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Background: The transcription factor HypT is a dynamic oligomer and is activated by methionine oxidation.
Results: Dissociation of dodecamers into tetramers enhances and accelerates HypT activation by HOCl, proving tetramers to be
the activation-competent species.
Conclusion: HypT activity is controlled by its oligomeric state and exposure to HOCl.
Significance: Regulation of a transcription factor by two levels of control enables fine-tuned activation under stress.

Hypochlorous acid (HOCl) is an important component of the
immune system and is produced by neutrophils to kill invading
microorganisms. The transcription factor HypT is specifically
activated by HOCl by methionine oxidation and protects Esch-
erichia coli cells from the detrimental effects of HOCl. HypT
forms dodecameric ring-like oligomers. Binding of HypT to
DNA induces dissociation of the dodecamers into dimers and
tetramers, thus forming the DNA-binding species. To dissect
HypT dissociation, binding to DNA, and activation, we aimed to
dissociate the dodecamers independently of DNA and to ana-
lyze HOCl-dependent activation in vitro. We found that HypT
dodecamers dissociated into tetramers in the presence of L-argi-
nine and NaCl, which was reversible upon dilution of the addi-
tive. Making use of the reversible dissociation, we generated
mixed assemblies consisting of wild-type and mutant HypT sub-
units and determined that mutant subunits with reduced ther-
mal stability were stabilized by wild-type HypT in the mixed
assembly. HypT tetramers, as present at high NaCl concentra-
tions, were stabilized against thermal unfolding and aggregation
triggered by high HOCl concentrations. Importantly, in vitro
activation by HOCl of HypT tetramers was completed within 1
min, whereas activation of dodecamers required 1 h for comple-
tion. Furthermore, activation of HypT tetramers required stoi-
chiometric amounts of HOCl instead of an excess of HOCl, as
observed for dodecamers. This supports the idea that small
HypT oligomers are the activation-competent species, whereas
the dodecamers are a storage form. Our study reveals the impor-
tance of the dynamic oligomeric state for HypT activation by
HOCl.

Reactive oxygen species are formed as a byproduct of aerobic
respiration and are further generated by the immune system
and mucosal barrier epithelia to kill invading bacteria (1, 2).
Hypochlorous acid (HOCl) is a strongly antimicrobial reactive
oxygen species with high oxidizing potential. Its bactericidal
activity is due to oxidative damage to DNA, lipids, and proteins,
whose accumulation leads to oxidative stress and damage to
cells (3, 4). HOCl damages proteins on a proteome-wide scale;
methionine oxidation and oxidative unfolding and concomi-
tant protein aggregation have been described to lead to killing
of bacterial cells (5, 6). Besides the damage inflicted upon pro-
teins by HOCl, some proteins are activated by HOCl. These
include the chaperone Hsp33, which in its active state prevents
irreversible aggregation of proteins, and the regulators NemR,
HypR, and HypT, which in turn regulate genes that support
survival of the stress (6 –10). Whereas Hsp33, NemR, and HypR
are activated by oxidation of cysteine thiols (7, 8, 11), HypT is
activated by HOCl by simultaneous oxidation of three methio-
nines (Met-123, Met-206, and Met-230) to methionine sulfox-
ide, thus forming the active HypT species (10). This active state
can be mimicked by methionine-to-glutamine substitution,
leading to the constitutively active mutant HypTM123,206,230Q

(10). Both active HypT and the constitutively active mutant
show strong DNA binding.

HypT is a LysR-type transcriptional regulator that specifi-
cally protects Escherichia coli cells from HOCl damage (9, 12).
LysR-type transcriptional regulators are ubiquitous regulators
that typically form dimers and tetramers (e.g. OxyR (13), CysB
(14), and NAC (15)) but can also form large oligomers such as
octamers (CrgA (16)) and dodecamers (HypT (9)). The reduced
HypT dodecamer is inactive. However, it dissociates into
dimers and tetramers upon incubation with DNA in vitro, thus
forming the DNA-binding species (9). Of note, given the
reduced state of the protein, DNA binding is only weak (9, 10).
This DNA-induced dissociation is independent of the DNA
used and occurs with nonspecific DNA and target DNA alike
(9).

Changes in the oligomeric state of proteins can also be
enforced by using chemical additives that are known to alter the
oligomerization and increase the stability and/or solubility of
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proteins such as urea, L-arginine, and salt (17). Urea is used to
unfold proteins for stability experiments; it denatures protein
either by directly interacting with the peptide backbone and
polar residues or by altering the structure and dynamics of
water molecules (18). L-Arginine is widely used as an additive in
refolding buffers, to increase the solubility of refolding proteins,
and to stabilize proteins against aggregation (19 –22). L-Argin-
ine suppresses intermolecular interactions between aggrega-
tion-prone polypeptides (22) and between subunits of oligo-
meric proteins such as �-crystallin, thus causing dissociation of
the oligomer and simultaneously enhancing the chaperone-like
activity (23). The effect of salt on protein stability and oligomer-
ization depends largely on the kind of salt, the ionic strength,
and the model substrate used (24 –28). If salt acts as a stabilizer
or destabilizer is determined by the Hofmeister series.
Hofmeister ions interact oppositionally with different func-
tional groups by salting out nonpolar groups and salting in pep-
tide groups (29, 30).

In this study, we aimed to analyze the requirements for HypT
activation by HOCl. Considering that the DNA-binding spe-
cies, the in vivo HOCl-activated species, and the constitutively
active HypT mutant are small oligomers (9, 10), we wanted to
dissociate HypT dodecamers into smaller oligomers prior to
activation by HOCl. Although DNA causes dissociation of
HypT into smaller oligomers, the presence of DNA complicates
the study of HypT activation by HOCl because DNA reacts with
HOCl. Therefore, we used additives known to destabilize oligo-
mers as a tool to dissociate the HypT dodecamer (i.e. inactive
HypT) into smaller oligomers independently of DNA. We show
that L-arginine and NaCl caused reversible dissociation of
HypT. Reassociation did not exclusively require identical HypT
species but could also be achieved using different subunits, thus
allowing for generation of mixed assemblies. L-Arginine and
NaCl did not cause significant conformational changes but
increased the thermal stability of HypT, and NaCl also
increased the stability of HypT against HOCl-induced aggrega-
tion. NaCl-induced dissociation into small oligomers strongly
accelerated HypT activation by HOCl. This supports the idea
that the small oligomers (i.e. the previously identified DNA-
binding species (9)) are the activation-competent species and
that oxidized small oligomers constitute the active species.

EXPERIMENTAL PROCEDURES

Expression and Purification of HypT and Mutants—HypT
and mutants were produced in BL21(DE3) cells (strains
KMG89 (wild-type HypT (9)), AD3 (FlAsH-labeled HypT* (9)),
AD27 (HypTM123,206,230Q (10)), and YL20 (HypT5C3S (12))).
Purification was performed as described (9, 10), and purified
proteins were stored in storage buffer (10 mM NaH2PO4 (pH
7.5), 0.4 M NaCl, and 5% (v/v) glycerol) and reduced (1 mM

tris(2-carboxyethyl)phosphine or DTT, 37 °C, 1 h) prior to use
unless indicated otherwise. FlAsH labeling to generate HypT*
was performed as described (9); HypT* does not contain a His
tag.

Analytical Ultracentrifugation—Analytical ultracentrifuga-
tion analysis was performed as described (9) using 4 –10 �M

protein, detecting absorbance at 280 nm. Values were corrected
for buffer depending on salt and arginine concentrations. The

oligomerization state was analyzed by the c(s) method provided
with the SedFit software or dc/dt method analyzed with the
dc/dt� software.

Analysis of HypT Dissociation and Reassociation—HypT
(0.3–1.2 mg/ml) in storage buffer was incubated with various
concentrations of L-arginine or DL-arginine (Sigma-Aldrich),
NaCl, or urea (37 °C, 0.5 h). These additives have been
described to alter the oligomerization state of certain proteins
and increase the stability and/or solubility of proteins (17).
Here, these additives were used to test whether HypT
dodecamers can be forced to dissociate into smaller oligomers.
A 2 M L-arginine or 0.7 M DL-arginine stock solution was pre-
pared, and the pH was adjusted to 7.5 using HCl. DL-Arginine
was used for CD analysis and intrinsic fluorescence, whereas
L-arginine was used for all other experiments. Reassociation
after arginine or NaCl treatment was induced by diluting sam-
ples with gel filtration buffer (10 mM NaH2PO4 (pH 7.5) and 0.4
M NaCl) to obtain a final concentration of 0.05 M arginine or 0.4
M NaCl (37 °C, 1 h, final protein concentration of 0.03– 0.1
mg/ml).

Generation of Mixed Assemblies—HypT* (without a His
tag), His-tagged HypT (HypT (9)), a His-tagged mutant in
which all cysteines were replaced by serine (HypT5C3S (12)),
and the His-tagged constitutively active HypT mutant
(HypTM123,206,230Q (10)) in storage buffer were incubated sep-
arately with L-arginine (L-arginine final concentration of 0.3 M,
37 °C, 0.5 h). HypT* was then mixed with one of the His-tagged
species. Subsequently, additives were either diluted to a final
concentration of 0.05 M, removed with a PD-10 column (GE
Healthcare), and protein-eluted with gel filtration buffer or
removed using a Centricon 10K tube and washed with gel fil-
tration buffer. The same effects were observed for both proce-
dures. The final protein concentration was 0.03– 0.08 mg/ml.
Samples were loaded onto a HisTrap column (1-ml column
volume), His-tagged assemblies were eluted with 0.5 M imid-
azole, and buffer was exchanged to gel filtration buffer using a
NAP-5 column (GE Healthcare). Using this procedure, exclu-
sively assemblies containing a His tag were purified.

Detection of Fluorescence (HypT*) and Western Blotting—
Samples in nonreducing sample buffer were separated on a
neutral pH gradient SDS gel (Serva), fluorescence was analyzed
using a Typhoon scanner (9), and gels were subsequently blot-
ted onto PVDF membrane followed by decoration with His tag-
specific antibodies.

Analysis of Stability—The thermal stability of mixed assem-
bled HypT oligomers was followed by thermal stability assays
using SYPRO Orange (Invitrogen) (31). SYPRO Orange (2 �l;
1:100 dilution) was added to 18 �l of 1.5 �M HypT (in storage
buffer), and fluorescence intensity was recorded from 25 to
80 °C in 55 cycles (heating rate of 1 °C/min).

Intrinsic Fluorescence—The intrinsic fluorescence intensity
was analyzed using a HORIBA Yvon FluoroMax-4 fluorometer.
HypT (1 �M) was analyzed in storage buffer (excitation at 295
nm, emission at 305–500 nm, 20 °C).

CD Analysis—Far-UV CD spectra were recorded using a
Jasco J-715 spectrometer with 3– 6 �M HypT in the absence or
presence of tris(2-carboxyethyl)phosphine (1 mM, 1 h). CD
spectra were recorded from 205 nm (NaCl) or 215 nm (DL-
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arginine) to 260 nm at 20 or 37 °C (20 nm/min), accumulating
16 spectra. To determine the thermal stability of proteins, sam-
ples were incubated from 20 to 80 °C (heating rate of 20 °C/h),
and the CD signal was followed at 222 nm. Curves were fitted
using a Boltzmann fit (y � A2 � (A1 � A2)/(1�e((x�x0)/dx))).

Analysis of HypT Solubility upon Incubation with HOCl—
Dodecameric HypT (0.4 M NaCl) and tetrameric HypT (1.5 M

NaCl) were incubated with various concentrations of HOCl
(HOCl:HypT molar ratio of 1:1 to 200:1, 37 °C, 1 h). Samples
were centrifuged at 17,000 � g for 20 min at 4 °C, the superna-
tant and insoluble proteins were separated on a neutral pH
gradient SDS gel, and Coomassie Blue-stained bands were
quantified using the ImageJ software.

Activation of HypT in Vitro—Glutathionylated HypT
(HypTGSSG) was used (10). Dodecameric HypTGSSG (0.4 M

NaCl) and tetrameric HypTGSSG (1.5 M NaCl) were incubated
with various concentrations of HOCl (yielding defined HOCl:
HypT molar ratios, 37 °C), and samples were removed at differ-
ent time points. HOCl was quenched, and HypT was reduced
by the addition of tris(2-carboxyethyl)phosphine (1 mM, 37 °C,
2 h).

Fluorescence Anisotropy Measurements—Fluorescence ani-
sotropy with HypT variants (2 �M final concentration) and
Alexa Fluor 488-labeled 158-bp metN DNA (10 nM final con-
centration) was performed exactly as described (9).

RESULTS

Dodecameric HypT Dissociates in the Presence of L-Arginine
and NaCl—HypT forms dodecameric ring-like structures that
dissociate into dimers and tetramers upon incubation with
DNA, thus forming the DNA-binding species (9). To dissect
dissociation of dodecamers and binding to DNA, we aimed to
dissociate HypT independently of DNA. We therefore incu-
bated purified HypT with substances known to destabilize
intermolecular interactions such as salt, urea, and L-arginine
(23) and analyzed the oligomerization state by analytical ultra-
centrifugation. HypT sediments at 10 –11 S under standard
conditions (10 mM sodium phosphate (pH 7.5) and 0.4 M NaCl
(9)). The addition of urea did not significantly alter the oligo-
meric state of HypT, and the protein remained a large oligomer
sedimenting at 10 –11 S in the presence of up to 1 M urea (Fig.
1A). In contrast, incubation of HypT with L-arginine and NaCl,
respectively, resulted in gradual dissociation of dodecamers
into smaller oligomers (Fig. 1, B and C). Already 0.15– 0.2 M

L-arginine was sufficient to generate species at 8 –9 S, likely
corresponding to the hexamer (Fig. 1B). At higher concentra-
tions of L-arginine, species sedimenting at �7 S (0.25 M) and 4 S
(0.3 M) were detectable, which correspond to tetramers and
dimers, respectively (9). Above 0.3 M L-arginine, species sedi-
menting at �3 S were detectable (Fig. 1B), which correspond to
monomers (9). In the presence of NaCl, HypT remained a
dodecamer until 0.6 M NaCl, whereas 0.8 –1.5 M NaCl generated
species of �6 S, corresponding to tetramers, and 2 M NaCl gen-
erated 4 S species, corresponding to dimers (Fig. 1C). Thus, we
are able to dissociate the HypT dodecamer into smaller oligo-
mers in a DNA-independent manner.

HypT Dissociation Is Reversible—Next, we hypothesized that
the observed dissociation into small oligomers should be

reversible upon removal of L-arginine or NaCl. Therefore, we
used analytical ultracentrifugation to analyze the oligomeriza-
tion state of HypT before and after dissociation and after
removal of additives (Fig. 2). HypT was incubated with L-argi-
nine (0.3 M) or NaCl (1.5 M) to induce dissociation, and samples
were then diluted to yield a low final concentration of additives
(0.05 M L-arginine or 0.4 M NaCl in gel filtration buffer). HypT
dodecamers dissociated into 4.3 S species, corresponding to
dimers (0.3 M L-arginine), and 6 S species, corresponding to
tetramers (1.5 M NaCl), thus confirming the above observa-
tions. Importantly, these small oligomers reformed dodecam-
ers that sedimented at �11 S upon dilution of additives (Fig. 2).
Noteworthy, dissociation and reassociation of HypT were inde-
pendent of its prior concentration. Thus, we conclude that dis-
sociation of HypT is reversible and that the different oligomeric
species of HypT are in an equilibrium governed by the concen-
trations of L-arginine and NaCl, respectively.

HypT Forms Mixed Oligomers with HypT Mutants—Given
that HypT can shift from one oligomeric state to another, we

1

FIGURE 1. DNA-independent dissociation of HypT. HypT was incubated
with the indicated concentrations of urea (A), L-arginine (B), and NaCl (C), and
the oligomeric state was determined by analytical ultracentrifugation.
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asked whether it is possible to form oligomers consisting of
HypT and a HypT variant. To address this question, we tested
whether mixed assemblies consisting of fluorescently labeled
HypT (HypT*) and His-tagged HypT can be generated (Fig.
3A). This way, we could purify assemblies via the His tag, thus
removing any homogenous HypT* assembly that did not con-
tain a His tag. The presence of HypT* in the His-tagged assem-
blies can be detected via fluorescence. The simultaneous pres-
ence of fluorescence and the His tag thus indicates a mixed
assembly. For a His-tagged assembly partner, we chose wild-
type HypT (HypT), a HypT mutant in which all cysteines were
replaced by serine (HypT5C3S), and the constitutively active
HypT mutant (HypTM123,206,230Q).

We first incubated HypT* and His-tagged HypT proteins
separately with 0.3 M L-arginine to dissociate them into dimers.
We then mixed HypT*and one His-tagged species, each present
as dimers, in various ratios and eventually diluted the samples
to obtain a final concentration of 0.05 M L-arginine to induce
reassociation. Thus, the smallest identical assembly was a
dimer. Assemblies were purified using a HisTrap column and
then used for further analysis. To test whether or not mixed
assemblies were generated, samples eluted from the HisTrap
column were separated by SDS-PAGE, fluorescence was then
analyzed to detect HypT*, and His-tagged HypT species were
additionally detected by Western blotting using antibodies spe-
cific to the His tag. When titrating HypT* to HypT5C3S, the
fluorescence intensity increased with increasing proportions of
HypT*. Simultaneously, similar amounts of HypT5C3S were
detected in all samples, confirming that mixed assemblies were
generated (Fig. 3A). Importantly, no fluorescence was detected

in the sample containing only HypT5C3S (Fig. 3A, left lane),
and the sample containing only HypT* did not bind to the His-
Trap column (data not shown), demonstrating specific purifi-
cation of the His-tagged protein from the HisTrap column.

As a further readout for the generation of mixed assemblies,
we analyzed the thermal stability of HypT* and the individual
His-tagged HypT mutants and compared it to that of the gen-
erated mixed assemblies (HypT* � HypT, HypT* �
HypT5C3S, and HypT* � HypTM123,206,230Q). We used the
thermal stability assay, which utilizes the fluorescent dye
SYPRO Orange, which binds to exposed hydrophobic surfaces
upon unfolding of proteins, thus exhibiting increased fluores-
cence (23). From these data, the midpoint of thermal transition
(Tm) can be calculated, which represents the thermal stability of
the protein. HypT and HypT* showed a similar thermal stabil-
ity, with Tm � 55.5 � 0.8 °C and 55.3 � 0.5 °C, respectively (Fig.
3B). In contrast, HypT5C3S and HypTM123,206,230Q showed a
lower thermal stability than HypT, with Tm � 46.7 � 0.6 °C and
42.5 � 0.9 °C, respectively (Fig. 3B). In contrast, the mixed
assemblies demonstrated a similar thermal stability as HypT,
with Tm � 55.8 � 0.5 °C (HypT* � HypT), 53.3 � 0.6 °C
(HypT* � HypT5C3S), and 53.0 � 1.0 °C (HypT* �
HypTM123,206,230Q) (Fig. 3B). Of note, these values are �4 –5 °C
lower than the values observed by CD analysis (HypT, 60 °C (9);
HypT5C3S, 50.5 °C (12); and HypTM123,206,230Q, 47.0 °C (data
not shown)), yet both methods show a striking difference in the

dc
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FIGURE 2. HypT dissociation is reversible. HypT (black circles) was incubated
with 0.3 M L-arginine (A) or 1.5 M NaCl (B) to dissociate the dodecamer (gray
circles), and additives were diluted to a final concentration of 0.05 M arginine
(A) or 0.4 M NaCl (B), thus resulting in reassociation of HypT in its dodecameric
state (white circles).

molar ratio

FIGURE 3. Analysis of mixed assemblies of various HypT subunits. A,
mixed assemblies of HypT5C3S and HypT* subunits were generated at the
indicated molar ratios. Samples were separated on nonreducing SDS gels,
fluorescence was analyzed to detect HypT* (upper panel), and the His tag of
HypT5C3S was detected by Western blotting using His tag-specific antibodies
(lower panel). B, the thermal stability of HypT, HypT*, HypT5C3S,
HypTM123,206,230Q, and different mixed assemblies was analyzed, and mid-
points of thermal transition were determined. Note that wild-type HypT sub-
units stabilized the thermally unstable HypT5C3S and HypTM123,206,230Q sub-
units. Shown is the mean � S.D. of at least three independent experiments.
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thermal stability of HypT and the mutants. We conclude that
mixed assemblies of HypT and HypT mutants can be generated
and that the HypT mutants are stabilized in a mixed assembly
with HypT.

What Are the Effects of Arginine and NaCl on HypT?—To
further elucidate the effect of arginine and NaCl on HypT, we
analyzed the secondary structure by CD and the conforma-
tional state by intrinsic tryptophan fluorescence. Both assays
were performed upon the addition of DL-arginine (0.2– 0.3 M)
and NaCl (0.8 –1.5 M), respectively, to induce dissociation of
HypT. The secondary structure of HypT was not significantly
altered either by DL-arginine (Fig. 4A, inset) or by NaCl (Fig. 4B,
inset). The intrinsic tryptophan fluorescence of HypT was only
slightly altered by both additives (Fig. 4, A and B). Given that the
intrinsic fluorescence intensity changed only marginally with-
out a significant wavelength shift, this indicates that the hydro-
phobic environment of the fluorescent tryptophan residues did
not change upon DL-arginine or NaCl addition. These results

show that the overall structure (i.e. secondary and tertiary
structures) of HypT does not significantly change upon disso-
ciation of HypT into small oligomers.

Arginine and NaCl are known to stabilize proteins. Conse-
quently, we analyzed the thermal stability of HypT in buffers
containing various concentrations of additives by CD. HypT in
standard buffer showed Tm � 59.9 � 0.7 °C (compared with
55 °C as determined by the thermal stability assay; see above).
The addition of DL-arginine induced a small increase in thermal
stability, with Tm � 63.7 � 0.8 °C (0.3 M DL-arginine) (Fig. 4C).
A more pronounced effect on the thermal stability of HypT was
observed for NaCl; the Tm increased to 70.1 � 0.8 °C (2 M NaCl)
(Fig. 4D). This shows that arginine and NaCl increase the ther-
mal stability of HypT.

NaCl Stabilizes HypT against HOCl-induced Aggregation—
Next, we tested the additive-dependent stability of HypT
against HOCl-induced aggregation. HOCl is known to cause
oxidative unfolding, leading to protein aggregation on a pro-
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FIGURE 4. Effect of DL-arginine and NaCl on structure and stability of HypT. The tertiary structure of HypT was analyzed by intrinsic tryptophan fluorescence
in the presence of 0 M (squares), 0.2 M (circles), and 0.3 M (triangles) DL-arginine (A) and in the presence of 0.4 M (squares), 0.8 M (circles), and 1.5 M (triangles) NaCl
(B). Insets, the secondary structure was analyzed by CD in the presence of 0 M (black line) and 0.3 M (gray line) DL-arginine (A) and 0.4 M (black line) and 0.8 M (gray
line) NaCl (B). Shown are the results of one representative experiment. The thermal stability of HypT was determined by CD in buffers containing the indicated
concentrations of DL-arginine (C) and NaCl (D). Shown is the mean � S.E. of at least two independent experiments. mdeg, millidegrees.
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teome-wide scale (6). HOCl also activates HypT in vitro and in
vivo via reversible oxidation of three methionine residues to
methionine sulfoxide (10). In vitro activation of HypT requires
that cysteine residues are reversibly modified with glutathione
before HOCl treatment, and it requires a 6:1 HOCl:HypT molar
ratio. No activation is observed at lower ratios, and aggregation
of HypT occurs at higher ratios (10). We hypothesized that if
NaCl increases the thermal stability of HypT, it may also
improve HypT stability against unfolding caused by HOCl. We
used NaCl for this assay because it is chemically inert and does
not react with HOCl, in contrast to arginine, whose side chain
guanidinium group is a target for HOCl (32). HypT was incu-
bated with NaCl at a final concentration of 0.4 M, at which it is
present as dodecamer (standard condition), and 1.5 M, at which
HypT is present as tetramer. Dodecameric HypT and tetra-
meric HypT were treated with different HOCl:HypT ratios (Fig.
5). Samples were centrifuged, soluble HypT was analyzed by
SDS-PAGE, and band intensities were quantified. At a 12:1
HOCl:HypT molar ratio, HypT in 0.4 M NaCl aggregated signif-
icantly (Fig. 5, squares), whereas HypT in 1.5 M NaCl remained
highly soluble (Fig. 5, triangles). With increasing HOCl:HypT
molar ratios (up to 95:1), HypT in 0.4 M NaCl aggregated almost
completely, and HypT in 1.5 M HOCl was still �50% soluble
(Fig. 5). Only at HOCl:HypT molar ratios above 100:1 did both
proteins aggregate completely. Thus, arginine and NaCl seem
to have two distinct effects on HypT: they destabilize the qua-
ternary structure, leading to dissociation of the dodecamer, and
concomitantly stabilize the small oligomers.

Correlation between the Oligomeric State and HypT
Activation—As mentioned above, HypT is activated in stand-
ard buffer at a 6:1 HOCl:HypT molar ratio (10). We asked
whether the oligomerization state of HypT influences its acti-
vation by HOCl. To address this question, we treated S-gluta-
thionylated HypT (HypTGSSG) either in 0.4 M NaCl (dodeca-
meric HypT) with a 6:1 HOCl:HypT molar ratio (10) or in 1.5 M

NaCl (tetrameric HypT) with different HOCl ratios (Fig. 6).
Samples were removed after different time points, and HOCl

was then quenched by the addition of tris(2-carboxyethyl)phos-
phine, which also removed the glutathione moiety from HypT.
Subsequently, samples were buffer-exchanged to standard
buffer with a final concentration of 0.4 M NaCl. DNA-binding
activity was analyzed by fluorescence anisotropy and compared
under the different incubation conditions. We used reduced
HypT (inactive, no HOCl treatment) and the constitutively
active HypTM123,206,230Q mutant as controls, which showed
anisotropy values of r � 0.030 and r � 0.070, representing low
and high DNA-binding activities, respectively (10). Of note, the
DNA-binding activity of HypT that was dissociated and reasso-
ciated but not treated with HOCl was higher (r � 0.046) than
that of reduced HypT (r � 0.030). This was surprising because
HypT treated as such should reform the dodecamer upon reas-
sociation and show similar DNA binding as the original HypT.
This suggests that dissociation into tetramers may cause slight
changes in or close to the DNA-binding domain that are too
small to be detected by CD or intrinsic tryptophan fluorescence
but that are significant enough to form a more DNA binding-
competent state.

Activation of HypT dodecamers (i.e. without prior dissocia-
tion) at a 6:1 HOCl:HypT molar ratio proceeded with a rate
constant of �30 min�1. The DNA-binding activity reached its
maximum after 1 h of incubation (Fig. 6, squares). Surprisingly,
HypT that was dissociated into tetramers prior to the addition
of HOCl was activated already at a 1:1 molar ratio to HOCl (Fig.
6, triangles). Higher HOCl ratios did not result in HypT activa-
tion, most likely because HOCl attacks other amino acids in
HypT or the glutathione moiety (32), thus preventing DNA
binding. Furthermore, activation of HypT tetramers at a 1:1
HOCl molar ratio was extremely fast and was complete within 1
min (Fig. 6, triangles). Given that activated HypT forms tetram-
ers (10), such HOCl-treated tetramers, i.e. active HypT, also
likely remain in this oligomerization state and are immediately
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FIGURE 5. Stability of HypT against HOCl-induced aggregation. HypT in
0.4 M (squares) and 1.5 M (triangles) NaCl was incubated with the indicated
molar ratios of HOCl to protein, and soluble and aggregated proteins were
analyzed on SDS gels. Band intensities were quantified.

FIGURE 6. Time-dependent activation of HypT at different NaCl concen-
trations in vitro. HypTGSSG in 0.4 M NaCl was treated with a 6:1 molar ratio of
HOCl to HypT (squares), or HypTGSSG was first dissociated with 1.5 M NaCl and
treated with a 1:1 HOCl molar ratio (triangles), and reassociation was then
induced. Samples were taken at the indicated time points and reduced, and
DNA binding was analyzed by fluorescence anisotropy. The control sample
(time point 0) was not treated with HOCl. Shown is the mean � S.D. of at least
three independent experiments.
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available for DNA binding. Therefore, activation at stoichio-
metric amounts of HOCl makes HypT a very potent HOCl sen-
sor. We conclude that HOCl activation of HypT tetramers
occurs quickly, which supports our previous results that the
active form of HypT is a tetramer in vivo (9) and in vitro (10).

DISCUSSION

Arginine and NaCl are widely used as chemical additives to
refold proteins and stabilize them against aggregation (17, 19).
Here, we used these additives as a tool to study HypT dissocia-
tion in a DNA-independent manner. Both additives were
shown to dissociate the HypT dodecamer into small oligomers
representing dimers and tetramers. Given that dissociation was
achieved so far only in the presence of DNA (9), a DNA-inde-
pendent dissociation now allows dissection of dissociation and
DNA binding or activation. The observed effects of additives
were nonspecific. Whereas DNA was negatively charged, argi-
nine was positively charged. Thus, dissociation of HypT
dodecamers does not depend on the charge of the component
used for triggering dissociation. Furthermore, L-arginine-in-
duced dissociation has also been described for other proteins
such as �-crystallin, whose dissociation of the oligomer simul-
taneously enhances its chaperone-like activity (23). In addition,
L-arginine is well known to stabilize proteins and folding inter-
mediates and to reduce the aggregation propensity of numer-
ous proteins (e.g. Refs. 19 and 20). Also, NaCl stabilizes proteins
(e.g. Refs. 26 and 27), thus supporting the observation of
increased thermal and chemical stability of HypT upon the
addition of NaCl or L-arginine. However, salt ions can also pro-
mote aggregation (29) and fibrillation of proteins such as HypF,
insulin, and prion proteins (28, 33–35).

The DNA-independent dissociation of HypT allowed us to
analyze two effects in vitro: the activation of HypT by HOCl as
well as the reassociation of different HypT species and forma-
tion of mixed assemblies of various subunits. The dissociation
of HypT is reversible, therefore enabling HypT to shift from one
oligomerization state to another. HypT can be present as a stor-
age form, i.e. dodecamer, when not required in an active state
(Fig. 7). If conditions change such that active HypT is required,
it can form the small species from existing dodecamers, which
can be activated by HOCl very quickly. Thus, HypT exists in
different states: the inactive dodecamer, the DNA binding-
competent small oligomers, the activation-competent small
oligomers, and the active species, i.e. oxidized tetramers (Fig. 7).
At present, it is not clear whether HOCl treatment of dodeca-
meric HypT first triggers dissociation and then methionine oxi-
dation or if the order is reversed (Fig. 7, middle).

When we analyzed the mixed assemblies, we observed that
HypT mutants with decreased thermal stability were stabilized
by the presence of wild-type HypT species in the assembly.
Given that the Tm values of the HypT variants are comparable
when obtained by thermal stability assay after dissociation
and reassociation as described in this study and CD analysis
as described previously (9, 12), this indicates that the disso-
ciation and reassociation procedure itself does not influence
the thermal stability of HypT and mutants. Thus, the mixed
reassociation between HypT mutants and wild-type HypT
leads to an increase in thermal stability, showing that the

effect is derived from wild-type HypT. Considering that the
smallest identical assembly is the dimer, one could assume
that wild-type HypT forms more tightly packed tetramers,
maybe due to more extensive stabilizing dimer-dimer con-
tacts, which stabilize any kind of assembly containing wild-
type HypT.

Changes in oligomerization as part of an activation mecha-
nism are not unique to HypT but are described for a number of
proteins, including the LysR-type transcriptional regulator
CrgA (16), the bacterial DNA-binding protein Dps (36), several
small heat shock proteins (see below) that function as molecu-
lar chaperones, the Bacillus subtilis AAA� protein ClpC (37),
as well as caspases and procaspases (38). CrgA forms octameric
ring-like structures that, upon binding to DNA, build a double
octameric species, indicating that DNA stabilizes the larger
assembly (16). Dps forms spherical dodecamers that form large
biocrystals in the presence of DNA in vitro and in vivo (36).
Except for small heat shock proteins, the other examples also
form larger oligomers in the course of activation. In contrast,
some small heat shock proteins undergo dissociation into
smaller species as part of the activation mechanism. The ubiq-
uitous small heat shock proteins form large oligomeric assem-
blies and protect substrate proteins from aggregation (for
review, see Refs. 39 and 40). The trigger for activation may be
increased temperatures and/or phosphorylation. These trig-
gers can induce destabilization and remodeling of the large
oligomer, thus causing formation of smaller oligomers with
increased chaperone activity (e.g. Hsp26 (41), Hsp16.9 (42),
Hsp27 (43), and �B-crystallin (44)). However, dissociation into
smaller oligomers is not always required for efficient substrate
binding, indicating that increased conformational flexibility
may itself be sufficient for chaperone activity (e.g. HSP18.1 (45)
and Hsp26 (46)).

At this point, it should be noted that the in vitro situation
differs from the in vivo situation for HypT in wild-type E. coli
cells. The salt composition and concentration in the E. coli
cytosol are largely different from our in vitro buffer composi-
tion. Whereas the cytosol contains �300 mM combined sodium
and potassium ions (47) in addition to many other salts and
macromolecules (48), our buffer contains merely 10 mM

sodium phosphate and 0.4 M NaCl (plus potential additives).
Previous in vitro experiments showed that the binding of RNA
polymerase and lac repressor to DNA is strongly inhibited in
buffers containing high salt concentrations (49, 50). In contrast,
such dependence was not observed in vivo at similarly high
intracellular concentrations of salt (51). Richey et al. (51) sug-
gested that not only is the salt concentration important but that
also relatively larger numbers of nonspecific DNA-binding sites
in in vivo compared with in vitro conditions could account for
the observed difference between the in vitro and in vivo results.
Likewise, the enzyme activity may be different if analyzed in a
standard in vitro buffer compared with a buffer that represents
the in vivo situation. van Eunen et al. (52) analyzed the kinetic
parameters of glycolytic and fermentative enzymes of Saccha-
romyces cerevisiae in a buffer comprising the composition of
the yeast cytosol. They showed that some enzymes had largely
different activity in the in vivo buffer compared with the
enzyme-specific optimum in vitro buffer (52). Furthermore,
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HypT dodecamers are the main species under strong overex-
pression conditions, whereas small oligomers, as typical for
LysR-type transcriptional regulators, prevail in wild-type cells
(9). Small oligomeric species are also increased upon HOCl
stress of mildly hypT-overexpressing cells (9). HypT activation

upon HOCl treatment of overproducing cells leads to maxi-
mum gene regulation within 10 min (9, 10). Taking into
account that HypT activation is very quick when starting with
small oligomers, this indicates that activation of HypT in wild-
type cells is unequally faster. Taking further into account that
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FIGURE 7. Model of HypT activation. Purified HypT is present as a dodecamer and depicted as two hexamer rings stacked on top of each other. Left, in the
presence of DNA, dodecamers dissociate into dimers and tetramers, generating the DNA-binding species with weak DNA-binding activity. Middle, HOCl
treatment of dodecamers leads to oxidation of methionine residues and concomitant dissociation of dodecamers into tetramers. This reaction proceeds fairly
slowly (k � 30 min�1) and is completed within 1 h. As a result, active HypT tetramers are formed. Right, dissociation of dodecamers into tetramers can be
triggered by additives such as NaCl, thus generating activation-competent tetramers. Subsequent treatment with HOCl quickly forms active HypT (k � 1
min�1). Active HypT tetramers show strong DNA-binding activity.
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activation requires only equimolar amounts of HOCl, this
makes HypT a very sensitive HOCl probe, being perfectly
equipped to immediately recognize its activating reactive oxy-
gen species and become activated.
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