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ABSTRACT. The [2Fe-2S] ferredoxin (HsFdx) of the halophilic archaéfaobacterium salinarunexhibits

a high degree of sequence conservation with plant-type ferredoxins except for an insertion of 30 amino
acids near its N-terminus which is extremely rich in acidic amino acids. Unfolding studies reveal that
HsFdx has an unfolding temperature~e85 °C in 4.3 M NaCl, but of only 50C in low salinity, revealing

its halophilic character. The three-dimensional structure of HsFdx was determined by NMR spectroscopy,
resulting in a backbone rmsd of 0.6 A for the diamagnetic regions of the protein. Whereas the overall
structure of HsFdx is very similar to that of the plant-type ferredoxins, two additmihelices are found

in the acidic extra domai®N NMR relaxation studies indicate that HsFdx is rigid, and the flexibility of
residues is similar throughout the molecule. Monitoring protein denaturation by NMR did not reveal
differences between the core fold and the acidic domain, suggesting a cooperative unfolding of both parts
of the molecule. A mutant of the HsFdx in which the acidic domain is replaced with a short loop of the
nonhalophilicAnabaenderredoxin shows a considerably changed expression pattern. The halophilic wild-
type protein is readily expressed in large amountslirsalinarum but not inEscherichia coli whereas

the mutant ferredoxin could only be overexpresseé.ircoli. The salt concentration was also found to
play a critical role for the efficiency of cluster reconstitution: the cluster of HsFdx could be recon-
stituted only in a solution containing molar concentrations of NaCl, while the reconstitution of the cluster
in the mutant protein proceeds efficiently in low salt. These findings suggest that the acidic domain
mediates the halophilic character which is reflected in its thermostability, the exclusive expreddion in
salinarum and the ability to efficiently reconstitute the iresulfur cluster only at high salt concentra-

tions.
Halobacterium salinarunis a halophilic archaeon that is The aim of this work was to identify and analyze additional
only viable in high salt concentrations'2.5—-4.3 M NaCl). characteristics of halophilic proteins, accounting for their

Halophilic archaea accumulate isotonic concentrations of KCI adaptation to high salt. THe. salinarumferredoxin (HsFdx)
and NacCl in their cells, and thus, their cell machinery is was chosen as a model system for these studies because of
adapted to function at salt concentrations near saturatjon ( its peculiar molecular structure.

Most halophilic enzymes are only active in high salt ~ Ferredoxins are small irersulfur proteins present in all
concentrations, and many halophilic proteins are denaturedorganisms which catalyze a large variety of biologically
in low-salt media 2). Compared to their mesophilic coun- important redox reactions. HsFdx is a [2Fe-2S] ferredoxin
terparts, halophilic proteins contain a greater abundance ofof 128 amino acidsg) that accounts for 1% of the total
negatively charged amino acids which increase their stability soluble protein fraction. It is the electron acceptor for
and solubility in high-salt media. The few known crystal 2-oxoacid oxidoreductases, e.g., the pyruvate:ferredoxin
structures of halophilic proteins show that the acidic residues 0xidoreductase, and therefore is involved in a central

are mainly found on the surface of these proteBs4]. metabolic pathway€q). .
A comparison of the primary sequence of HsFdx with

those of plant-type ferredoxins showed the sequences to be
very similar except for an insertion of 30 amino acids near
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H.S. the N-terminus of the halophilic ferredoxin. In the crystal
#The coordinates have been deposited in the Brookhaven Proteinstructure of the ferredoxin from the halophilic organism
Data Bank (entries 1E0Z and 1E10). Haloarcula marismortui these 30 amino acids form two
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o-helices B). Almost half (44%) of the residues in this
insertion are acidic as compared with 20% for the rest of
the protein. Ferredoxins in general are highly negatively
charged with a pl of~4, and the acidic domain of HsFdx

Marg et al.

reverse primer (CCGTCCGCTCGAGTCATCAGATGAC-
GCGGTTCTGCAGGTAGTCGAG) contains two stop codons
in front of restriction site Xhol (underlined). The Xbal

Xhol fragment from the PCR product was ligated into the

contains an even higher ratio of acidic residues. The high Xbal—Xhol-digested pET36b vector. The resulting clones
aspartate and glutamate content is characteristic for halophilicof pET36b-FdxWt were propagated i coli DH5a cells

proteins, and the acidic insertion probably results in the
halophilic behavior of HsFdx.

The high degree of sequence similarity between halophilic

prior to transformation oE. coliBL21(DE3)RIL, which was
used as the expression host.
The mutant of HsFdxA-HsFdx) was constructed from

ferredoxins and plant-type ferredoxins has been ascribed topET36b-HsFdx by oligonucleotide-directed mutagenesis in
lateral gene transfer, and this would require a quick adapta-which the twoa-helices,a’ anda”, of HsFdx comprising

tion to high salt concentrationg)( This can be achieved
faster in evolution by the insertion of a gene fragment than

residues 836 were replaced with a five-residue loop
(EAEGT protein sequence) dknabeanaferredoxin. The

by sequential replacement of single amino acids in the following primers were used for replacement: N-terminal
surface. We set out to determine whether this insertion causegrimer, 3-AAC GAA GCC GAG GGC ACG TAC GGC

indeed the halophilic behavior of HsFdx.

Since halophilism is a phenomenon directly related to
solution conditions, we decided to use NMR spectroscopy
for our structural studies as it allows the investigation of the

ACG ATG GAG GTC GCG GAG GGC GAG; and C-

terminal primer, 5GTA CGT GCC CTC GGC TTC GTT
GAG GTATTC TAC CGT CGG CAT ATG. A 3 Lculture
of (A-HsFdx)-pET36b-containing. coli cells was inoculated

influence of different salt concentrations on a protein’s With a70 mL overnight culture grown at 3T. After 1 h at
structure. NMR spectroscopy also makes it possible to 25 °C, glucose was added to a concentration of 0.4% (w/v)
investigate the dynamics of HsFdx and to monitor its O Prevent leaky expression. Induction of expression was

denaturation from the ironsulfur-free form (the HsFdx
apoprotein without the K&, cluster) to the unfolded
polypeptide chain.

The stability of the halophilic ferredoxin was studied using

absorption spectroscopy, CD spectroscopy, and DSC, andi©"-

refolding of HsFdx as a function of the salt concentration
was monitored via reconstitution of its iresulfur cluster.

To test the functional importance of the acidic insertion in
HsFdx, the effect of its replacement with the loop present at
the equivalent position in nonhalophilic plant-type ferredox-

achieved by the addition of isopropytp-thiogalactoside
(IPTG) to afinal concentration of 1 mM when the @pof

the culture reached 0:8.7. The cells were shaken for 3 h
at 25 °C before the cells were harvested by centrifuga-

Reconstitution and Purification &-HsFdx E. coliBL21-
(DE3)RIL cell pellets, transformed with pET36B-HsFdx),
were resuspended in 25 mM Tris-HCI buffer (pH 8.5)
containing DNAse and a protease inhibitor mix without
EDTA (supplied from Boehringer). The cells were disrupted

ins was examined. All our results establish the evidence of USiNg & French press, and the homogenate was centrifuged

the acidic extra domain as mediator of the halophilic nature
of this ferredoxin.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Vector3he following strains were
used: H. salinarumS9 @) [BR?", HR", SRI", SRII*, Car,
Ret] and its bacteriorhodopsin deletion strain SNOB (
[BR™, HR", SRI*, SRII*, Car, Rub", Ret"]. Escherichia
coli strain DH5x (Gibco-BRL) [F- endA1l, hsdR17, supE44,
thi-1, recAl, gyrA96, relAl, o80dlacZ M15] was used for
cloning and BL21(DE3)RIL as the expression hdki)([F
~ompT hsd@s~mg~) dem™ Tet gal A(DE3) endAHte [argU
ileY leuwCani]]. Cytoplasmic expression vector pET36b
was purchased from Novagen, and pGEX-4T.1 was pur-
chased from Pharmacia Biotech. Vectors pHus-BREd§ (
and pBPHM were used for transformationtdf salinarum
The Cosmid RI45H. salinarumstrain RI) was used for the
PCR of the coding sequence of HsFdx.

Expression in E. coliThe gene encoding HsFdx was
amplified from the halobacterial cosmid RI 45 using Xbal
and Xhol restriction site-containing oligonucleotide primers
for cloning into the pET36b expression vector. The forward
primer also contains th&. coli ribosomal binding site

for 10 min at 20000 before urea and DTT were added to
the supernatant to final concentratioris8dvi and 100 mM,
respectively. To reconstitute the iresulfur cluster into the
expressed apd-HsFdx, this solution was gassed with
nitrogen for 0.5 h12), and FeS@and NaS were both added

to a final concentration of 1@M. After incubation for 10
min under nitrogen, 7 volumes of 25 mM Tris-HCI (pH 8.5)
that had been gassed with nitrogen prior to use was added.
Then the same volume of oxygen containing Tris buffer was
added. To test the influence of the NaCl concentration on
the reconstitution of the ironsulfer cluster into apa:-
HsFdx as well as the stability @&-HsFdx in solutions having
different salt concentrations, reconstitution of the mutant
ferredoxin was performed in the crude cytosolic fraction as
described above except that Tris-HCI (pH 8.5) buffers having
different NaCl concentrations were used.

The solution resulting from the above reconstitution
treatment using NaCl-free Tris-HCI (pH 8.5) buffer was
concentrated on DEAE-Sephacel which had been equilibrated
with 25 mM Tris-HCI (pH 8.5) and 0.1 M NaCl. The DEAE
was washed with the equilibration buffer, aldHsFdx
eluted as a brown band with 25 mM Tris-HCI (pH 8.5) and
1 M NaCl. The eluate was diluted to 0.2 M NacCl, buffered
with 10 mM NaHPOJ/NaH,PO,, and applied on a Q-

sequence because cloning using the Ndel restriction site gaveSepharose fast flow column, amtl-HsFdx eluted at a

no ligation product. The forward primer with restriction sites
Xbal and Ndel underlined has the sequence CTAGCTAG-
TCTAGAAATTTTGTTTAACTTTAAGAAGGAGATAT-
ACATATGCCGACGTAGGAATACCTCAACTACAA. The

concentration 0f~0.33 M NaCl and was further purified on

a hydroxyapatite column [NBIPO,/NaH,PO, (pH 7.5) from

10 to 50 mM, with 0.2 M NaCl] and finally gel filtered
(Superose-12 from Pharmacia). The GST fusion proteins
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(Table 3) were purified according to the protocol from
Pharmacia Biotech.

Expression of Ferredoxins in H. salinarum and Purifica-
tion. The transformation of the halobacterial cells was
performed according to a previously published protot8).(

For the selection of transformants, mevinolin was used. Cell
lysis was performed by dialysis against water overnight at 4 w
°C or via sonification m a 4 M NaCl solution. The His-

tagged protein was purified on aNNTA column. The cell !
extract was prepared by sonification of tHesalinarumcells

in 4.3 M NaCl. The BR fusion protein was prepared T T T T T T T T T T T Teem
according to the standard protocol for the isolation of purple ™ % ¢ & 7 6 5 4 3 2 1 0 A
membranes, including the dialysis of the cells against water
for cell disruption (4). The purified fusion protein was
cleaved with factor Xa.

Apoprotein Preparation and Reconstitution of HsFdx.
Trichloroacetic acid (10%) was added &t@to 1 mL HsFdx
(50 uM) solution to a final concentration of 0.4% which is
accompanied by a gradual discoloring of the solution. The
mixture was incubated while being agitated for 15 min at 4
°C. After centrifugation at 14 000 rpm for 10 min, the
supernatant was discarded and the pellet redissolved in 400
uL of a solution of 100 mM Tris (pH 9.0), 100 mM DTT,
and 8 M urea. After incubation under nitrogen for 40 min, T T T T T T T T T T T Tem
20 uL of 100 mM NaS and 100 mM FeSpwas added. mowoe 8 7 6 5 4 3 2 1 0 A

After 30 min at room temperature, the solution was diluted Tgm& 1p:h gs%ﬂtzpbefftfg ‘(3; a gg’;‘i’gﬁgﬁtﬁgj{% {)nm&l_'ls\l';%]i&ith
to 6 mL.Wlth "?‘ solution of 100 mM TrIS (pH 8.5) and.M different Ay Asgo ratios: (top) iDlH NMR spectrum of HsFdx
NacCl ()_( is variable) anc_i afterward dialyzedrf@ h against for which AuzdAzso = 0.25 and (bottom) 1BH NMR spectrum of

a solution of 10 mM Tris-HCI (pH 8.0) anklM NaCl. The HsFdx for whichAsgAzx = 0.33.

dialysis buffer was exchanged for a solution of 10 mM:-Na
HPQOy/NaH,PO, buffer (pH 7.3) andx M NaCl for final of 120 ms) {7), and 3D* >N HMQC-NOESY-HSQC (mixing
dialysis overnight. time of 150 ms) 18). In the amide-detected experiments, a
UV—Vis and CD Spectroscopy and DSThe absorption binomial 3-9-19 WATERGATE sequencd9q) with water
spectra of the HsFdx apoprotein treated as described abovdlip-back was employed for water suppression, and in the
with different NaCl concentrations (0 mM, 0.15 mM, 0.43 13C-edited NOESY experiments, gradient coherence selection
mM, 2.0 M, and 4.3 M) were acquired on an Aminco DW- (20) was employed for water suppression. Quadrature
2a UV—vis spectrophotometer (see Table 4). For the CD detection in the indirect dimensions was achieved by the
spectra, a Jasco J-715 spectropolarimeter was used, and th&tates-TPPI method 21).
DSC spectra were recorded on a Microcal VPDSC instru-  Slowly exchanging amide protons were identified from a
ment. series offSN—!H HSQC spectra that were recorded after the
Sample Preparation for NMR Measuremer@sice NMR lyophilized protein had been dissolved in@ (99.996%).
spectroscopy allows the investigation of structures in atomic The {H}'*N NOE experiments were carried out using the
detail in solution, it can be used to study the role of different pulse sequences of Dayie and Wagr®) ( The relaxation
parts of HsFdx in halophilic adaptation. For the acquisition delay was 7 s, and the proton saturation was performed with
of the NMR spectra, HsFdx has to retain its tertiary structure 120° high-power pulses with an interpulse delay of 5 ms
for ~2 weeks, and the salt concentration has to be sufficiently for the find 3 s of therelaxation delay of the saturation
low to avoid a loss of sensitivity due to radio frequency experiment. Saturated and unsaturated spectra were measured
absorption. On the basis of the results of the experimentsin an interleaved mode to minimize problems of sample
described above, suitable solution conditions could be stability. Experiments were repeated twice to obtain an
identified (Figure 1, bottom). HsFdx samples had/fagy/ estimation of the error in thE'H} 1N NOE values. Residues
Aggoratio of >0.3 in 450 mM NaCl (pH 6.5) (50 mM sodium  exhibiting a standard deviation for the measuféd} >N
phosphate buffer) at 18C after the end of the NMR  NOE of >0.1 between the two experiments or which suffered
experiment. from a poor signal-to-noise ratio due to their proximity to
NMR Spectroscopyll NMR spectra were recorded on a  the metal center<{10 A) were excluded from the calculation.
Bruker DRX 600 NMR spectrometer with pulsed field The NMR data were processed using software written in-
gradient capabilities at 15C on samples containing 0-8 house and analyzed with NMRView&3) and NDEE (SpinUp
1.0 mM protein, 50 mM potassium phosphate (pH 6.5), and Inc., Dortmund, Germany).
450 mM sodium chloride, in a 9:1 4/D,O mixture. In Structure Calculation and Analysi©n the basis of the
addition to the experiments described previoudl§) the assignment of théH, 13C, and!®N resonances of HsFd1%),
following experiments were conducted to collect NOE a total of 1258 NOE distance restraints could be derived from
data: three-dimensional (3BJN NOESY-HSQC (mixing the two- and three-dimensional NOESY spectra in an
time of 120 ms) 6), 3D 3C NOESY-HSQC (mixing time iterative procedure (Table 1). NOE cross-peaks were manu-
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Table 1: Unfolding Transition Temperatureg,j of HsFdx (~220 RESULTS AND DISCUSSION
uM) in 10 mM NaHPQO/NaH,PO, Buffer (pH 7.3) Containing

Different Concentrations of Na€l Protein Preparation.HsFdx was first isolated at a low

salt concentration according to the protocol of Oesterhelt and

salt concentration Tm (BSC) (C) Tm (CB) (°C) Kerscher 83). The purified protein with am\zd/Asso ratio
100 mm NaC: 49.5 49 of 0.2 exhibited a single band in SB®AGE. As judged
fl?SOMml':lAa’\CI:?C g’g 56 from the one-dimensional (1D) NMR spectrum of the HsFdx,

large quantities of the unfolded protein are present (Figure
1, top). A purification for the homologous ferredoxinldé.
marismortui(HmFdx) has been established by Werber and
N ] ] ~ Mevarech 84), which does not require exposure of the
ally classified as strong, medium, or weak according to their hajophilic protein to low salt concentrations, as all the steps
intensities and converted into distance restraints of less thangre carried out at molar concentrations of NaCl or (NH
2.7, 35, or 5.0 A, respectively. A total of 56 residues SQ,which results in amudAgsoratio of 0.33 for the purified
exhibited®*Junwo Scalar coupling constants of eithe6.0 or HmFdx. Two chromatographic steps from the HmFdx
>8.0 Hz and were therefore restrained to adopt backbonepurification protocol were applied to HsFdx, and samples
torsion angles between80° and —40° or between—160° with Agz0/Asgo ratios of>0.3 were obtained. The 1D spectra
and —80°, respectively. A hydrogen bond was assumed if of theses samples indicate that the protein exhibits intact
the acceptor of a slowly exchanging amide proton could be tertiary structure (Figure 1, bottom). All further experiments
identified unambiguously from the results of initial structure were performed using HsFdx preparations withAagyAsso
calculations. For each of the 46 hydrogen bonds, the distanceratio of >0.3 to ensure that the protein is properly folded.
between the amide proton and the acceptor was restrained Stability Measurements;;IValues of HsFdx as a Function
to less than 2.3 A and the distance between the amideof the Salt ConcentratioriThe effect of varying the salt
nitrogen and the acceptor to less than 3.3 A. concentration of the solution on tAg, values of HsFdx has
The highly invariant geometry of the [2Fe-2S] cluster was been determined by differential scanning calorimetry (DSC)
maintained by 12 dihedral angle restraints for the cluster and@nd circular dichroism (CD) spectroscopy at a wavelength
for the side chains of the ligating cysteines that were deduced0f 222 nm using a scan rate of €/min. Both methods gave
from the HmFdx crystal structur@) These restraints served ~Similar results, and it was seen that increasing the salt
as an input for the structure calculation with X-PLOR, concentration leads to a considerable enhancement of the
version 3.851%4), using a three-stage simulated annealing Protein’s stability (Table 1 and Figure 2b).
protocol @5) with floating assignment of prochiral groups Temperature Dependence of the Denaturation of HsFdx.
(26). For conformational space sampling, 120 ps with a time The change in absorption of HsFdx at 420 nm with an
step of 2 fs was simulated at a temperature of 2000 K, increase in temperature was studied by absorption spectros-

followed by slow cooling for 90 ps to 1000 K and cooling opy. The lower the salt concentration, the lower the
for 45 ps to 100 K, both with a time step of 1 fs. temperature at which irreversible denaturation of the ferre-

doxin occurs, as judged by the decrease in absorption at 420
nm accompanying the destruction of the [2Fe-2S] cluster
| (Figure 2a). Furthermore, an influence of the heating rate
on the denaturation curve was noticed for higher salt
> concentrations: in 4.3 M NaCl, the curve is shifted to higher
_deduceq fro”.‘ the crystal .structure Of. HmFdx. Pairwise temperatures when the heating rate increases, meaning that
interresidue dlstance restr_alnts were derived betweendhe C higher temperatures are reached before the same degree of
atom and one side chain heavy atom of each of theseyanay ration is obtained. This indicates that the rate of
residues, and their backbopendy angles were restrained  yhermal denaturation of HsFdx is in the time range of the
to be within an interval of=10°. No additional distance  heating rate (time scale of minutes). Such a slow denaturation
restrqlnts to amino acids frqm other parts. of the Sequencemay pe the result of partially denatured, high-energy
were included in the calculation to pre_vent interference with iermediate states of HsFdx, which are passed during the
the NMR experimental data. Otherwise, the structure cal- genaturation process.
culation was identical to that described above. From the T, values (Table 1) and the results of the
Of the 60 structures resulting from the final round of each absorption measurements (Figure 2a), we conclude that
structure calculation, those 20 structures that exhibited theHsFdx is a halophilic protein: its high thermostability in
lowest energy and the fewest violations of the experimental high-salt media is essential under physiological conditions
data were selected for further characterization. The geometrybecause halobacteria are preferentially found in warmer
of the structures, structural parameters, and elements ofregions where highly concentrated salty water occurs. Work
secondary structure were analyzed using DSEF),(  to this point allows us to compare the halophilic nature of
PROCHECK 28), and DALI (29). For the graphical = HsFdx with other haloarchaeal proteins but does not yet
presentation of the structures, SYBYL 6.5 (Tripos), GRASP identify the structural elements responsible for it. This was
(30), MOLSCRIPT @1), and Raster3D32) were used. The  achieved in the experiments described below.
coordinates for the family of structures calculated with and ~ Comparison of the Stability of HsFdx to the Stabilities of
without additional restraints for the cluster vicinity have been Other Halophilic Proteinsit has been demonstrated previ-
deposited in the Protein Data Bank as entries 1E0Z and 1E10pusly with absorption and fluorescence measurements as well
respectively. as by CD spectroscopy at room temperature that the protein

2 The measurements were performed at a wavelength of 222 nm using
a temperature scan rate of’C/min.

In a second simulation, structural information for residues
60—72, 87, and 106106 which are experimentally under-
determined from NMR spectroscopy due to the spatia
proximity to the paramagnetic irersulfur cluster was
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a1z ' ’ ' ' ' ' Table 2: Summary of Structure Calculation
1.0 . Experimental Restraints
for the Final Structure Calculation
£ 08 A“\ g total no. of NOEs 1258
= " intraresidual || — j| = 0) 393
% o0sd SRy i sequential|f — j| = 1) 336
g S5 ot b1 medium-range|{ — j| < 5) 195
g 04 v i long-range i — j| > 5) 334
g B Vi o T no. of 3J(HN,H%) dihedral restaints 56
02 i no. of hydrogen bonds 92
-]l\ ; Molecular Dynamics Statistics
e S X with additional  without additional
Temperature [:C] cluster restraints cluster restraints
— average energy (kcal/mol)
b Etot 24.21+ 1.96 17.70+ 1.57
o Ebona 1.35+ 0.08 1.15+0.07
------ 4.3M NaCl T:=3—3|°\: Eangles 1091j: 090 900i 055
improper 1.644+0.17 1.40+ 0.08
- Erepel 5.61+1.24 3.044+1.02
< ﬂ Enoe 4.60+ 1.21 3.12+0.84
% i Ecain 0.10+ 0.01 0.01+ 0.007
g ] 1] rmsd from ideal distances (A)
§ i NOE 0.006+ 0.0008  0.006t 0.0008
.J k bonds 0.00H- 0.00002 0.00% 0.00002
| rmsd from ideal angles (deg)
bond angles 0.14 0.006 0.13+ 0.004
. e ./ii e 4 improper angles 0.16 0.003 0.09+ 0.003

10 20 30 40 50 &0 70 a0 90 100 110 120 130
Temperature [°C]

FIGURE 2: (a) Absorption at 420 nm of HsFdx solutions containing
different NaCl concentrations in correlation to the temperature

Atomic rms Differences (A)

with additional  without additional
cluster restraints cluster restraints

variation measured using different heating rates. (b) DSC spectra overall (residues 1128y 0.82/1.31 nd
of HsFdx in solutions having different salt concentrations (100 mM, “diamagnetic regiorf’ 0.66/1.18 0.81/1.33
430 mM, and 4.3 M NaCl). The spectra were acquired using a regular secondary structlire ~ 0.50/0.95 0.60/1.05
temperature scan rate of IC/min. The measured curves are  sedx vs HmEd 1.3(122)
depicted in black and the calculated ones in red. HsFdx vsAnabaenaEdx 1.8 (96)

HsFdx vsE. arvenseFdx 1.6 (94)

. aTwo restraints were used for each hydrogen bond (see Experimental
tolerates NaCl concentrations down to 0.5 M Nag5)( but Procedures)® Calculated for the final set of 20 structures (backbone
its stability increases with higher salt concentrations. Below atoms/all heavy atoms); diamagnetic region, residues9l 73-86,

0.5 M NaCl, a decrease in absorption, fluorescence intensi-88-99, and 107122; regular secondary structure, residued 2, 23-
ties, and overall ellipticity over time was observed. 30, 3743, 48-55, 72-75, 79-83, 90-96, 98-100, 104-106, 116~
_ 115.¢ Calculated from aDALI 29 pairwise comparison of the HsFdx

HSFQ'X denatures (unfolds) very S'QYV'Y at I_OW salt con average structure (residues 122) with the crystal structures éfa.
centrations compared to other halophilic proteins. In 50 MM marismortuiFdx (3), Anabaena7120 Fdx 49), andE. arvenseFdx
NaCl, it takes~48 h at room temperature until the absorption (50). The number of structurally equivalent residues is given in
intensity at 420 nm reaches half the starting value. In contrast, Parentheses.Not determined.
the unfolding of Ha. marismortuimalate dehydrogenase
(MDH) at low salt concentrations is finished within several cluster exists at low salt concentrations, confirming the NMR
minutes 86). However, if the cofactor NADH is added to  results (Figure 1).
the HMMDH solution before it is diluted to low salt Strategy for Structure Determinatiomnalysis of the
concentrations, the half-life of the halophilic protein is NMR spectra of HsFdx yielded a total of 1406 experimental
considerably increased and the denaturation takes more thafestraints for the structure calculation (Table 2). Because of
24 h (36). A stabilizing effect similar to that of NADH on the good dispersion of the amide proton resonant&} (
HmMDH can be ascribed to the irersulfur cluster in most NOE distance restraints were obtained from*fhe
HsFdx. NOESY-HSQC spectrum. THEC NOESY-HSQC spectrum

At high salt concentrations (4.3 M NacCl), HsFdx shows suffered from an unsatisfactory signal-to-noise ratio due to
thermal stability comparable to that of other halophilic fast paramagnetic relaxation and the low protein solubility
proteins: at 67C, the half-life of HsFdx is~48 h. In 4.3 (0.8-1.0 mM), which was worsened by the presence of some
M NacCl, it is not possible to denature HsFdx by the addition degradation products in the sample. As a consequence, only
of urea. At low salt concentrations on the other hand, a slight a few distance restraints were derived from this spectrum.
displacement of the absorption maxima in the visible range The temperature (1) and salt concentration (0.45 M) that
is observed and has been interpreted as a change in structureere used represent a compromise to allow a sufficient
at low ionic strength by Sonawat et aB7). The change in protein solubility and stability for the time of the NMR
the absorption maximum could be further increased by the measurements. Significant amounts of degradation products
addition of urea (data not shown). This indicates that a partly (and/or apoprotein) impairing the evaluation of the NMR
denatured form of holo-HsFdx containing the [2Fe-2S] data were apparent after-2 weeks. Additional®N HSQC
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Ficure 3: Sequence alignment of halobacterial and plant-type ferredoxins. Sequence alignment of [2Fe-2S] ferredoxins from two halobacteria
(H. salinarumandHa. marismortuj, blue-green algaeAhabaenar120, Spirulina platensisand Synechococcus elongajua green alga
(Dunaliella saling, and plants . arvense Oryza satia, Phytolacca americanaand Spinacia oleracep The H. salinarumnumbering

scheme is given at the top. The four cluster ligating cysteines are denoted with black ejrchesdic residues are highlighted with black

boxes, and residues occurring with a frequency-80% are highlighted with gray boxes. Elements of secondary structure present in the

H. salinarumstructure are given below the alignment. The extra domain, which is not present in plant-type ferredoxins, is marked with
bold letters. The alignment was generated by combining sequence and structure information using Cé4tatl DALI (29) and for

graphical representation Alscripg%).

spectra measured at a salt concentration of 1.5 M wereNMR data alone were sufficient to establish the correct
virtually identical to those at 0.45 M, confirming that the folding topology. Thus, to our knowledge, the HsFdx
structure remains unaltered at salt concentrations as low asstructure represents the first structure of a halophilic protein
0.45 M. Furthermore, this finding shows that the decreasedthat was determined in solution. The observation that the
protein stability observed at lower salt concentrations doesrmsd values are generally slightly lower in the structures
not reflect structural differences, but is rather due to a calculated with additional restraints for the cluster vicinity
lowered energy barrier of unfolding. can be explained by the fact that fixation of the connecting
Additional factors that influence the quality of the loops also has some effect on defining the conformation of
experimental data and thus the quality of the calculated the adjacent residues. Furthermore, the backbone rmsd
structures are paramagnetic effects arising from the-iron between the minimized average structures from both calcula-
sulfur cluster. These paramagnetic effects generally resulttions is 0.43 A, showing that the inclusion of additional
in the absence of detectable NMR signals for the protons in cluster restraints does not significantly distort the remaining
the vicinity of the cluster 38, 39). Therefore, to allow a  parts of the molecule. For these reasons, all subsequent
comparison of the overall HsFdx structure to its homologues, analyses were performed for the family of structures
the conformation of paramagnetically affected residues 60 calculated with the additional cluster restraints.
72, 87, and 106106 was modeled on the basis of the  Analysis of HsFdx with PROCHECK2@) revealed seven
geometry observed for these residues in the crystal structurestrands of3-sheet and fiver-helices as major elements of
of HmFdx ). Such a strategy for modeling the cluster secondary structures; (2—7), 82 (37—43), 83 (72—75), 33
vicinity has already been used previously to compensate for (79—-83), 85 (98—100),54' (104—106),54 (110-115),a’ (8—
the lack of NMR distance restraintd@—42) and appearsto  14), a" (23—30), a; (48—55), a; (90—96), andas (121—
be justified for HsFdx, particularly because it has the same 126) (Figures 3 and 4b). The overall orientation of this latter
sequence as HmFdx in this part of the molecule (Figure 3). helix a3 toward the rest of the molecule is not well-defined
Alternative strategies for obtaining structural information in the NMR set of structures as an indirect effect from the
about the cluster vicinity in [2Fe-2S] ferredoxins such as paramagnetic metal center (Figure 4a). In the crystal structure
the substitution of the paramagnetic iron with diamagnetic of the homologous HmFdx3], the C-terminal end of this
gallium (43—45) or the application of special NMR tech- helix packs against a cluster-ligating loop (residues B2)
niques that are suitable for paramagnetic syste4ds 46, for which resonances could not be assigned in HsFdx.
47) were not feasible for HsFdx. A substitution of iron with  Therefore, no long-range NOEs between residues/@zand
gallium in the HsFdx reconstitution failed (data not shown), residues 127 and 128 could be observed that would allow a
and the application of “paramagnetic” NMR spectroscopy better definition of the orientation of helixs.
which generally suffers from a poor signal-to-noise ratiowas  Strandsfp:—fs form a five-stranded mixeg-sheet, in
impeded by the low sample concentration resulting from poor which all strands with the exception of parallel strards
protein solubility. andg, are aligned in an antiparallel fashion (Figure 4b). The
Analysis of the HsFdx StructurBoth sets of structures  topology of this-sheet is identical to that observed for
calculated with and without additional restraints for the HmFdx and highly similar to that of plant-type ferredoxins
cluster vicinity exhibit quite similar rmsd values for the which sometimes lack stran@s. Additional elements of
diamagnetic part of the molecule (Table 2), proving that the secondary structure, including a short antipargfledheet
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[2Fe-2S]

Ficure 4: (a) Backbone overlay of a family of 19. salinarum
ferredoxin structuregi-Strands are colored green and helices red.

The cluster region that was modeled on the basis of the homology

to the ferredoxin fronHa. marismortuis colored yellow. The iron
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(residues 7983 and 104-106) and helices; anda,, were
also found previously in homologous [2Fe-2S] ferredoxins
(48).

On the level of tertiary structure, HsFdx can be overlaid
with the structures oAnabaenar120 @9) and Equisetum
arvense(50) ferredoxin with Gx rmsds of 1.8 and 1.6 A for
a set of 96 and 94 equivalent residues, respectively (Table
2). Therefore, the core fold (residues-3 and 39-128) of
HsFdx can be considered structurally equivalent to that of
the plant-type ferredoxins (Figures 3 and 5). DALI analysis
allowed the unambiguous identification of the two additional
amino acids present in the HsFdx core fold (Figure 3) which
have no structural equivalent in plant-type ferredoxins.
Interestingly, both one-residue insertions (positions 95 and
109) are occupied by negatively charged residues. These
residues may also play a role in halophilic adaptation in
addition to the acidic domain, as they are located on the
surface and this is the location of acidic amino acid side
chains for long-term halophilic adaptation.

This N-terminal acidic domain (residues-36), which is
unique to halophilic ferredoxins, is inserted between strands
p1 and B, of the core fold (residues-16 and 37128),
replacing a turn or loop that connects these two strands in
the plant-type ferredoxins (Figure 3). It contains a large
number of acidic residues (Figures 3 and 4c), providing
numerous surface carboxylates with strong water binding
ability. These residues were shown to play a role in
stabilizing a halophilic malate dehydrogenase at high salt
concentrationsH1, 52) and preventing self-aggregatioB) (

This extra domain is>15 A from the cluster and is
therefore not affected by paramagnetic effects, making the
NMR structure determination straightforward. It contains two
helices, o' (residues 814) and o’ (residues 2330),
connected by a loop which adopts an overall geometry
similar to that of the corresponding structural element in
HmFdx (Figure 5). The only notable difference from the
HmFdx crystal structure is the orientation of W16 within
the acidic domain. The ring of this residue forms numerous
hydrophobic contacts with L6, V11, and V23 in the HmFdx
crystal structure, while the absence of NOEs for the ring of
W16 in the NMR spectra of HsFdx suggests that this residue
does not form extensive hydrophobic contacts in solution.
The lack of NOEs, however, might also result from increased
flexibility in solution, consistent with the observation that
the extra domain was not well-defined in the first crystal-
lographic studies of HmFdx2}.

Apart from this local structural difference, the HsFdx and
HmFdx structures are highly similar (1.3 AoCQrmsd for
residues +122), indicating that the different methods used
for structure determination and the different experimental
conditions (HmFdx, crystallized from solutions of 3.8 M

atoms that give rise to the paramagnetic effects are represented a§0dium and potassium phosphate; HsFdx, NMR at an ionic
white balls. (b) Schematic presentation of thk salinarum strength of 0.5 M) did not have a substantial impact on the
ferredoxin indicating the elements of secondary structure. The-iron  strycture obtained. It remains to be shown that NMR

sulfur cluster and the ligating cysteines are shown in ball-and-stick ) .
representation. (c) Electrostatic potential at the HsFdx protein spectroscopy and X-ray crystallography produce similar

surface. Positive and negative charges are colored blue and red"€sults for the structure determination of other halophilic
respectively. The magnitude of the charges is indicated by the proteins. In addition to these structural comparisons, the
intensity of the color. The extra domain that carries a large excessapplication of NMR spectroscopy in this study offered the

of negative charges is marked with a yellow ellipse. This view
differs from Figure 4b by a rotation of approximately°%round
the horizontal axis, placing helig; on top of the presentation.
This figure was prepared with Sybyl 6.5 (Tripos), Molscript),
Raster3D 82), and Grasp30).

opportunity to perform subsequent experiments investigating

the dynamics and stability of HsFdx at atomic resolution.
Dynamics of HsFdx{'H}*N NOE experiments were

performed to investigate the backbone flexibility of HsFdx
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Ficure 5: Structural comparison of the halophilic ferredoxins frémsalinarum(magenta and red) artda. marismortui(cyan; PDB
entry 1DOI) and the plant-type ferredoxins frokmabaenar120 (white; PDB entry 1FXA) an&. arvense(yellow; PDB entry 1FRR) in
stereoview. The backbone superposition was calculated using 28).I The extra domain of HsFdx is marked in red, and the side chain
of Trpl16 is shown for HsFdx and HmFdx.

1.0 A Table 3: Expression Efficiency of HsFdx and Its MutantHsFdx
in the Halophilic OrganisnH. salinarumand the Mesophilic
OrganismE. coli

expression expression
il protein in H. salinarum protein in E. coli
g HsFdx(His) ) HsFdx -
5 A-HsFdx(His} - A-HsFdx ++
T BR—HsFdx ++ GST—HsFdx +
bt BR—A-HsFdx - GST—A-HsFdx ++

resonances show a uniform decrease in the signal intensity,
leading to values of 4560% of the original intensity after
70 h (data not shown). For a few cross-peaks, no decrease
e e e i in signal intensity was detected. This can most likely be
residue number explained by the fact that the apoprotein which is formed
Ficure 6: {*H}!>N NOE of the >N peak intensities with and  during the denaturation process exhibits the same chemical
without saturation of the amide protons correlated to their sequenceghifts as the holo form for these residues. Monitoring protein
position. denaturation by NMR thus did not reveal any differences
in 450 mM NaCl on the picosecond to nanosecond time between th_e core fold_ and the acidic extra domain, suggesting
scale. For most residues, the heteronuclear NOE is larger® CoOPerative unfolding of both parts of the molecule.
than 0.65 (Figure 6), indicating a highly restricted internal ~ Mutant of the H. salinarum FerredoxitNMR spectros-
motion of the NH bond vector, consistent with an overall €Opy has shown that the acidic extra domain does not differ
rigid fold. The observation of*H} 1N NOEs greater than ~ from the remaining parts of the protein with respect to its
the theoretical maximum (0.82 at 600 MHz) can be attributed dynamics or unfolding behavior, making it difficult to draw
to chemical exchange between water and the amide protondinal conclusions about the role of this region in halophilic
(43, 53, 54). adaptation. To allow a rigorous investigation of this point, a
The extra domain (residues-86) and the core fold do ~ mutant of HsFdxA-HsFdx) was designed that lacks the extra
not differ with respect to thei{!H}!N NOE values, domain (' anda”).
indicating that the local dynamics of both domains is quite  In Figure 5, an overlay of the backbonenrGraces of
similar. Large{'H}!°N NOE values are also observed for HsFdx with Anabaena7120 ferredoxin is depicted. Both
those peptide stretches (residues9and 35-39) that structures are very similar; the only big difference is the
connect the core and extra domain, and thus, there is noinsertion of the twax-helices,o’ anda’, in HsFdx between
evidence for the existence of flexible hinges. This finding is Strandss, andf;, whereasAnabaenderredoxin contains a
consistent with the observation of numerous NOEs betweenloop at this position. For the mutant, the 30 additional amino

both parts of the molecule. acids in the halophilic ferredoxin have been replaced with
Protein Denaturation.To accelerate the denaturation the loop ofAnabaenderredoxin.
process, this experiment was performed af@0nstead of Expression of HsFdx and-HsFdx. The expression of

15 °C. There were only moderate shifts of the resonances several constructs of HsFdx on one side and of its mutant
compared to the spectra acquired at °I5 allowing an A-HsFdx on the other side has been testeHlirsalinarum
unambiguous resonance assignment inlthe >N HSQC andE. coli (Table 3). The expression efficiency has been
spectrum. Denaturation of HsFdx at 4C was monitored  judged from the significance of the bands in SEFSAGE

by measuring the decrease in signal intensity in a series ofcorresponding to HsFdx anti-HsFdx. HsFdx was recom-
HSQC spectra collected over a total of 70 h. Most of the binantly expressed ikl. salinarumin small quantities as a
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Table 4: Reconstitution of Apo-HsFdx in Correlation to the Salt
Concentratiofi

1 2 3 4 5

[NaCl] (M) 0.00 0.15 043 200 43
As20Asgo after reconstitution  0.00 0.00 0.20 0.33 0.33

aTwenty microliters each of 100 mM FeS@nd 100 mM N&S
were added to 400L of a 125xM solution of apo-HsFdx. The pH of
the solution after reconstitution and dialysis was 7.3.

His-tagged protein and in large amounts as a fusion with

bacteriorhodopsin. I&. coli, only a low level of expression
of the GSTHsFdx fusion protein [fusion with glutathione
Stransferase (GST)] was obtained, wher@dablsFdx was

expressed in large amounts with and without the tag. No

expression at all was seen farHsFdx inH. salinarum

demonstrating a clear preference of the halophilic expression

host for the halophilic ferredoxin and of the mesophilic
organism for the mutated ferredoxin.

Reconstitution and FoldingA reconstitution protocol was

Biochemistry, Vol. 44, No. 1, 200837

After the reconstitutionA-HsFdx was purified in a manner
analogous to the purification procedure famabaenderre-
doxin from Jacobson et al6(). During the purification, the
absorption ofA-HsFdx at 420 nm significantly decreases
with every purification step, and the CD spectra of the
purified mutant show that the protein has no regular
secondary structure. Reconstitution/fHsFdx after puri-
fication was also assayed but proved not to be successful
(12). To test whether additional proteins of the cytosolic
fraction are required for reconstitution of the iresulfur
cluster into apoA-HsFdx,E. coli cytosol has been added to
the purified mutant protein-HsFdx. However, the addition
of cytosol to the purified mutant ferredoxin did not support
its reconstitution with the ironsulfur cluster and refolding
either. This result can be explained by the fact that the mutant
A-HsFdx is denatured irreversibly during the purification.

Taken together, the reconstitution experiments described
above show that the halophilic ferredoxin HsFdx can only
be reconstituted at high salt concentrations. The integration
of the iron—sulfur cluster prompts (or triggers) the correct

established for HsFdx (see also Experimental Procedures)folding of the halophilic ferredoxin. In contrast thereto, the

The apo form was prepared from the holoferredoxin by
addition of trichloroacetic acid. Addition of FeQ(r FeC})

and NaS was followed by dialysis against buffers at neutral
pH. The reconstitution efficiency is strongly dependent on
the salt concentration of the dialysis buffer. Up to a
concentration of 150 mM NacCl, no cluster reconstitution is
observed (Table 4). At 430 mM, holo-HsFdx is formed with

iron—sulfur cluster of the mutamk-HsFdx is reconstituted
into the protein with higher efficiency at low salt concentra-
tions. Although the irorsulfur cluster can be incorporated
into A-HsFdx, no formation of regular secondary structure
is observed in the mutamt-HsFdx. These results show that
the replacement of the negatively charged extra region has
a marked influence on the reconstitution behavior of the

a lower absorption coefficient than the pure HsFdx. Only at ferredoxin as it reverses the salt dependence of the-iron

a salt concentration of more than 2.0 M NaCl is the
holoprotein with anA42dAzs0 absorption ratio typical for
HsFdx with intact tertiary structure formed.

The mutant ferredoxinA-HsFdx is expressed as the
apoprotein inE. coli like many other ferredoxinssg, 56).

sulfur cluster incorporation. Although the twehelices of
HsFdx are positioned opposite from the hydrophobic part
around the active center of the JSg cluster, it is possible
that the correct conformation of the tweshelices under high-
salt conditions is necessary for cluster incorporation. These

It has been found that a couple of other proteins are involved findings suggest a role for the extra domain in the proper

in the formation and incorporation of irersulfur clusters.
The proteins are encoded in the so-caliedgene cluster
(iron—sulfur cluster) §7—59). The gene sequences for
proteins homologous to NifS and NifU are also present in
the genome oH. salinarum (www.Halolex.mpg.de). The

folding of HsFdx at high salt concentrations.

Different Kind of Adaptation?HsFdx exhibits a salt-
dependent stability typical for halophilic proteins (Table 1
and Figure 2). The solution structure, which was determined
from the NMR data, showed no significant differences from

overexpression of the isc cluster is found to greatly enhancethe crystal structure of the homologous halophilic ferredoxin

the formation of holo- instead of apoferredoxins. The
expression ofA-HsFdx was performed without overexpres-

sion of the isc cluster. Thus, it was not surprising that apo-

HmFdx. This is striking because the NMR spectra have been
acquired at salt concentrations 9450 mM NaCl, and the
crystals of HmFdx were growrt @ M sodium phosphate. It

A-HsFdx was obtained, rendering a reconstitution of the was generally believed that high salt concentrations are

iron—sulfur cluster necessary. The reconstitution of the-iron
sulfur cluster intoA-HsFdx was performed in the crude

cytosolic fraction of the expression medium (see Reconstitu-

tion and Purification ofA-HsFdx in Experimental Proce-
dures). When Tris buffer contairgr2 M NaCl was used in

required to shield the negative charges of the carboxylic
residues on the surface of the halophilic protein. However,
the agglomeration of negatively charged residues on the
surface of HsFdx did not show a destabilizing effect on the
secondary structure of the acidic domain at salt concentra-

the dilution step, the absorption intensity at 420 nm of the tions as low as 450 mM NacCl. Furthermore, no increased

resulting solution was only 20% compared to that of a
solution containing reconstituted-HsFdx obtained by

flexibility of the acidic domain or a stronger tendency to
unfold compared to the rest of the protein could be observed,

employing salt-free Tris buffer. Furthermore, storage of the as the analysis of the flexibility and the denaturation kinetics

cytosolic fraction after reconstitution at 4C for 2 days

of HsFdx showed that the protein is rigid and that the

resulted in a 15% reduction of the absorption at 420 nm when unfolding of HsFdx is a cooperative process.
the NaCl concentration was adjusted to 150 mM, whereas Wild-type HsFdx and its mutani-HsFdx show opposed
the absorption intensity at 420 nm decreased by 45% in 2 expression efficiencies imH. salinarum and E. coli. In

days when the solution contathd M NaCl. These results

addition, the replacement of the acidic extra domain leads

demonstrate that the reconstitution efficiency as well as theto a change in the salt dependence of the reconstitution of

stability of the mutant ferredoxilh-HsFdx decreases with
an increase in salt concentration.

the iron—sulfur cluster. The integration of the cluster in
HsFdx only takes place at high salt concentrations, whereas
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low-salt solutions support the reconstitution of the iron
sulfur cluster into the mutam-HsFdx.

We propose that the acidic insertion of 30 amino acids qg
could be a means for rapid adaptation of proteins, which
are acquired by lateral gene transfer, to the high salt
concentration inside an extremely halophilic organism. This
proposal is corroborated by a systematic screen of the
genome oM. salinarum(V. Hickmann, F. Pfeiffer, and D.

Oesterhelt, unpublished results). Stretches of 30 amino acids

with more than 50% acidic residues are found ubiquitously
on the chromosome and total240 instances. Systematic

bioinformatic analysis and structural modeling are being
carried out to support our hypothesis. Long-term adaptation

by covering the surface, on the other hand, can be shown

by homology-based genome-wide structural modeling and

has been demonstrated experimentally for a few conspicuous )

cases §1—63).
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