
change in the past. However, historical cli- 
mate changes were generally much slower 
(by one or more orders of magnitude) than 
those predicted for the future (23, 24). Slower 
changes may have provided opportunities for 
taxa to adapt to climate change while persist- 
ing in refuges or shifting ranges to new lati- 
tudes despite genetic constraints on adaptive 
evolution. 
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Direct Interaction of 
Arabidopsis Cryptochromes 
with COPl in Light Control 

Development 
Haiyang Wang,' Li-Ceng Ma,'v2 Jin-Ming Li,3 Hong-Yu ~ h a o , ~  

Xing Wang Deng's2* 

Arabidopsis seedling photomorphogenesis involves two  antagonistically acting 
components, C O P l  and HY5. C O P 1  specifically targets HY5 for degradation via 
the 265 proteasome in the dark through their direct physical interaction. Little 
is known regarding how light signals perceived by photoreceptors are trans- 
duced t o  regulate COP1. Arabidopsis has two  related cryptochromes (cryl  and 
cry2) mediating various bluelultraviolet-A Light responses. Here we show that 
both photoactivated cryptochromes repress COP1 activity through a direct 
protein-protein contact and that this direct regulation is primarily responsible 
for the cryptochrome-mediated blue light regulation of seedling photomor- 
phogenic development and genome expression profile. 

Arabidopsis uses two major types of photo- seedling developmental pattern, photornor- 
receptors, the redlfar-red light-absorbing phogenesis in the light and skotomorphogen- 
phytochromes (phyA-phyE) and two related esis in darkness (1, 2). Previous studies 
bluelultraviolet-A (UV-A)-absorbing crypto- showed that a group of COP/DET!'FUS pro- 
chromes (cryl and cry2) to monitor the am- teins function as repressors of photomorpho- 
bient light environment and to control the genesis (3-5). They achieve their roles by 
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mediating the regulated proteolysis of key 
developmental regulators, such as HY5, a 
bZIP transcription factor that promotes the 
expression of light-inducible genes and thus 
photomorphogenic development (6-9). How- 
ever, little is known as to how the light- 
activated photoreceptors regulate the activi- 
ties of these COP/DET/FUS proteins to cause 
the physiological responses. 

It was recently reported that overexpres- 
sion of GUS fusion proteins with the COOH- 
terminus of either CRY 1 (GUS-CCT1 , amino 
acids 490 to 681) or ' CRY2 (GUS-CCT2, 
amino acids 486 to 612) in Arabidopsis con- 
fers a constitutive light response in darkness 
(lo), suggesting that the activities of some of 
the COP/DET/FUS proteins might be re- 
pressed in the dark. To examine whether 
direct protein-protein interactions between 
CCTs and the COP/DET/FUS proteins are 
involved in this repression, we subcloned 
CCTl and CCT2, either by themselves or as 
fusions with the GUS protein (GUS-CCT1 
and GUS-CCT2) into the yeast two-hybrid 
vectors (1 I), in both the LexA DNA binding 
domain and the GAIA activation-domain 
(AD) fusion configurations. Yeast two-hy- 
brid interaction assays of CCTs or GUS- 
CCTs with all available subunits of the 
COP9 signalosome (11) failed to detect any 
substantial protein-protein interaction in ei- 
ther configuration. However, clear interac- 
tions between both LexA-CCT2 and LexA- 
GUS-CCT2 with AD-COP1 were detected 
(Fig. 1A). Further domain deletion analysis 
revealed that LexA-CCT2 is capable of 
interacting with COPl mutants lacking ei- 
ther the Ring-finger or the Coil domain, but 
not with COPl mutants missing either the 
WD-40 repeat (Gp) domain or both the 
Ring-finger and Coil domains. LexA-GUS- 
CCT2 is capable of interacting with all of 
the COPl deletion forms as long as they 
maintain the intact WD-40 repeat domain 
(Fig. 1A). This result suggests that the 
COOH-terminal WD-40 repeat domain is 
likely responsible for interacting with 
CCT2. The GUS protein-mediated oli- 
gomerization seems able to partially fulfill 
the structural role of the Coil domain of 
COP1. 

To confirm the direct interaction between 
CRY2 and COP1' in vivo, we performed a 
coimmunoprecipitation assay. As shown in 
Fig. lB, CRY2 antibodies can immunopre- 

'Department of Molecular, Cellular, and Developmen- 
tal Biology, Yale University, New Haven, CT 06520, 
USA. "eking-Yale Joint Center of Plant Molecular 
Genetics and Agrobiotechnology. College of Life Sci- 
ences, Peking University, Beijing 100871. People's Re- 
public of China. 3Department of Epidemiology and 
Public Health, Yale University School of Medicine, 
New Haven, CT 06520, USA. 

cipitate both CRY2 and COPl with Arabi- between CRY1 and COPl with the above 
dopsis transgenic seedlings overexpressing approaches was hampered by the self-acti- 
COPl (COPlOE) (12) but not with samples vation property of CCTl in yeast and the 
that were processed without adding the unavailability of a suitable CRY 1 antibody. 
CRY2 antibody or samples of the cry2-1 Instead, we selected a living onion cell 
mutant seedlings (13). colocalization assay (14) for this purpose. 

Our attempt to examine the interaction As shown in Fig. 2, GFP-CCT1 alone ex- 

Total antECRY2 -Ab sntCCRY2 - --- 
COPIOE COPlOE COPlOE cry24 

1 

gg- - Fig. 1. Analysis of CRY2 and COPl in- 
teraction in yeast and in planta. (A) 
CCTZ and COPl interaction analyzed by 
the yeast two-hybrid assay. The left 
panel illustrates the AD-COP1 fusion 
constructs. Zn, Ring-finger domain; Coil, 
Coiled-coil domain; Gp, WD-40 repeat 
domain; N282, NH,-terminal282-ami- 
no acid fragment of COPI. The right 
panel shows the corresponding P-galac- 
tosidase activities with either LexA- 
CCTZ or LexA-GUS-CCT2. The value is 
the average of six individual yeast col- 
onies, and the error bars represent the 
standard deviations (75). (B) Coimmu- 
noprecipitation of CRY2 and COPl in 
vivo. The top and bottom panels show 
Western blot analysis of immunopre- 
cipitated (with or without CRY2 anti- 
body added) samples probed with COPl 
antibodies or CRY2 antibodies, respec- 
tively. "Total" indicates total protein 
extracts not subjected to immunopre- 
cipitation. COPlOE, COPl overexpress- 
ing Arabidopsis seedlings; cry,?-7, CRY2 
mutant Arabidopsis seedlings. - Ab in- 
dicates samples processed without add- 
ing the CRY2 antibody (75). 

.-/"/'- 

.- 

Fig. 2. Recruitment of GFP-CCTI 
into COP1 nuclear speckles and 
cytoplasmic inclusion bodies in 
living plant cells. (A), (C), and (E) 
are composed of two portions: 
The top panels show the fluores- 
cent images of GFP-COPI, GFP- 
CCTI, or GFP-CCTI coexpressing 
with a nontagged COP1 in living 
onion' epidermal cells; the bot- 
tom panels are DAPl (4',6'-dia- 
midino 2-phenylindole) staining 
of the same images to show the 
positions of the nuclei (indicated 
by arrows). (B), (D), and (F) are 
closeups of the nuclei as shown 
in (A), (C), and (E), respectively 
(75). Dashed lines demarcate the 
nuclei. N, nucleus; I, cytoplasmic 
inclusion body. The scale bar in 
all panels represents 50 pm. 
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hibited a uniform green fluorescent pattern 
enriched in the nucleus. Its coexpression 
with a nontagged COPl resulted in bright 
green nuclear speckles over the uniform 
green fluorescent background as well as 
strong green fluorescent cytoplasmic inclu- 
sion bodies. Both are characteristic features 
of COPl and its GFP fusion. This result 
demonstrates that GFP-CCT1 can be re- 
cruited into both the nuclear speckles and 
the cytoplasmic inclusion bodies of COP1, 
supporting a direct interaction between 
CRYl and COPl in living plant cells. 

It has been proposed that COPl functions 
as a putative E3 ubiquitin ligase responsible 
for the targeted degradation of HY5 through 
the 26s proteasome (8). The observed phys- 
ical interaction between cryptochromes and 
COPl prompted us to postulate that COPl is 
a direct signaling target for both crypto- 
chromes in Arabidopsis (Web fig. 1) (15). It 
is conceivable that the blue light signals drive 
a redox reaction within cryptochromes to ac- 
tivate the CCTs, as a result of change in either 
the conformation or chemical property of 
CCTs, which leads to the rapid inactivation 
of COPl through the direct protein-protein 
contact. This rapid inactivation of COPl ab- 
rogates the targeted degradation of the down- 
stream bZIP transcription factor HY5 and 
other substrates, which directly control light- 
responsive gene expression and the photo- 
mobhogenic development program (6, 16). 
The long-term inactivation of COP1 is 
achieved by subsequent depletion of COPl 
from the nucleus (1 7). 

This model is consistent with the previous 
findings that both CRY 1 and CRY2 mediate 
blue light-induced photomorphogenic devel- 
opment, characterized by shortening of the 
hypocotyl, cotyledon expansion, and antho- 
cyanin production (18, 19). Further, trans- 
genic Arabidopsis seedlings oveiexpressing 
either photoreceptor are hypersensitive to 
blue light and exhibit enhanced light-induced 
shortening of the hypocotyl and increased 
anthocyanin synthesis (13,20). In addition, it 
has been demonstrated that both CRYl and 
CRY2 mediate HY5 accumulation in blue 
light (8). These observations suggest that 
both cryptochromes contribute to blue light 
regulation of COPl activity in a coordinated 
and quantitative manner. 

The antagonistic relationship between 
cryptochromes and COPl in mediating pho- 
toiorphogenic development is further rein- 
forced by a genetic study in which we intro- 
duced a COPl overexpressing cassette into 
the clyl mutant (21) and the CRY 1 overex- 
pressing (20) backgrounds by genetic cross- 
ing. Figure 3, A and B, shows that overex- 
pressing COPl (COPlOE) in a wild-type 
background substantially reduces the extent 
of photomorphogenic development and the 
seedlings display elongated hypocotyls under 

D 1 2 3 

+ 
HYS = 

blue light, comparable to the cry1 mutants. 
Overexpressing CRY 1 (CRY 1 OE) causes a 
hypers&sitive~esponse to blue light, and the 
seedlings display much-shortened hypocotyls 
and more expanded cotyledons. The clyll 
COPlOE seedlings exhibit a much further 
reduced response to blue light-mediated hy- 
pocotyl growth inhibition than either cry1 or 
the COPlOE parental seedlings. In addition, 
the hypersensitivity caused by CRYlOE is 
substantially reduced when combined with 
COPlOE. 

To provide further functional evidence for 
the working hypothesis, we generated GUS- 
CCTl and GUS-CCT2 transgenic plants and 
tested whether the activity of COPl is affect- 
ed in these transgenic seedlings. As reported 
previously (lo), both transgenic seedlings ex- 
hibit a cop-like phenotype in the dark and are 
hypersensitive to light (Fig. 3C). In addition, 
we found a drastic accumulation of HY5 in 
both dark-grown transgenic seedlings when 
compared with dark-grown wild-type seed- 
lings (Fig. 3D). Because HY5 degradation in 
darkness is a COP1-dependent process (8), 
this result suggests that the activity of COPl 
is impaired in the GUS-CCTs seedlings and it 
is most plausible that the CCTs in the GUS 

Fig. 3. Functional anal sis of cryptochromes 
and COPl interaction. &) A combinatorial ef- 
fect of the cryl mutation with COPIOE and an 
antagonistic effect of CRYIOE with COPIOE in 
mediating blue-light responsiveness. 1, wild 
type (WS ecotype); 2, wild type (No-0 
ecotype); 3, wild type (Ler .ecotype); 4, cryl 
(hy4-7, Ler ecotype); 5, cryllCOP1OE; 6, 
COPIOE (No-0 ecotype); 7, CRYIOE (WS 
ecotype); and 8, CRY1OElCOP1OE. The scale 
bar represents about 2 mm. (B) A histogram 
compares the hypocotyl lengths of seedlings 
with various genetic backgrounds or combina- 
tions. The numbers on the x axis represent the 
same samples as in (A). The value is the average 
of 20 individual seedlings (6 days old), and the 
error bars represent the standard deviations. 
(C) The constitutive photomorphogenic (cop) 
and light-hypersensitive phenotypes of the 
GUS-CCTs transgenic seedlings (75). The top 
panels show dark-grown seedlings, and the bot- 
tom panels show blue light-grown seedlings 
(all in the Columbia ecotype). 1, wild type; 2, 
the GUS-CCTI transgenic seedlings provided 
by A. R. Cashmore (70); 3, GUS-CCTI trans- 
genic seedlings generated in this study; 4, GUS- 
CCT2 transgenic seedlings generated in this 
study; and 5, cop7-4 mutant. The scale bars in 
all panels represent about 1 mm. (D) A Western 
blot analysis probed with HY5 antibodies to 
show that dark-grown GUS-CCTI and GUS- 
CCT2 transgenic seedlings accumulate HY5. 
Lane 1, wild type; lane 2, GUS-CCTI; and lane 
3, GUS-CCT2. An equal amount of protein was 
loaded and verified by the intensity of a cross- 
reacting band (arrow). 

fusion forms may repress COPl activity by 
mimicking a light-activated conformation of 
the cryptochromes. 

This scenario leads us to further predict 
that dark-grown GUS-CCTs transgenic seed- 
lings should display a global genome expres- 
sion profile similar to that of dark-grown 
cop1 mutants. In addition, their profiles 
should mimic that of blue light-grown wild- 
type seedlings, as the two cryptochromes are 
the major photoreceptors for mediating blue 
light-controlled photomorphogenic develop- 
ment. To test these predictions, we examined 
the role of cryptochromes in mediating ge- 
nome expression under blue light [both wild- 
type and the clyl:cly2 double mutants (19)] 
and compared them with those of dark-grown 
copl-4 mutant (9, GUS-CCT1, and GUS- 
CCT2 seedlings using an Arabidopsis cDNA 
microarray (22). 

As shown in Fig. 4A, the blue light- 
regulated genome expression profile in wild- 
type seedlings (lane 1) and the blue light 
effect mediated by the two cryptochromes 
(lane 2) are largely similar. Blue light could 
activate the phytochrome photoreceptors to a 
certain extent, which may contribute to the 
observed small difference between this pair 
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Fig. A Comparison of the global 
gene expression profiles of dark- 
grown GUS-CCTs transgenic and 
cop7-4 seedlings with blue light- 
grown uyl:cry2 doublemutant 
and wild-type seedlings (all in 
the Columbia ecotype) (75). (A) 
The overview of the hierarchical 
cluster display. Lane 1, expres- 
sion ratios of blue light- and 
dark-grown wild-type seedlings 
(WIB versus WID). Lane 2, 
expression ratios of blue light- 
grown wild-type and cryl:cry2 
double-mutant seedlings (WTIB 
versus cryl:cry2/B). Lane 3, ex- 
pression ratios of dark-grown 
cop7-4 and wild-type seedlings 
(cop 7 -4lD versus WID). Lane 
4, expression ratios of dark- 
grown ' GUS-CCTI transgenic 
and wild-type seedlings (GUS- 
CCTIID versus WID). Lane 5, 
expression ratios of dark-grown 
GUS-CCTZ transgenic and wild- 
type seedlings (GUS-CCTZID 
versus WID). A total of 3243 
ESTs that have at least 2.0-fold 
differential expression in one of 
the five sample pairs are includ- 
ed in the cluster. (B) Two sample 
subclusters of ESTs displaying 
similar up- or down-regulation 
by blue light, two crypto- 
chromes (CRY1 and CRYZ), 
c o ~ l - 4  mutation. and GUS- 

r m  m.or w .- En? l-.&ylon f.cm YYBn 
in .Inhrrd .ld" suplMp 

TI1DH lublh.d" 

. - . - -. . . - 
la5101 d m  ndd a-r pMWn 
mMa6¶ PSI hp Imrh-l M n B n p d n  
~ ~ ~ 6 1 1  m-m am-. &" ?-I 

-7 "in- Wdd" 
nnsr ""kwmpra*" 
n n w w  .qwporin 
Hams ncc orion* 

Wn immmmm IMuclU. psWn 
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C. m-s(phnay.tm 1 R W ~  (=An -1 T z m  (nncs 301 

C~TS.  (C) ~e~resentative exam- 
ples of genes for selected pathways similarly up- or down-regulated in all biology.yale.edu/. The numbers on the x axis represent the five different 
five experimental pairs. They axis values indicate the fold of induction or sample pairs in the same order as shown in (A). The gene accession 
repression for gene expression. For raw data, see http:llplantgenomics. numbers and the proteins encoded are shown at the top of each panel. 

of expression profiles. Further, the dark- 
grown copl-4 mutant seedlings indeed dis- 
play a highly overlapping genome expression 
profile (lane 3) with that of blue light-grown 
wild-type seedlings. The global gene expres- 
sion profiles of dark-grown GUS-CCT1 and 
GUS-CCT2 transgenic seedlings are essen- 
tially identical (lanes 4 and 5),  despite the 
distinct CCT sequences (1 7), and are largely 
overlapping with those of dark-grown copl-4 
and blue light-grown wild-type seedlings 
(Fig. 4, A and B). The copl-4 mutation seems 
to cause a stronger effect on the genome 
expression profile (both up- and down-regu- 
lated gene expression). However, much of the 
expression profile differences are quantita- 
tive, rather than qualitative in nature. We 
observed that up to 84% (886) of the ex- 
pressed sequence tags (ESTs) up-regulated in 
the GUS-CCT1 seedlings are also up-regulat- 
ed in the copl-4 mutant seedlings. Similarly, 
82% (1122) of the ESTs down-regulated in 
the GUS-CCT1 seedlings are also repressed 
in the copl-4 mutant seedlings (23).' 

Many of the genes defmed by those ESTs 
similarly regulated by blue light, GUS-CCTs, 
or the copl-4 mutation encode proteins in- 
volved in a large number of fundamental 
cellular processes or metabolic pathways as- 

sociated with photomorphogenesis (22). A 
selected set of sample genes for representa- 
tive cellular processes or metabolic pathways 
is shown in Fig. 4C. Some of the up-regulated 
genes encode enzymes for the photosynthetic 
light reaction components, enzymes irnplicat- 
ed in the Calvin cycle, sucrose synthesis, 
amino acid biosynthesis, chloroplast and cyto- 
plasmic protein translation machinery, photore- 
spiration, and cell wall synthesis. The up-regu- 
lation of these genes and pathways leads to the 
production and export of carbohydrates fiom 
the chloroplast to the cytosol to provide energy 
and carbon sources for many biosynthetic path- 
ways. On the other hand, many genes involved 
in sulfur assimilation, fatty acid P-oxidation, 
glyoxylate cycle, water transport, cell wall deg- 
radation, brassinosteroids, and ethylene biosyn- 
thesis are down-regulated. Particularly, the 
elongation of h p t y l  cells is dependent on 
cell wall relaxation and expansion and water 
influx into the cytosol and the vacuole compart- 
ments. The former is controlled by a series of 
cell wall loosening/hydrolytic enzymes (24), 
and the latter is controlled by water channel 
proteins (aquaporins) (25). The coordinated 
regulation of expression for these genes and 
pathways should contribute to the morpho- 
logical characteristics of light-grown photo- 

morphogenic seedlings and account for the 
cop phenotype of dark-grown cop1 mutant 
and the GUS-CCTs transgenic seedlings. 

Our finding that light-activated crypto- 
chromes repress COPl activity through a direct 
protein-protein interaction, together with the 
observed cop-lie phenotype of the GUS-CCTs 
transgenic seedlings, provides supporting evi- 
dence for the "intramolecular redox model" of 
cryptochrome function (10). In addition, the 
direct physical association between crypto- 
chromes and the downstream photomorphogen- 
esis repressor COPl may help to explain the 
fact that no blue/UV-A light-specific signaling 
components (except the photoreceptors them- 
selves) have been identified in extensive genet- 
ic screens so far. Such a direct and short sig- 
naling mechanism for both cryptochromes is 
conceptually very efficient, through which gene 
expression and developmental program can be 
readily modulated. 
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Conversion of a Peroxiredoxin 
into a Disulfide Reductase by a 

Triplet Repeat Expansion 
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Pathways for the reduction o f  protein disulfide bonds are found i n  al l  
organisms and are required for the reductive recycling of certain enzymes 
including the essential protein ribonucleotide reductase. An Escherichia co l i  
strain that  lacks both thioredoxin reductase and glutathione reductase 
grows extremely poorly. Here, we show that  a mutat ion occurring a t  high 
frequencies i n  the gene ahpC, encoding a peroxiredoxin, restores normal 
growth t o  this strain. This mutat ion is the result o f  a reversible expansion 
of a tr iplet nucleotide repeat sequence, leading t o  the addition o f  one amino 
acid that  converts the AhpC protein f rom a peroxidase t o  a disulfide re- 
ductase. The ready mutat ional interconversion between the t w o  activities 
could provide an evolutionary advantage t o  E. coli. 

The cytoplasms of all living cells are highly 
reducing environments compared with their 
external milieu. A host of cytosolic pro- 
teins are responsible for maintaining a re- 
dox balance. In E. coli, two pathways in the 
cytoplasm function in overlapping ways to 
maintain cysteine residues in the reduced 
state ( I ) .  The thioredoxin system includes 
thioredoxin reductase (trxB) and two thi- 
oredoxins; the glutaredoxin system in-
cludes glutathione reductase (gor), gluta- 
thione, and three glutaredoxins (2, 3). 
These two systems recycle certain reduc- 
tive enzymes by reducing disulfide bonds 
formed at their active sites (4-7). 

A trxB,gor double mutant, lacking both 
cytosolic disulfide reductive pathways, 
grows poorly under aerobic conditions un- 
less a reducing agent such as dithiothreitol 
(DTT) is present. The poor growth is likely 
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due to the inability of these cells to synthe- 
size deoxyribonucleotides. because ribonu- 
cleotide reductase is not maintained in the 
reduced state. 

We have previously described a deriva- 
tive of the trxB,gor mutant strain, FA^ 13, 
in which a suppressor mutation has restored 
a normal growth rate (8). Despite the like- 
lihood that a source of disulfide-reducing 
power has been restored by the suppressor 
mutation, FAI 13 is able to efficiently cat- 
alyze disulfide bond formation in cytoplas- 
mically retained secreted proteins. FAI  13 
and its derivatives also enhance the expres- 
sion in the cytoplasm of active tissue plas- 
minogen activator (vtPA), a complex eu-
karyotic protein with multiple disulfide 
bonds (8). 

We wished to determine the nature of 
the suppressor mutation in FA^ 13. Howev- 
er, even though the cells were grown in the 
presence of DTT, suppressors arose in this 
strain at such a high frequency that we 
could not map them using transposon inser- 
tions that were cotransduced by bacterio- 
phage P1 with the suppressor mutation. To 
overcome this problem, we introduced into 
the tvxB,gov mutant a plasmid that con-

resent substantial and reproducible differences in the 
levels of rnRNA in our experiments. 
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tained the trxB gene under the control of 
the pBAD am promoter ( 9 ) .The frequency 
of suppressor mutations that occurred un-
der restrictive growth conditions was still 
0.5 X lo-'. Transposon insertions linked 
to the suppressor mutation clustered to 
minute 14 of the E. coli chromosome, and 
the linkage data suggested that a mutation 
in the ahpCF locus might be responsible for 
the suppression (Fig. 1A). 

The ahpCF locus of E. coli encodes the 
alkyl hydroperoxidase system, which re-
duces both hydrogen peroxide and alkyl 
hydroperoxides, thus protecting the cells 
from oxidative damage. Peroxides oxidize 
the active site Cys4' of the AhpC dimer to 
a sulfenic acid intermediate that is convert- 
ed to a disulfide bond when it is attached by 

in the other subunit of the ho-
modimer (10). The mechanism of reducti1.e 
electron transfer in the AhpCF system in- 
volves a cascade of disulfide bond reduc- 
tion steps. First, electrons are transferred 
from NADH via a flavin moiety in the 
COOH-terminus of AhpF to reduce a disul- 
fide bond in that portion of the protein. The 
electrons from these reduced cysteines are 
then donated to a disulfide bond in the 
NH,-terminal domain of AhpF (11). from 
which thev are transferred to the disulfide 
bond in Ahpc, regenerating the reduced 
active form of the protein (12, 13). 

Sequence analysis of the entire trhpC'F 
locus from the wild-type, FA^ 13, and nine 
independently isolated suppressor strains 
revealed that all of the mutants contained 
the same mutation. an lnsertlon of three 
bases (TCT) after base 103 of the rrhpC 
coding region (Fig IB)  The wild-type 
gene contains four direct repeats of TCT. 
whereas the mutants contain five. T h ~ s  
change results in the addition of a single 
amino acid (Phe"). located only nine ami- 
no acids away from the active site Cys4" 
(Fig. 1B). We refer to the mutant protein as 
AhpC*. 

Expansion of a repeated sequence. as is 
found in the ahpC* mutation, is usually a 
very frequent event (14)  and would explain 
the findlng that all the suppressors represent 
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