences  examined  were  KNQHE  (designated st5), 
HHHHHH (H6; designated st6), and H,KNQHE (desig- 
nated st 11). Tails  including the  KNQHE sequence were 
investigated  because  this  sequence  occurs at  the end  of a 
26-residue extension that was previously shown to prevent 
proteolysis of some  Arc  mutants (Bowie & Sauer, 1989b). 
Tails  including the  H6 sequence were investigated be- 
cause of the possibility of affinity  purification of the vari- 
ant proteins using nickel-chelate columns  (Hochuli et al., 
1987). Addition of the st5 or st1 1 tails to arc genes encod- 
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ing proteolysis-sensitive mutants results in a significant in- 
crease in their  steady-state levels of  expression and, in 
some  cases,  leads to restoration  of  Arc  activity in vivo. 
The st6 tail was found to be less effective in increasing ex- 
pression levels of unstable Arc mutants. None of  the  three 
C-terminal extensions tested affects  the  DNA binding ac- 
tivity of Arc.  In addition, otherwise wild-type variants 
bearing these tails have the  same  thermodynamic stability 
as wild-type Arc. Of the  three tail sequences tested,  the st 1 1 
tail is potentially the most useful because it both increases 
mutant expression levels and allows affinity  purification. 

WT Ile Gly Ala COOH 
All  GGC GCG 

St5 Ile Gly Ala Lys Asn Gln His Glu COOH 
All  GGC GCG AAG  AAC  CAG  CAC  GAG 

St6 Ile Gly Ala His His His  His His His  COOH 
All  GGC GCG CAC  CAC  CAC  CAC  CAC  CAC 

St11 Ile Gly Ala His  His  His His His His Lys Asn Gln His Glu COOH 
All  GGC GCG CAC  CAC  CAC  CAC  CAC  CAC  AAG  AAC  CAG  CAC  GAG 

51 52 53 54 55  56  57  58  59 60 61 62 63  64 

Fig. 1. Sequences of the C-terminal residues of wild-type (WT) Arc and 
the Arc-st5,  Arc-st6, and Arc-st1 I variants. 

Results taining  these  proteins  fail to grow in the presence of 

Arc  mutants  containing  the  PL15, PS15,  RC23,  EA28, 
NK29, NT29,  RL3  1, RW3 1, and SF32 amino acid  sub- 
stitutions were chosen for expression  studies (Vershon 
et  a]., 1986). The steady-state levels of  these mutants 
range  from 50% to less than 10% of the wild-type level 
under  inducing  conditions in strain UA2F. 

Effects of C-terminal tails 
on intracellular expression 

The nine Arc  mutants described above were recloned into 
genes encoding the  three  different C-terminal  extensions 
shown in Figure 1. We refer to these tail sequences as  st5, 
st6,  and st 1 1. Figure  2  shows  the relative expression lev- 
els for  each  of the nine mutants  and wild-type Arc in the 
different  tail  backgrounds,  as  determined by densitom- 
etry  of  Coomassie-stained  sodium  dodecyl  sulfate (SDS) 
gels. The  st6 tail has only a modest effect on expression of 
the  mutant proteins. In contrast, in most cases, expression 
of the  mutant  proteins in the  st5 or st1 1 tail backgrounds 
increases 10-20-fold relative to the levels observed for  the 
mutants  without tails. The st5 and st1 1 tails also increase 
the steady-state levels of  otherwise wild-type Arc  from 
1.5- to 3-fOId. 

Increased expression can suppress 
some but not all mutant defects 

For inactive  Arc mutants  that  are expressed poorly, it is 
important to determine whether the defective phenotypes 
arise solely from  their reduced intracellular levels or also 
occur because of defects in stability or DNA binding. To 
address  this issue, we assayed the activities  of  the  nine 
mutants described above  and an additional seven mutants 
from  the  collection of Vershon et  al. (1986) in the  st5 
tail background. As described in Materials  and  methods, 
an  Arc+  phenotype in strain  UA2F  results in chloram- 
phenicol sensitivity, whereas an  Arc-  phenotype  results 
in a  chloramphenicol resistance. For example, we know 
that  the Arc-st5, Arc-st6, and Arc-st1 1 variants  are all ac- 
tive in vivo because, as shown in Table 1, UA2F cells con- 

chloramphenicol. 
Table  1  also shows the chloramphenicol  phenotypes  of 

the  mutants with and  without  the  st5  tail.  Each  of  the 16 
mutants is inactive without  the  tail  whether or not ex- 
pression is induced with isopropyl-0-D-thiogalactoside 
(IPTG). By contrast,  the EA17-st5, RH23-st5, EA28-st5, 
and SA32-st5 mutants  are active under  both inducing and 
noninducing  conditions,  and  the PS15-st5, RC23-st5, 
EK28-st5, and NK29-st5 mutants  are active under induc- 
ing conditions. Thus,  the  st5 tail rescues biological activity 
for eight of the previously inactive  mutants. The st5 tail 
does  not rescue activity for  the  remaining eight mutants 

SF32-st5, EA36-st5, and RQ40-st5), which are inactive 
even under  inducing  conditions. 

(PL15-st5, NT29-st5, NY29-st5, RL31-st5, RW31-st5, 

The st5,  st6, and st11 tails do not affect the activity 
or  stability of otherwise wild-type Arc 

Variants  containing  the  st5,  st6,  and  st1 1 tails were puri- 
fied for biochemical studies  of  activity  and  stability in 
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Fig. 2. Steady-state expression levels of wild-type and mutant Arc pro- 
teins with different C-terminal sequences in strain UAZF. Levels were 
measured by densitometry of SDS gels (see Materials and methods) fol- 
lowing IPTG induction for 2.5 hat 37 "C. Expression levels are  reported 
in arbitrary units relative to a value of 1.0 for wild-type Arc. 
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Table 1. Effects of Arc variants on growth 
in the presence of chloramphenicola 
- " 

Without  tail  With  tail 

Protein  No  IPTG  Plus  IPTG  Protein  No  IPTG  Plus  IPTG 

Arc - - Arc-st5 - - 

" ~ ~- 

- " 

Arc-st6 - 
Arc-st 1 I - 

- 
- 

EA17 + + EA17-st5 - - 
RH23 + + RH23-st5 - 
EA28 + + EAZS-stS - 
SA32 + + SA32-st5 - - 
PSI5 + + PSI5-st5 + - 
RC23 + + RC23-st5 + 
EK28 + + EK28-sI5 + 
NK29 + + NK29-st5 + - 

- 
- 

- 
- 

PL15 
NT29 
NY 29 
RL31 
RW31 
SF32 
EA36 
RQ40 

PL I5-st5 
NT29-st5 
NY29-sI5 
RL3 I-st5 
RW3I-st5 
SF32-st5 
EA36-st5 
RQ40-st5 

~~ . ~~ 
- 

a + Indicates cell growth; - indicates  no  growth. 

vitro.  For  Arc-st6  and Arc-st 11, the  adjacent histidine se- 
quences in the C-terminal  tails  permit  purification on 
nickel-chelate columns  (Hochuli et al., 1987). Figure 3 
shows  fractions  from  the  purification  of Arc-st1 1; the 
protein is substantially  free  of  contaminants  after a sin- 
gle affinity  chromatography  step (lane 5 ) .  The circular 
dichroism and fluorescence spectra of wild-type Arc, Arc- 
st5,  Arc-st6, and Arc-st1 1 were virtually  identical (data 
not  shown), suggesting that  the tail  sequences do  not 
cause any  substantial  changes in protein  structure. 

1 2 3 4 5 6 7 8  

I I 

Fig. 3. SDS-polyacrylamide gel analysis  of  fractions  from  the  purifi- 
cation  of  Arc-st I 1 .  Lanes I ,  2, pellet and  supernatant  fractions  follow- 
ing GuHCl lysis of cells; lanes 3-5, flow  through,  pH 8.0 wash,  and 
0.2  M acetic acid  elution of Ni*+-NTA agarose  column;  lanes 6-8, flow 
through, 0.1 M  NaCl  wash, and 2  M  NaCl  elution of SP-Sephadex 
column. 

In gel mobility shift experiments, Arc, Arc-st5, Arc-st6, 
and Arc-st 1 1 all bind operator  DNA with approximately 
the  same  affinity,  as  shown by the  concentration  of  free 
protein  (ca. 0.2-0.3 nM)  required to bind half of  the op- 
erator DNA  (Table 2). This result indicates  that  the tai!s 
do  not  cause  significant  changes  in the ability of the Arc 
variants to bind operator  DNA. Figure 4 shows a  DNA 
binding isotherm for Arc-st5. Like wild-type Arc, the Arc- 
st5 binding curve shows an  approximate fourth-order de- 
pendence  upon  protein  concentration, as expected for  a 
reaction in which the  protein binds the  operator  as a  tet- 
ramer  but  monomers  are  the  predominant  solution  spe- 
cies at  the  subnanomolar protein concentrations at which 
the binding  reaction  occurs  (Brown  et  al., 1990). 

The thermodynamic stabilities of Arc, Arc-st5, Arc-st6, 
and Arc-st 1 1 were measured in equilibrium  denaturation 
experiments.  Thermal melts of the  proteins at concentra- 
tions of 5 pM are shown in Figure 5A. The melting curves 
for each of  the  proteins  are similar.  Wild-type  Arc  has  a 
t,,, of 55.6 (a0.3, SD)  "C and a van't Hoff  enthalpy of 
unfolding of 55 (k2) kcalhol  under these conditions. As 
shown in Table 2, the t,,'s and AH,,'s of the  st5,  st6, and 
st 1  1 variants  are only  marginally  different  from  those  of 
wild type. 

Figure 5B shows  urea  denaturation  experiments  for 
Arc, Arc-st5, Arc-st6, and Arc-st 1 1 at protein concentra- 
tions of 5 pM. The  four proteins all display extremely sim- 
ilar denaturation profiles.  Table 3 lists values for AG,,, 
m, and C,, (the  concentration  of urea  required for 50% 
denaturation)  for these  experiments as well as  additional 
experiments performed using Arc-st6 and Arc-st 1 1. These 

Arc 0.21 55.6 (k0.3) 54.9 (k2.0) 0.00 
Arc-st5 0.20 54.7 (k0.3) 53.7 (k2.2) -0.15 
Arc-st6 0.16 57.1 (k0.3) 57.0 (k2.2) 0.25 
Arc-st 1 1 0.30 56.9 (k0.3) 55.4 (22.5) 0.15 

EA28-st I 1 ND 53.2 (k0.5) 53.7 (k2.0) -0.46 
RL3I-stll ND  35.0 (k0.5) 29.9 (k2.5) -3.08 
S A 3 2 4  I I ND 33.8 (k0.2) 26.0 (k2.5) -3.31 

a Operator  DNA  binding was measured at 20 "C in a  buffer  contain- 
ing IO mM  Tris  (pH 7.5). 1 0 0  mM KCI, 3  mM  MgCI2, 0.1 mM  EDTA, 
1 0 0  pg/mL  bovine  serum  albumin,  and  0.02%  NP40.  Thermal  stabil- 
ity was measured  at  a  protein  concentration of 5 pM in a  buffer  con- 
taining 50 mM  Tris  (pH 7.5), 250 mM KCI, and 0.1 mM EDTA. AH,, 
values are  calculated  at  the I, for  the  protein. AAG,, values for Arc-st5, 
Arc-st6, and Arc-st11 are  calculated  relative to wild-type  Arc  at  its 
1, (55.6OC). AAG,, values  for  EA28-st11,  RL31-stlI.  and SA32-st11 
are  calculated  relative to Arc-st1 1 at 55.6 "C. The  error  values  shown 
in  parentheses  are  67%  confidence  limits.  When  the  upper  and  lower 
limits  were  asymmetric,  the  larger of the  two  errors is cited. ND, not 
determined. 
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Fig. 4. Binding of Arc-st5 to  the 0 1  arc operator  DNA  fragment.  The 
dotted  line is a  theoretical  curve  for  a  fourth-order  binding  reaction. 

additional  experiments show that similar values of AG, 
and m are measured  in denaturation experiments  per- 
formed in duplicate, in experiments  performed  at  differ- 
ent  protein  concentrations,  and  in experiments monitored 
by CD or fluorescence. In  the case of Arc-st1  1, the aver- 
age  values  (+-SD)  of AG, and m calculated from seven 
independent  experiments are 10.57 (k0.21) kcal/mol and 
1.39 (k0.06) kcaVmo1-M. Unlike  the values of AG, or 
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* A r c - s t 1 1  

Fig. 5. A: Thermal melts of wild-type Arc  and  the  st5,  st6,  and st1 1 vari- 
ants. B: Urea  denaturation  of  wild-type  Arc  and  the  st5,  st6,  and  st1 1 
variants.  The  solid  curve  was  calculated  using AGu = 10.56 kcal/mol 
and m = 1.39 kcal/mol-M.  In  both  cases,  the  protein  concentration is 
5 pM,  and  the  buffer  contains 50 mM  Tris-HC1 (pH 7.5), 250 mM KCI, 
and 0.2 M EDTA.  The  urea  denaturation  experiments  were  performed 
at  25 "C. 

rn, which should  not vary with protein  concentration,  the 
value of C,  does  increase with protein  concentration  as 
expected for a  bimolecular  folding  reaction (Bowie & 
Sauer, 1989a). For  example, Arc-st 11 at a concentration 
of 2  pM is 50% denatured  at roughly  2  M  urea, whereas 
the  same  protein  at a  concentration of 20 pM is 50% de- 
natured  at  roughly 3  M  urea  (Table 3). 

The kinetics of refolding of the Arc-st5 protein were  ex- 
amined by stop flow  experiments  monitored by fluores- 
cence. The bimolecular  refolding rate  constant (kf) was 
found  to be  6 x lo6 M" s-I at 20 "C, 0.1 M  KCl, and 
pH  7.5  (data  not shown).  Under  comparable  conditions, 
kf for wild-type Arc is 9 X lo6 M" s-' (Milla & Sauer, 
1993). Thus,  the st5 tail has very little effect on the refold- 
ing rate. 

Purification and stabilities of mutant proteins 

To test the usefulness of the  st1 1  tail for expression and 
purification of Arc  mutants, we cloned the EA28, RL3 1, 
and SA32  substitutions  into genes containing  the st1  1 ex- 
tension  and  affinity  purified  the  mutant  proteins.  Ther- 
mal melts (Table 2) and  urea  denaturation (Fig. 6; Table 3) 
of the  three  mutant proteins were performed.  The EA28- 
st 1 1 mutant is slightly less thermally  stable than Arc-st 1  1 
( A t ,  = -3.7 "C) .  In  contrast,  the RL31-st11 (At, = 
-21.9 "C) and SA32-st11 (At, = -23.1 "C) mutants  are 
significantly less thermally  stable.  Similar changes in sta- 
bility are seen in  urea  denaturation experiments. The 
RL31-st11 and SA32-st11 proteins  are roughly 2.5-3.0 
kcal/mol less stable  than Arc-st1 1 to  urea denaturation, 
whereas EA28-st11 is only about  0.3 kcal/mol less stable 
(Table  3). 

Discussion 

Two  factors,  thermodynamic stability and  C-terminal se- 
quence,  appear to determine  the susceptibility of  Arc  and 
its  variants to intracellular  degradation (Vershon et al., 
1986; Bowie & Sauer, 1989b; Parsell & Sauer, 1989; Par- 
sell et al., 1990). Protein  stability is thought to  be  impor- 

1.1 , I 
0 1.0 

m 0 .  

s SA3241 1 
RL31-st11 
EA28-stll 

-0.1 1 . , . , . , . , . I 
0 1 2 3 4 5 

urea (M) 

Fig. 6 .  Urea  denaturation  curves for the EA28-st  11, RL3 I-st 1 1 ,  and 
SA32-st11 mutants.  Conditions:  5  pM  protein, 25 "C,  50 mM Tris-HC1 
(pH 7.5),  250  mM  KCI,  and 0.2 M EDTA. 
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Table 3 .  Urea  denaturation parametersa 
~~ ~~ 

~~ ___ 

Arc 
Arc-st5 

Arc-st6 
Arc-st6 
Arc-st6 
Arc-st6t 
Arc-st6t 

Arc-st6  mean 

Arc-st 11 
Arc-st 1 I 
Arc-st I 1 
Arc-st I 1 
Arc-st 1  1 
Arc-st 1 1 t 
Arc-st1 11. 

Arc-st  1 1 mean 

EA28-st  1 1 
RL3 1 -st 1  1 

~~~~ ~ 

SA32-st 1 I 
-~ ~ ~ ~ _ _ ~  ~ 

__ 

p, 
(PM) 
__ 

5 
5 

5 
8.7 
8.7 
8.7 
8.7 

2 
5 

10 
20 
20 
20 
20 

5 
5 
5 

__ 
~~ 

__ __ ~. ._____ 
~~ ___ 

A G u  
( k c a l h o l )  

10.41 
10.82 

10.65 
10.64 
10.26 
10.50 
10.79 

10.57 f 0.20 

10.58 
10.94 
10.22 
10.61 
10.49 
10.59 
10.50 

10.56 & 0.21 

10.26 
8.15 
7.58 

~~ ~ 

~~ . ~~ ~ 

~~ ___~_ - 

rn 
(kcalhol-M) 

1.34 
1.53 

1.35 
1.37 
I .29 
1.32 
1.40 

~~ "___ 

1.35 rt 0.04 

1.41 
1.47 
1.28 
1.40 
1.39 
1.37 
1.38 

1.39 rt 0.06 

1.39 
1.13 
1.46 

~ ~ ____ .  

~ __ 

CmI 
(M) 

~ 

2.39 
2.36 

2.55 
2.15 
2.62 
2.75 
2.80 

2.01 
2.54 
2.68 
3.02 
2.95 
3.07 
2.98 

2.18 
0.84 
0.26 

~ ~~ ~- 

a f',, Protein  concentration  in  monomer  equivalents; AG,,, free  en- 
ergy  change  associated  with  unfolding of Arc  dimer  at  standard  state 
concentration of 1 M, 25 "C,  pH  7.5, 250 mM KC1 calculated  from  urea 
denaturation  experiments  as  described  in  Materials  and  methods.  De- 
naturation  experiments  marked  by t were monitored by circular  dichro- 
ism;  all  others  were  monitored  by  fluorescence. 

tant because many  mutations  that  reduce  thermodynamic 
stability also lead to increased degradation in the cell. The 
C-terminal  sequence is thought  to be important because 
extensions with charged and polar residues at  or near the 
C-terminus have been shown to increase the  intracellular 
half-life of wild-type Arc and some  variants. These exten- 
sions or tails are  thought  to  act by preventing the  bind- 
ing of a  protease with a  preference  for relatively nonpolar 
sequences like GRIGA, which is the C-terminal  sequence 
of wild-type Arc  (Parsell et al., 1990). The intracellular 
protease  or proteases that  are responsible for  degrading 
Arc  mutants in the cell are  currently  unknown.' 

We have  shown that  the st5 and st1  1  C-terminal  tails, 
both  of which end with the sequence KNQHE, increase 
the intracellular  expression of most of the  mutant  Arc 
variants  tested.  The  KNQHE sequence was originally found 
as  the  terminal  pentapeptide of the It1 tail, a 26-residue 
extension that increased the intracellular half-life of three 
different  Arc  mutants (Bowie & Sauer, 1989b). The 
KNQHE tail appears  to be as effective  as the It1 tail in 
increasing mutant expression levels, providing support  for 

' Tsp,  a  periplasmic E. coli protease,  has  the  proper  substrate  spec- 
ificity and  degrades  the  appropriate  Arc  variants in vitro  but is not re- 
sponsible  for  the observed degradation of the  Arc  mutants in vivo (Silber 
et al., 1992; K .  Silber, K. Keiler, & M.  Milla,  unpubl.). 

M.E. Milla et al. 

the  studies  of  Parsell  et  al. (1990) that suggested that  the 
stabilizing  effect of the It1 tail was due to  the  polar  na- 
ture  of its  terminal  five  residues.  These  studies  also 
showed that a  variety of pentapeptide sequences consist- 
ing of charged and polar residues were effective in block- 
ing  intracellular  degradation of another  protein,  the 
N-terminal  domain of phage X repressor.  For this reason, 
we also  assayed the effects of the st6  tail, which adds six 
histidines to the  C-terminus. Surprisingly, the st6 tail was 
found  to be far less effective than either  st5 or st11 in 
increasing the expression levels of the  Arc  mutants.  This 
result indicates that we do not yet fully understand  the 
rules that relate  C-terminal sequences and susceptibility 
to  intracellular  degradation. 

The st5 and st 1 1 tails are  not universally effective at in- 
creasing mutant expression, and a few mutants, such as 
PL15  and SF32, are still expressed at relatively low lev- 
els even with these  tail  sequences.  It is possible that these 
mutations  affect  Arc expression via changes  in message 
stability or  translational efficiency or  introduce new pro- 
teolytic  target sites and  make  Arc  subject  to  degradation 
by tail-independent  proteases.  Alternatively, the st5 and 
st 1 1 tails may  not  provide  complete  protection from tail- 
dependent  proteases for  mutants whose native  structures 
are severely destabilized.  It is intriguing that  both  Pro 15 
and Ser 32 act  as  N-caps  for a-helices  in  Arc (Breg et al., 
1990; Kissenger, Obeysekare, Raumann,  Sauer, & Pabo, 
in prep.), since mutations  that  affect residues at  the be- 
ginning of a-helices in X repressor and X Cro have also 
been found  to cause  large  changes in the proteolytic sus- 
ceptibility  of  these  proteins  (Pakula & Sauer, 1989; 
Reidhaar-Olson  et  al., 1990). 

Addition of the  st5, st6, and st1 1 tails to otherwise wild- 
type  Arc  did  not  alter  the  operator  DNA  binding  activ- 
ity or structural stability of the  protein. These findings are 
consistent with the idea that  the tail sequences are unstruc- 
tured  and  do  not  interact with the folded  portions of the 
fusion  proteins. Several C-terminal  residues  in  the wild- 
type  Arc  protein  are  known  to be  disordered  in  both  the 
solution  structure (Breg et al., 1990) and  the crystal struc- 
ture (Kissenger, Obeysekare,  Raumann,  Sauer, & Pabo, 
in  prep.), and NMR  studies of the It1 extension  have 
shown  that  the 26 residues of this  tail  sequence are also 
unstructured (Bowie & Sauer, 1989b). In  the case of the 
st5  tail, we also  found  that  this  C-terminal extension  did 
not significantly  affect the kinetics of  Arc  folding,  sug- 
gesting that  the C-terminal tails do not suppress degrada- 
tion by increasing the folding rate. 

Three  Arc  mutants - EA28-st 1  1,  RL3 1-st 1 1,  and SA32- 
st 1  1 -were purified for biochemical studies. Each of these 
substitutions  results  in loss of biological  activity  in the 
wild-type  tail  background (Vershon et  al., 1986), but  the 
EA28 and SA32 mutants  are active  in the st 11 tail  back- 
ground.  This result shows that proteolysis  makes  a  sub- 
stantial  contribution to  the  mutant phenotypes  observed 
for these  two mutants in the wild-type tail  background. 
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Arg 31 is a partially  buried  residue  in  the  turn between 
the A and B helices of  Arc.  In  the  Arc  structure (Kis- 
senger,  Obeysekare,  Raumann,  Sauer, & Pabo, in prep.), 
the side  chain  nitrogens  of  Arg 31 make  hydrogen bond/ 
salt  bridge  interactions with the  side  chain oxygens of the 
buried Glu 36 side  chain and  also  make a  hydrogen bond 
with the side  chain oxygen of Asn  29. Ser 32 is the first 
residue  of helix B, and its  side  chain  hydroxyl  hydrogen 
bonds  to its  own  amide nitrogen and  to  the amide  nitro- 
gen and side  chain  hydroxyl  of  Ser 35. Because the SA32 
and RL31 mutations cause  large  decreases  in both  the 
thermal  stability  and  the  urea stability  of  the  protein, it 
appears  that  some  or all of these  hydrogen  bonding and/ 
or salt  bridge  interactions contribute significantly to the 
stability  of  Arc.  The  destabilization caused by the  RL3 1 
and SA32  substitutions  results  in  more  than 50% of  the 
mutant  proteins being unfolded at 37 "C  under  the  con- 
ditions  of  our  denaturation assays.  This  large  degree of 
unfolding  could easily account  for  the observed  suscep- 
tibility  of the RL31 and SA32 mutant  proteins  to  degra- 
dation in the cell. 

Glu 28  is a surface residue in helix A (Breg et al., 1990), 
and  the  EA28  mutation causes  only a small  decrease in 
thermodynamic  stability.  At 37 "C  under  the  conditions 
of our assays  in  vitro,  the  EA28 mutation would only  in- 
crease the  amount  of  unfolded  protein modestly  com- 
pared with  wild-type Arc,  and yet in vivo the  EA28 
mutant  appears  to be  degraded  two to four times as  rap- 
idly as wild type,  as evidenced by its reduced steady-state 
levels (Vershon et al., 1986; Fig. 2). Apparently, even 
small  reductions  in  thermodynamic  stability  can  have 
measurable  effects on proteolytic  sensitivity of Arc in 
the cell. 

The biochemical  studies  presented  here  show that  the 
st5,  st6, and st 1 1  tail  sequences are  structurally  and func- 
tionally  silent.  Any  effects  of  these  tails on function  in 
vivo must therefore be due  to changes  in  steady-state ex- 
pression levels. Both the st5 and st1  1  tails  increase  the ex- 
pression of many  Arc  mutants to  the point  where  their 
purification is readily feasible. We believe that  an expres- 
sion system using the  st1 1 tail  (H,KHQNE) will prove to 
be  the most useful in studying  unstable  Arc  mutants  both 
because  this  tail  increases  expression levels and because 
it allows the  mutant  proteins to  be  rapidly  purified using 
affinity  chromatography. We anticipate  that  approaches 
similar to those  described  here  may  also  be  useful for ex- 
pressing  mutant  proteins in other systems for which 
C-terminal-dependent  degradation is a problem. 

Materials and methods 

Strains  and  plasmids 

E. coli  strain  UA2F is thi- his- IacZ- lacYtsupo recA- 
F'(lacIa facZ::Tn5 [kanR] pro')  and  contains  an inte- 

grated  himm21  prophage bearing a  transcriptional  fusion 
of the Arc-repressible Pa,, promoter to the  cat gene (Ver- 
shon et al., 1986). 

Arc genes encoding  C-terminal  extensions were con- 
structed by inserting  synthetic  oligonucleotide  cassettes 
between the  Hind I11 and Cla I sites in  the arc gene of 
plasmid pSA300 (Bowie & Sauer, 1989~).  In each case, the 
extensions were added  immediately  following the  codon 
for  the last wild-type residue, Ala 53, as shown in Figure 1. 
Following ligation of the  appropriate cassettes to  the gel- 
purified Hind 111-Cla I  backbone  of pSA300, constructs 
were transformed  into  strain  UA2E Plasmid DNAs  from 
individual transformants were purified,  and  the expected 
plasmid  structures were verified by restriction  mapping 
and  DNA sequencing.  Plasmids pSA500, pSA600, and 
pSA700 encode  Arc  variants  containing  the  st5,  st6,  and 
st1 1 tails, respectively. 

Proteolysis-sensitive Arc  mutations were recloned from 
the collection  of Vershon et al. (1986) into  different tail 
backgrounds.  The original mutations were isolated in 
plasmid pTA200. To transfer these mutations,  variants  of 
pTA200 were cut with Pvu I and  Hind 111, and  the 1.1-kb 
fragment  (containing  DNA  from  the  ampR gene up- 
stream of  arc  to  codon 44 of arc) was purified  and li- 
gated to the  3.3-kb gel-purified Pvu I-Hind 111 backbone 
of  either pSA300, pSA500, pSA600, or pSA700. Con- 
structs were transformed  into  strain  UA2F by electro- 
poration,  and plasmid  identities were verified by DNA 
sequencing. 

Expression  assays 

To assay expression of mutant variants  of  Arc,  fresh col- 
onies  bearing  variants of plasmid  pTA200, pSASOO, 
pSA600, or pSA700 were placed in a culture  tube  in  2 mL 
of  Luria-Bertani (LB) broth  containing 150 pg/mL  am- 
picillin and grown overnight in a roller drum  at 37 "C. The 
next day, 30 pL of each  culture was used to inoculate  2 
mL of fresh medium. Cells were grown  at 37 "C to  an  ab- 
sorbance of 0.8 at 600 nm,  and  IPTG was then  added to 
a  final  concentration  of  0.1  mg/mL.  A  duplicate set of 
cultures  did  not receive IPTG.  After 2.5 h, all of  the cul- 
tures were diluted with LB to  an absorbance of 0.7 at 
600 nm. Next,  1.5 mL of each culture was transferred to 
a microfuge tube,  and cells  were pelleted and resuspended 
in 0.2 mL of  Laemmli  loading  buffer  (Laemmli, 1970). 
Samples were boiled for 2  min,  insoluble  material was re- 
moved with a toothpick,  and samples were electropho- 
resed on SDS-polyacrylamide gels using the Tris-tricine 
buffer  system  (Schagger & von  Jagow, 1987). Gels were 
stained with 0.02%  Coomassie  brilliant  blue R-250 in 
50% methanol  and 10% acetic  acid and  dried between 
cellophane sheets using a Hoeffer Easy Breeze dryer.  The 
intensities  of  bands  of Arc  protein  and gel background 
were quantified using  a Molecular  Dynamics  Image 
Quant  computing  densitometer. 
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Protein purification phenicol acetyl transferase gene (cat)  initiated from  an 

Wild-type Arc  and  the  variant  containing  the  KNQHE tail 
(designated  Arc-st5) were purified  from  strains  UA2F/ 
pSA300 and UA2F/pSASOO, respectively, by chromatog- 
raphy on Sephadex G50 and CM-Accell as previously de- 
scribed (Bowie & Sauer, 1989b). 

Variants containing the  H6 tail (designated Arc-st6) and 
H,KHQNE  tail  (designated  Arc-st11) were purified by 
affinity  chromatography following the basic procedure of 
Hochuli  et  al. (1987). Strains  UA2F/pSA600 or  UA2F/ 
pSA700 were grown  at 37 "C with aeration in  6  L  of LB 
broth  to  an  absorbance of 1 .O at 600 nm,  and  Arc expres- 
sion  from  the P,,, promoter  was  induced by addition of 
IPTG  to a concentration of 0.1 mg/mL.  After 3 h, cells 
were harvested,  washed, and resuspended in 100 mL of 

Arc-repressible promoter  located  in  the bacterial chromo- 
some of strain  UA2F (Vershon et al., 1986). Active  Arc 
variants  repress cat synthesis, and  the host cell cannot 
grow  in the presence of chloramphenicol.  For  the  exper- 
iments  presented  here, cells were plated at 37 "C on LB 
plates  containing 75 pg/mL  chloramphenicol,  2  pg/mL 
IPTG, 100 pg/mL  ampicillin, and 25 pg/mL  kanamycin. 

The binding of purified  Arc or its  variants to  operator 
DNA was assayed in  vitro by gel mobility  shift assays as 
described (Brown et al., 1990; Brown & Sauer, 1993). The 
operator  DNA used for these  assays was the 27-bp 0 1  
synthetic  fragment  (Brown & Sauer, 1993), which had 
been 5"end-labeled with adenosine  5'-[y3'P]triphosphate 
using  polynucleotide  kinase. 

buffer  A  (100mM  potassium  phosphate,  lOmM Tris-HC1, 
and 6  M  guanidine  hydrochloride,  adjusted to a final pH Denaturation assays 
of 8  at  room  temperature). Cells were lysed  by gentle stir- 
ring for 1  h at  room  temperature,  and cellular debris was 
removed by centrifugation  at 12,000 x g (Sorvall SS-34 
rotor)  for 30 min.  The  supernatant was loaded  onto a 
3-mL Qiagen Ni2+-NTA metal-chelating chromatography 
resin equilibrated  in  buffer  A.  The  column was washed 
with 100 mL of buffer  A  plus  3  mM  imidazole,  and  the 
Arc-st6 or Arc-st1  1  variants were eluted with 5 mL of 
0.2 M  acetic  acid  containing  6  M  guanidine  hydrochlo- 
ride.  Following dialysis into  buffer B (10 mM Tris-HCI 
[pH 7.51, 0.2 mM  EDTA),  the  protein was loaded onto 
a 2-mL SP-Sephadex  column  equilibrated with buffer B, 
washed with 100 mL of buffer  B  plus 100 mM KCl, and 
eluted with 5 mL of buffer  B  containing  2  M KCI. The 
eluate was dialyzed twice against  6  L  of  storage buffer, 
which contains 50 mM Tris-HC1 (pH  7.5),250  mM KC], 
and  0.2  mM  EDTA. 

Following purification, Arc, Arc-st5, Arc-st6, and Arc- 
st 11 were found  to be  greater  than  95%  pure  as  judged 
by Coomassie blue staining of samples following SDS gel 
electrophoresis  (Laemmli, 1970). Typical yields of puri- 
fied protein  from 6-L preparations were 20-40 mg. The 
concentration of wild-type Arc was calculated  using an 
extinction coefficient of 6,756 M" cm" at 280 nm (Brown 
et al., 1990).  Because the tail sequences do not  contain  any 
additional  tyrosine  or  tryptophan residues, the  same ex- 
tinction  coefficient was used to calculate  molar  concen- 
trations  for Arc-st5,  Arc-st6, and Arc-st  11. 

The  variants EA28-st 1 1,  RL3 1-st 1  1, and SA32-st 1  1 

The stability  against denaturation  of wild-type Arc  and 
variants was assayed by monitoring  changes  in  trypto- 
phan fluorescence or  CD  as a  function of urea  concen- 
tration  or  temperature (Bowie & Sauer,  1989~).  For urea 
denaturation,  Arc was diluted to a final  concentration of 
2-20 pM and  equilibrated  at 25 "C  for 1  h  in  buffer  con- 
taining 50 mM Tris-HC1 (pH  7.5),250  mM KCl, 0.2 mM 
EDTA,  and  different  concentrations of urea.  Denaturation 
was monitored  either by fluorescence emission intensity 
at 320 nm  (excitation 280 nm) using a Perkin-Elmer LS- 
50 luminescence  spectrometer or by CD ellipticity (228- 
232 nm) using an Aviv 60DS spectropolarimeter.  In  both 
cases, readings were taken  in a thermostatted cell at 25 "C 
For  thermal melts,  Arc was diluted to 5 pM in  a buffer 
containing 50 mM Tris-HC1 ( p H   7 4 , 2 5 0  mM KCl, and 
0.2 mM EDTA,  and  the  temperature was increased in 1 "C 
steps.  The  sample was allowed to equilibrate  for 60 s at 
each  temperature  point,  and  the ellipticity at 222 nm was 
recorded for 30 s. Both the  thermal  and urea denaturation 
reactions were reversible. 

Denaturation curves were fitted by a nonlinear  least- 
squares  procedure using a Macintosh  version of the  pro- 
gram  NonLin  (Johnson & Frasier, 1985; Brenstein, 1989). 
Because the  Arc dimer  denatures to two  unfolded  mono- 
mers,  equations  for  a  bimolecular  reaction were used for 
all  fitting  procedures (Bowie & Sauer,  1989~).  For ther- 
mal  denaturation, curves were fitted  using  the  following 
equations: 

were purified from 2-L cultures using chromatography on 
Ni'+-NTA and SP-Sephadex  columns  as described above. ~ ~ b ~ = f , * ( ~ ~ + d ~ * T ) + ( l - f ~ ) * ( ~ ~ + n s * T )  
In each case, the final recovery of the  mutant  protein was 
5-6 mg. f, = [ -K, + (K: + 8 * P, * K,)"*] / (4  * Pl) 

K, = exp( -AG,/R * T) 
Activity assays 

The activity in vivo of Arc  variants was assayed by their 
ability to  repress  transcription of the gene for  chloram- + AC,* [T-  T, - T*ln(T/T,)], 

AG, = AH, - (T/T,) * [ A H ,  + R * T, * In(P,)] 
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where Eobs is the observed ellipticity; cD and cN are  the in- 
tercept ellipticities of  the  denatured  and native  proteins; 
ds and ns are  the slopes of the  denatured  and native base- 
lines; f ,  is the  fraction of protein  denatured; K, is the 
equilibrium  constant for Arc  unfolding and dissociation; 
AG,, AH,, and AC, are  the free  energy,  enthalpy, and 
heat  capacity  changes  associated  with  unfolding  and dis- 
sociation; Tis  the temperature (K); T, is the  temperature 
where f ,  = 0.5; R is the universal gas constant;  and Pt is 
the  protein  concentration in monomer  equivalents.  For 
each  melting  curve, AH,,, T,, and  the slopes and  inter- 
cepts of the  native  and  denatured baselines were deter- 
mined. AC, is not well determined  in  these  experiments 
and,  for  fitting  purposes, was fixed at 1.6 kcal/mol,  the 
value for wild-type Arc (Bowie & Sauer,  1989~). 

Control experiments  showed that  the fluorescence  in- 
tensities of the native ( I N )  and  denatured ( I D )  proteins 
did  not  change with urea  concentration,  as has been ob- 
served for  other  proteins  (Horovitz et al., 1990). Urea de- 
naturation curves monitored by fluorescence were fit 
using the following equations: 

where f ,  is defined  as described  above, and 

K, = exp(( -AG, + m * [urea]) /R * T ] ,  

Here, m is the negative  slope  of the plot of the free  en- 
ergy of unfolding versus urea,  and AGu is the  free energy 
of unfolding in the  absence  of  urea.  Urea  denaturation 
curves  monitored by CD were fit  in a similar fashion, ex- 
cept that  the slopes of the native and  denatured baselines 
were also  allowed to  vary. 
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