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Abstract

Thermotoga maritim&Tm) expressg a 7 kDa monomeric protein whose 18 N-terminal amino acids show 81% identity

to N-terminal sequences of cold shock protef@sps from Bacillus caldolyticusand Bacillus stearothermophilus

There were only trace amounts of the proteiThrermotogecells grown at 80C. Therefore, to perform physicochem-

ical experiments, the gene was clonedEstherichia coliA DNA probe was produced by PCR from genorfiim DNA

with degenerated primers developed from the known N-terminugm@sp and the known C-terminus of CspB from
Bacillus subtilis Southern blot analysis of genoniiecn DNA allowed to produce a partial gene library, which was used

as a template for PCRs with gene- and vector-specific primers to identify the complete DNA sequence. As reported for
other csp genes, the Suntranslated region of the mRNA was anomalously long; it contained the putative Shine—
Dalgarno sequence. The coding part of the gene contained 198 bp, i.e., 66 amino acids. The sequence showed 61%
identity to CspB fromB. caldolyticusand high similarity to all other known Csps. Computer-based homology modeling
allowed the conclusion thatmCsp represents @-barrel similar to CspB fronB. subtilisand CspA fromE. coli.

As indicated by spectroscopic analysis, analytical gel permeation chromatography, and mass spectrometry, over-
expression of the recombinant protein yielded authefti€sp with a molecular weight of 7,474 Da. This was in
agreement with the results of analytical ultracentrifugation confirming the monomeric state of the protein. The temperature-
induced equilibrium transition at 8C exceeds the maximum growth temperaturéofand represents the maximal
T-value reported for Csps so far.

Keywords: cold shock protein; hyperthermophiles; molecular modeling; protein stability; ribosomal protein L31;
Thermotoga maritima

The cold shock response in microorganisms is a transient phenonshare high affinity to single-stranded nucleic acids and show ex-
enon affecting the growth rate of the cell and the saturation of fattytreme similarity with respect to their amino acid sequences. There-
acids as well as the rates of DNA, RNA, and protein synthesis afore, they have been put together in the family of cold shock proteins
temperatures significantly lower than the normal physiological tem{Csps (for reviews, see Jones & Inouye, 1994; Graumann & Ma-
peratureShaw & Ingraham, 1967 For most proteins, the expres- rahiel, 1996a; Thieringer et al., 1998n the case oBacillus sub-
sion under cold shock is decreased drastically, while for a few it idtilis (Bs), CspB has been shown to improve the viability at freezing
increased. Out of these, a group of small acidic proteins has met speemperaturéWillimsky et al., 1992. Not all members of the Csp
cial interest because of their extremely high induction levels. Theyfamily are necessarily involved in the cold shock response. Some
are also essential for growth under normal temperature conditions,
others not cold-inducible at alLee et al., 1994; Yamanaka et al.,
Reprint requests to: Rainer Jaenicke, Institut fur Biophysik und phys-1994; Graumann et al., 1997; Yamanaka & Inouye, 1989art from
ikalische Biochemie, Universitat Regensburg, UniversitatsstralRe 31, D-9304Qsps, ribosomal binding factors were found to be induced to the same
R?Eé'fet\’,?;ﬁaﬁs;magﬁci]lﬂaggmgﬁe'éi‘:kéf’)cﬁiﬁg)gsf&’iﬂi'rggf@f’f”rgd%"‘e”‘? they did not show any sequence similarity with the above-
cillus stearothermgphilusCsp, colg sh(fcksprotein; ORF, gpen reading mentioned CspsJones et al., 199_6; Jones & Inouye, 1896 .
frame; PCR, polymer chain reaction; RBS, robosome binding site; RP- Csps are small globular proteins consisting of 65 to 70 amino
HPLC, reversed-phase HPLEm, Thermotoga maritima acids corresponding to molecular masses of about 7.5 kDa. Struc-
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tures of the major Csps d@scherichia coli Ec) andBs CspA and
CspB, were solved by X-ray analysis and NM&chindelin et al., kD 1 2 3 4 S 6
1993, 1994; Schnuchel et al., 1993; Newkirk et al., 199%eir
three-dimensional structures were closely similar, with Bv&rands 200 -
combined in two antiparallg8-sheets, making up@-barrel. Their 116
native structure was not influenced by posttranslational modifica- 97 '
tions or cofactor bindingBsCspB was found to undergo reversible
folding/unfolding, obeying the two-state mechanism, without slow
kinetic phases attributable to disulfide formation or cis-trans-prolyl 66 -
isomerization(Schindler et al., 1995; Schindler & Schmid, 1996

Csp homologs have been identified in a wide variety of micro- 45 -
organisms from psychrophiles to thermophiles. In eukaryotes, a
group of proteins contained the so-called Y-box-domain, which
revealed 43% identity to Csp@Vistow, 1990; Wolffe et al., 1992
Thus, from the evolutionary point of view, Csps and the respective 31 e
domains belong to the most conserved proteins presently known
(Graumann & Marahiel, 1996bFor this reason, they were used as
models for comparative folding and thermodynamic studies, espe-
cially in connection with mechanisms of thermal stabilization. In 215 = pe—
the present study, the first Csp-homolog from a hyperthermophile,
Thermotoga maritiméTm), is described. The gene was cloned and
the recombinant protein expressed Be. The physicochemical
characterization of the protein showed tAatCsp represents the
most thermostable Csp reported so far.

6.5 - ‘---

Results
Fig. 1. Purification of naturalmCsp: Coomassie-stained SDS-PAGE on a

10 to 22% acrylamide gradient gel. Lane 1, molecular weight marker;
Purification of the original Csp from Tm lane 2,Tm crude extract; lane 3, flow-through of Q-sepharose at pH 9.3;

lane 4, eluate from Heparin-Sepharose; lane 5, eluate from SP-Sepharose at
TmCsp was discovered as a low-molecular weight protein copH 6.0; lane 6, pure protein after gel filtration on Superdex 75 pg.

purifying with a 25 kDa ribonucleas@Velker, 1996. Making use
of the similar charge properties, tfien crude extract was applied
to an anion-exchange column at pH 9.3 to collect a flow-through
containing basic proteins. Applying Heparin-Sepharose as a/DNA primer C1 was designed according to residues 53 to 63 of the
RNA analog, theTmCsp eluted at an NaCl concentration betweenamino acid sequence &sCspB (Table 1. Three PCR products,
160 and 210 mM, allowing the separation from the RNase-activeamplified independently from each other, were sequenced in both
fractions. It was purified to homogeneity by cation-exchange chrodirections; they were identical, consisting of 185 bp, 127 of them
matography at pH 6.Qelution at 280 to 330 mM NaCland gel  coinciding with the naturaTm DNA sequencdsee Fig. 2, under-
permeation chromatography. Calibration of the Superdex 75 pgined part of the coding region
column with standard proteins revealed a molecular mass of The amplified fragment was radiolabeled and used as a probe
~7 kDa for the native protein. The efficiency of the purification for southern blotting and colony hybridization. Southern blot hy-
protocol and the homogeneity of the protein were proven by SDShridizations of this oligonucleotide to different restriction digests
PAGE (Fig. 1), spectroscopy, reversed-phase HRIRP-HPLO,  of genomicTm DNA resulted in only one hybridization signal in
and mass spectromet(gee below. each casédata not shown Obviously, only one copy of thesp
The sequence of the 18 amino-terminal amino acids, MRGKVK
WFDSKKGYGFIT, was determined by Edman degradation. Data-
base search with FASTA showed 81% identity with the N-termini
of Csps fromBacillus caldolyticus(Bc) and Bacillus stearother-  Tapje 1. Oligonucleotides used for cloning of TmGsp
mophilus(BsY.
The vyield of purified Csp, starting from 28.5 (gvet weighj N1 ATG (AC)G(GT) GG(GT) AAG GT(GT) AAG TGG

cells, was~200 ug. TT(CT) GA
N2 CGG AAT TCA TAT GAG AGG AAA GGT TAA GTG G

c1 ACG TT(GT) GC(GT) GCT TG(GT) GG(GT) CC(GT)
CTG TT(GT) CCT TC
Cc2 TAT GTG AGA CTA AAA ATC AAG TGG AGA AAG
To obtain the protein in sufficient amounts for physicochemical C3 CGC CGG ATC CAA GCT TAT TAC TCA ACT ACT TTC
measurements, it was cloned and expressed recombinantly. Degen- ACG TGC GC
erated oligonucleotides were developed to amplify part otge =~ PUC1 CGA CGT TGT AAA ACG ACG GCC AGT
gene from genomi@m DNA as well as from a complete gene PUC2 CAC ACA GGA AAC AGC TAT GAC CAT
library in pUN121. Primer N1 was chosen to be complementary to
the N-terminal amino acid sequence of the origifiaiCsp, while aN2 and C3 yield arNdd and Hindlll restriction site, respectively.

Cloning and sequencing
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ATTAAAAACCAAAAAACAGGCTATTCACCGAGCCGATAGAAGGAAAAAATGAAGATTCAGATTTTT
TCTTGTAAAACCCAGATTCTTTGATAACCATCACTTCAATTTTTTCTCGGGTGCCACATCATCACC

CCTCGGATGTTCTTATTTTACTACATTTTTACAAGGCGATCGTGATGTATGACTATTTGGCTTAGA

-10
AAGTGCTAAAACTTTAGTAGGTCGCACAGAAAATAAAGTATCTCCGAGCCCGAAGAGGGGAAAGAT

TGGGAGGAGGTCAATACATCTTGACACATCCACCTACGAAGTGTTATGATTGAGGAGTACCATCTT

Csp
TCGTTAAGGAGGCATGTGTTATGAGAGGAAAGGTTAAGTGGTTCGATTCCAAGAAGGGCTACGGAT
M R G K V KW F D S K K G Y G F

TCATCACAAAGGACGAAGGAGGAGACGTGTTCGTACACTGGTCAGCCATCGAAATGGAAGGTTTCA
I T K D E G G DV F V HW S A I EMEGF K

AAACTCTGAAGGAAGGCCAGGTCGTCGAGTTCGAGATTCAGGAAGGCAAGAAAGGTCCACAGGCAG
T L K E G Q vV VvV E F E I Q E G K K G P Q A A
termination
CGCACGTGAAAGTAGTTGAGTAAAGAGACGAATCAGCCCCCGCCCGGGGGCTTAAATTTTCTTTCT
H V K vV V E

CCACTTGATTTTTAGTCTCACATATGGTACCATTTGGCATGTGAGACGTAATAATATTCATGGAGA

RBS L31
GGTGAGGACACGGTGAAAAAGGGAATACATCCAGAGATGAAGCTCGTAACTGTTAAGTGTGCGTGT
M K L VvV T V K C A C

GGTGCTGAGCACACTTTTTACACGACGGTTGACAATATAAGAATCGACGTGTGTTCTAACTGCCAT
G A E HTF Y T TV DDNTIU RTIWDUVC S NCH

CCGTTCTACACCTCCGGTGGAAAAGGTGGCGTTCTCATAGTGGATACGGAGGGTAGAGTGGAGAAG
P F Y T S GG K GG VL I VDTEGTR RV E K

TTCAGAAGGAAGTACGGAGACAACTATTGAGAGGCAATATCACTTTTGTGAGGAAGGTTTTTTGTG
F R R K Y G DN Y

Fig. 2. DNA-sequence and deduced amino acid sequenc&sBsp and

C. Welker et al.

and the annealing temperature. Therefore, a second C-terminal
primer (C2), complementary to a sequence downstream ot#pe
gene, was designed. PCR with this gene-specific primer together
with pUC2 yielded not only the complete coding sequencespf
but also 350 bp upstream of the initiation codon. At 15 bp upstream
of this ATG codon, a putative ribosome binding $66AAGGAGG-
3’) was assignedI'm-promoter-like motifs were localized 155 bp
(5'-aTGAC-3) and 130 bg5’-TAAAACc-3’) upstream of the RBS.
The DNA and amino acid sequencesTofiCsp and ribosomal
protein L31 are summarized in Figure PmGCsp consists of 66
residues, resulting in a calculated molecular mass of 7,472.6 Da.
This was in agreement with results from SDS-PAGE, gel perme-
ation chromatography, mass spectrometry, and analytical ultracen-
trifugation. The alignment of the amino acid sequence with Csps
from other organisms proved high sequence identity. The closest
relationship holded for CspB fromc: 61% identity’ 79% homol-
ogy (data according to GeneDoc 2.2, Nicholas & Nicholas, 1997
Identities with Csps from mesophilic organisms were extremely
high as well, e.g.BsCspB: 61% identity76% homology, and
EcCspA: 52% identity71% homology. Sequences of eukaryotic
cold shock domains exhibited differences attributable mainly to an
insertion of four amino acid residues. However, identities
homologies were still significant, for example, in the case of the
glycine-rich protein-2-precursor fromlicotiana sylvestris42%/

ribosomal protein L31. The coding regions are marked by bold letters. Thé&6%. The given Csp sequences, includimgCsp, had two highly
putative —35 and—10 regions as well as the putative ribosome binding conserved RNA binding motifs, RNP1 and RNP2, in common,

sites(RBS) are underlined, the putative transcription termination sif€rof

cspis indicated by reverse arrows. The underlined part of the coding regio
corresponds to the DNA probe used for southern blotting and colony h

bridization (PCR primer sequences not incluged

gene was present in thiém genome. Similar to earlier reports for
other csps (Schroder et al., 1993 cloning the gene by colony
hybridization failed, although about 20,0@x DH10b colonies

suggesting a functional correlation of RNA-binding with the cold

y'_%hock response.

All sequence datdincluding those for 50S ribosomal protein
L31) are available under accession number Y11219 from the EMBL
gene library.

Overexpression and purification of recombinant TmCsp

For overexpression ofmCsp, the PCR product amplified from

were screened, 16,000 representing the complete gene library genomicTm DNA with primers N2 and C3, containing axdd
pUN121 and 4,000 representing partial gene libraries in pUCBM20and aHindlll digestion site, was ligated into pET21a. The plasmid

Therefore, hybridizing fragments &coRV- and BanHI-digested

was sequenced and the coding region agreed with the results given

genomicTm DNA were ligated in pUCBM20. The resulting plas- in Figure 2.

mids were used as PCR templates. Primers were not only N1 and Overexpression ofmCsp inEc BL21(DE3) was independent of
C1 but also pUC1 and pUC2, complementary to the regions of théhe growth temperature and detectable even without induction. How-
plasmid next to the insert. PCR products with a vector-specificever, addition of 1 mM IPTG had a positive effect. For purification

primer and N1 were expected to contain tHes8quence, those

with C1, the B-sequence oTm csp

Indeed, pUCIN1- and pUC2ZN1-PCRs revealed thé-3equence

of the cspgene as well as 375 additional basepéifs Fig. 2). A
translation termination codofTAA) as well as a GC-rich stem-

of the recombinant protein, cells were grown af@&or 24 h with
induction at OD 1. Since expression and vector stability tests showed
that the plasmid was lost easily, the amount of ampicillin was in-
creased to 50@.g/mL. In addition, the precultures were grown for
at most 12 h at 37C and then washed twice with fresh medium to

loop structure serving as transcription termination signal was foundremoveg-lactamase before inoculating the 2 L culture.

The plasmid also contained another open reading fréofeF)

The purification followed basically the protocol that was used

coding for a 63-residues protein related to the 50S ribosomal prowhen the natural protein was first discovered. To remove bulk of

tein L31. The ORFs of thespand L31 genes were 145 bp apart.

Within this distance, a putative ribosome binding $iRBS) (5'-
AaAAAGG-3'), perfectly complementary to the’-8nd of Tm
16SrRNA(5’-UCUUUCCUCCA-3), and a—10-region(aATAAT )

theEcproteins without significant coprecipitation ®Csp, the cell-

free extract was diluted fivefold and then heated t6@6r 30 min.
PureTmCsp was obtained by anion exchange at pH 9.3, cation ex-
change at pH 6.0, and gel permeation chromatography, leaving out

the Heparine—Sepharose step used in the original Csp purification.
qguence was less successfligGta or gTac@. The consensus se- The protein was 99% pure according to silver-stained SDS-PAGE,
quences were TAA/T)AAT for the —10, and TTGAC for the RP-HPLC, the ratio of the absorbance at 280 and 260 nm, and mass
—35-region(Liao & Dennis, 1992. In this notation, uppercase and spectrometry(see below. N-terminal sequencing of the first 11
lowercase letters refer to identical and nonidentical bases, respeamino acids agreed with the determined DNA and protein sequences,
tively. PCRs with the gene-specific primer C1 did not produceincluding the initiator methionine. The total yield 3mCsp was
cspcontaining fragments, independent of the Mg@incentration — about 18 mgL cell culture.

could be clearly localized. The search for th@®5-consensus se-
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Physicochemical characterization and authenticity 100
of recombinant Csp 5 [
Cﬁ' 5

. . - 80
Spectroscopic characteristics 8 »

The UV absorption spectra of recombinant and natliraCsp 5 60

. . . . Q

were essentially identical. They showed a maximum at 280 nm 4 [
with a tryptophan shoulder at 288 nm and/gigo/Asso ratio of 1.6. 3 40 |
The molar(specifig extinction coefficient for the native recombi- é [
nant protein at 280 nm, determined according to Pace 1395, 14 [

was found to be 12,82 70 M~% cm™? (1.72 = 0.04 mL 2 20
mg ! cm™1). Despite the fact thalmCsp contains one additional T‘g I

tryptophan residu€Trp29 not present in other Csps, the change in 0

absorbance in the course of GAmCI denaturation was insignificant. 300

The fluorescence emission spectra of both recombinant and nat-
ural TmCsp were also indistinguishab(€ig. 3A). The maximum
of the native protein at 341 nm, which was unaltered\gt =
280 nm andley. = 295 nm, showed only a slight red shift to
349 nm in the presencd 6 M GdmCI, which indicated that both
the conserved Trp7 and the nonconserved Trp29 must be partially
solvent-accessible in the native protein. The model structure con-
firmed this finding (see below. The 50% decrease in intensity
upon unfolding was used to monitor the reversible denaturation of
the protein.

The far-UV CD spectra of natural and recombin@mCsp again
coincided, proving the secondary structure of both proteins to be
identical (Fig. 3B). The maximum at 200 nm with a mean residue

[G)]MRW * 107 (deg cm? dmol‘l)

weight ellipticity of ~8,000 deg crf dmol~* was indicative of a do b

high degree of3-fold. At 210 to 250 nm, the signal was close to 190 200 210 220 230 240 250

zero, with a shallow minimum and maximum at 219 and 228 nm, A (nm)

respectively. The missing negative contributiornefielical struc-

ture to the dichroic absorption at 220 nm allowed positive signals 60 b ]

of aromatic residues to take effect in this regid®erczel et al., - ; C 1

1992; Woody, 1994 The far-UV CD spectra in sodium and po- g 40 [ ]

tassium phosphate as well as sodium cacodylate buffer at pH 7.0 ] L

were identicaldata not shown Figure 3B also depicts the spectral NE 20 F .

effects of GdmCI and temperature @mCsp. The spectra ob- :n X ]

served after heating to 9€ clearly differed from those in 6 M 3 05 Mot A

GdmcCl at 20C. At 98°C, both the temperature- and GdmClI- v; 20 ]

dependent spectra coincided in the accessible wavelength range; g ) i

obviously, the differences at 210—-240 nm shown in Figure 3B are @ -40 ]

a temperature effect rather than reflecting a difference in confor- - ]

mation. The near-UV CD of the recombinant protein is shown in 60 L ]

Figure 3C. 250 260 270 280 290 300 310 320
The fluorescence and far-UV CD spectra closely resembled those A (nm)

observed for BsCspBSchindler et al., 1995and EcCspAChat- ] ) ) )

terjee et al., 1993; Reid et al., 1998 Fig. 3. Spectroscopic analysis of native and denatufetCsp. A: Fluo-

rescence emission at 10g/mL Csp concentration, 1 cm pathlength, in
| | f . 0.1 M sodium cacodylate pH 7.0 withoi#-) and with(- - -) 6 M GdmCl;
Molecular mass and state of association excitation at 280 nmB: Far-UV CD ([@]yrw in deg cnf dmol™?),

Mass spectrometry of natural and recombin@mCsp resulted 140 ug/mL Csp concentration, 0.1 cm pathlength, in 20 mM sodium
in masses of 7,4739 0.4 Da and 7,475.% 0.6 Da, respectively, Phosphate pH 7.0, withou®) and with (4) 6 M GdmCl at 20C and

. . ithout (O) and with(A) 6 M GdmCI at 98C. C: Near-UV CD([®
in excellent agreement with the calculated molecular mass of thi\% deg C(I'T%)dmorl) a(t 3)35Mg/ml_ Csp concentration, 1 cm paihgr“]’gt‘?’] in

monomer(7,472.6 Da. Analytical gel permeation chromatography 20 mm sodium phosphate, pH 7.0.

on Superdex 75 pg yielded a single peak at precisely the same

retention time for both the natural and the recombinant protein.

The calculated molecular mass 67,000 Da provedmCsp in

dilute solution to be monomeric. Analytical ultracentrifugation con- at initial protein concentrations of 0.2 and 2.1 fmg., 7.3+ 0.2
firmed this result for a wide concentration range and differentkDa, independent of the rotor speed and the buffer systems.
buffer conditions: Sedimentation velocity experiments with recom-

binantTmCsp at 0.2 to 13.2 mgnL in both 50 mM sodium phos- Structure

phate buffer pH 6.5, and 0.1 M sodium cacodylate buffer pH 7.0, The high homology of the sequences and the similarity of the
yieldeds,,, = 1.10+ 0.09 S, high speed sedimentation equilibria fluorescence and far-UV CD spectra betweemCsp and previ-
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ously investigated Csps suggested the topologies of the proteins fable 3. Structural parameters calculated from the TmCsp

be closely related. Therefore, the known X-ray structurd3safspB
andEcCspA, as well as the NMR structure BECspB, were used

model structure and the experimentally determined
structures of cold shock proteifs

to predict the three-dimensional structureTofiCsp by homology

modeling. Making use of the structure quality analysiBinSALII, BsCspB  BsCspB  EcCspA
- TmCsp X-ray NMR X-ray
the residue Z-scores of the model based onBSEspB X-ray model (1csp (1nmg (1mjo)

structure showed the highest reliability. Attempts to improve the

model by molecular simulation protocols implemented in salt bridges< 7 A 5 5 4 1

MODELLER were unsuccessful. Therefore, only minor adjust- Intramolecular H-bonds 35 35 29 37

ments regarding the stereochemical quality of the structure were

performed. The three-dimensional modellofiCsp did not deviate

significantly from the reported experimental structu(@able 2.

Compatibility included the putative nucleic-acid binding motif

formed mainly by aromatic and positively charged residues clus-

tering in exposed regions on one side of the protein; in the case of

TmCsp, this site is extended by two additional lysine residuescooling immediately after denaturation and a subsequent scan of

Compared to the known Csps from other organisms, the overalhe same sample at a different heating rate. All transitions were

surface charge was increased drastically, reflecting the higher isdound to be fully reversibléFig. 5A). Because of the short post-

electric point of TmCsp. There are no obvious statistical differ- transitional baseline, at zero GdmCI concentration the midpoint of

ences in the number of salt bridges or hydrogen bdiidble 3.  the thermal transitionT,,, ~ 87°C, could only be estimated. The

two buffer systems did not effect the thermal stabilityTofiCsp

Stability of recombinant T@sp (Fig. 5B). Far-UV CD-spectra measured at different temperatures
The stability of recombinanfmCsp was characterized by pH-, showed an isodichroic point close to 193 ridata not shown

GdmCl-, and temperature-induced denaturatienaturation, mak-  providing evidence for a two-state equilibrium transition. As has

ing use of fluorescence emission and far-UV CD. To avoid possibeen mentioned in connection with the GdmCl-induced denatur-

ble extrinsic effects of phosphate ions, measurements were carrieation, the chaotropic and thermal denaturation mutually effect each

out preferentially in 0.1 M sodium cacodylate buffer pH 7.0. other. Increasing the GdmCI concentration from 0 to 0.28 M led to
The pH-induced denaturation showed a bell-shaped profile witra decrease of the transition midpoint by°@(Fig. 5C). A quan-

unaltered fluorescence emission between pH 3.5 andata not titative thermodynamic analysis combining spectroscopic data with

shown. GdmCl-induced equilibrium transitions at different tem- calorimetric measurements is in progress.

peratures are depicted in Figure 4; the corresponding results from

nonlinear least-squares fits, based on the two-state model, are SurBiscussion

marized in Table 4. All transitions were fully reversible with low

cooperativity, as expected for a small protein. The cooperativityin this work, the isolation, cloning, overexpression, and character-

paremeterm = dAG/dcsamc, Was unchanged over the measured ization of the first Csp homolog from a hyperthermophile has been

temperature range. The half-concentratioi@ggmcy)1/2, and free

energies of stabilizationte®d M GdMCI, AGg,,, decreased with

increasing temperature from 3.5 M anre25 kJmol at 12°C to

aSalt bridges and hydrogen bonds were counted by the program IN-
SIGHTII (Molecular Simulations, Ing.

2.3 M and~17 k¥mol at 45°C; full denaturation at 12 and 4& 30 4
was achieved at 5 @ M GdmCl, respectively. The maximum of 100 = 20' ¢ e . 3
the thermodynamic stability was reached close to or belo#C12 3 E 3 5 &
Temperature-induced unfolding transitions were recorded at 2 10E ER
202 nm in sodium phosphate and at 215 nm in sodium cacodylate 80 g i!
ITTTPRTIONTION: |

buffer; in cacodylate, measurements were also performed at dif-

0
. . 0 10 20 30 40 50 60
ferent GAmCI concentrations. Reversibility was examined by fast

60 T¢0)

40 |

fraction of native protein (%)

Table 2. RMS deviations of the structures discussed 20
in this work®
0 -
BsCspB X-ray BsCspB NMR 0 1 2 3 4 5 6 7
TmCSP(mode) (1csp (Inmg M
CdeCl ( )
Bs (1csp 0.32 A(65 aa — —
Bs (1nmg 1.39 A (56 aa 1.41 A (57 aa — Fig. 4. GdmCl-induced equilibrium transitions afmCsp monitored by
Ec (1mjo) 0.59 A (59 aa 0.69 A (58 aa 1.46 A (57 a3 fluorescence emission at 337 Ny = 280 nm at 10 ug/mL protein

concentration in 0.1 M sodium cacodylate pH 7.0:°CXfilled circles),
26°C (open circleg 35°C (filled squareg and 45C (open squargsThe

aThe structure off mCsp was modeled according to tBeCspB crystal
structure. Numbers indicate theaGatom deviation calculated with the
“Magic Fit” option in the programSwissPDB 2.6; numbers in brackets
indicate the number of superimposable residues

lines represent the least-squares fits assuming a two state model according
to Santoro and Bolefl988. Insert: Graphic representation of the temper-
ature dependences of the free energy of stabilizatiOMGdmCI(AGtap

and half concentration of Gdm@¢,,,) as obtained from those fits.
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Table 4. Results from nonlinear least-squares fits o
of GdmCl-induced equilibrium transitions of TmCsp 4 | KRR
at different temperatures, based on the two-state R {
model according to Santoro and Bolen (1988) =) g 0 i
* el
T AGs'{ab m (Cdecl)l/Z E NE 4
(°C) (kJ/mol) (kJ/mol M) (M) s O [
o
12 25.2 ~-7.16 3.52 - 2 gl
26 24.3 -7.35 3.31 A
35 21.4 —-7.53 2.82
45 16.8 ~7.35 2.29 -12 : . ' : :
4 [ ononn B 200:3 ARG 0 14
e 1,2 %
* B 0rf 1™ =+ g
described. DNA sequencing of a variety of independently pro- & .° ] E o
duced PCR fragments led to identical results. The deduced amino g § 4l 08% j 3 2 5
acid sequence ofmCsp was in agreement with results from 2 é" i ] z é"
N-terminal sequencing of both the natural and recombinant pro-_= ~ {14 = =
tein. It was also highly homologous to Csps from other prokaryotes@. 8 1 o
as well as the cold shock domain present in various eukaryotic B 15
proteins. -12 = e L L
The cspgene showed all typical elements of standard genes. A aL gﬂgegegggg%w. ..
putative —35-promoter sequence was located 170 bp upstream of ~ ~ (%
the translation starting point. Other cold-inducible genes containede S oL o We
a 5-untranslated regiof6’'UTR) of similar length; they included =« 5 B up
the gene of the ribosomal binding factor csdA apart frosgs 2 g a3l EW& )
(Jiang et al., 1996; Mitta et al., 1987As shown previously, this == o o Y
5'UTR is essential for the regulation of the cold shock response. In—= —§ 4 @:-% \
the Ec cspAgene, the 8JTR had a strong effect on the stability of & s
its own transcription product depending on temperativitta sLC Euﬁgc.)&;.
et al., 1997; its overproduction led to a prolonged cold shock N . T
response. On the other hampgenes that are not cold inducible 0 20 40 60 80 100
did not possess the londg-BITR. Therefore, it was suggestive to T(°0O)

assume thaftmCsp is also cold inducible. Preliminary experiments
connected with a possible cold shock responsenoéfter a down-
shift in growth temperature have been inconclusive so(€r
Welker, unpubl. resuljsThe observation that a low level 8MCsp

that the protein was expressed constitutively. Undoubtedly, th
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Fig. 5. Temperature-induced denaturationtefCsp monitored by far-Uv
CD at 0.1 cm pathlengttA: CD signal at 202 nm at 140g/mL protein
concentration in 6 mM sodium phosphate pH 7.0, with 6 mM NaCl and
0.06 mM EDTA. Heating rates were 8G/h (filled circles) and 30°C/h

was present also in cells grown under optimal conditions provedOPen circles B: Thermal transitions oTmCsp measured as described in
P 9 P P A (filled circles, left ordinatg and at 215 nm at 40@.g/mL protein con-

Rentration in 0.1 M sodium cacodylate pH 7dpen circles, right ordinate

question what “cold shock” means for a hyperthermophilic organ-c: Thermal transitions offmCsp monitored at 215 nm at 4Q@g/mL

ism is of interest, but cannot be answered at the present momengrotein concentration in 0.1 M sodium cacodylate pH 7.0, at QfiNéd
circles, 0.28 M (open circleg 0.58 M (filled squareg and 0.88 M(open

At 145 bp downstream of thesptermination codor{TAA), an

ORF was found that encoded the 50S ribosomal protein L31. Iég

was shown that the limiting step in the translation of normal pro-
teins at low temperature is the initiation of translati®roeze
et al., 1978. Some ribosomal proteind7, L12, S1, S6A, and

uares GdmCI. The transitions are independent of the heating(Bi¢o
°C/h).

S6B) were identified to be continually synthesized after cold shock Regarding their relative intrinsic stabilities against GdmCIl and
temperature, bacterial Csps were found to reflect the optimum
the L31 gene is co-regulated witsp For L31, aribosome binding growth temperatures of their mesophilic, thermophilic, and hy-
site and a—10 box were localized; a sequence corresponding tgperthermophilic origin:T,,(BsCspB ~ 52°C, T, (EcCCspA ~

the Tm —35-consensus could not be identified as distinctly, but60°C, T,,(BcCspB ~72°C, T,(TmCsp ~87°C (Chatterjee
there were also otheéfm genes, whose promoter sequences dif-et al., 1993; Makhatadze & Marahiel, 1994; Perl et al., 1998;
Reid et al., 1998 The observation thakmCsp exhibits the high-
est thermal stability of all Csps presently known was confirmed
by kinetic folding/unfolding experimentsPerl et al., 1998; Reid

et al., 1998. Obviously, the melting point oTmCsp exceeds the
optimal growth temperature of the bacterium-a80°C (Huber

et al., 1986, though the maximum of the stability profile clearly
is far below the hyperthermophilic temperature rarige insert
Fig. 4). The AGgp Vs. T profile is anomalously shallow, resem-
bling the characteristics of other small proteins. As shown by

(Jones & Inouye, 1994 Therefore, one might speculate thaffim

fered from the consensus sequen¢ds la Tour et al., 1998
Furthermore, the transcription termination sitecspwas clearly
detectable. Thus, a direct connection betw&encspand L31 at
the genomic level is unlikely.

BsCspB as well as CspA and CspE frdBacillus cereusvere
reported to dimerize in the absence of phosphate(ibtakhatadze
& Marabhiel, 1994; Mayr et al., 1996 similarly, BSCspB crystal-
lized as a dimetSchindelin et al., 1993 In contrast, a variety of
physical methods prove@imCsp in solution to be monomeric.
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Alexander et al(1992, proteins in the 7 to 10 kDa range tend Materials and methods
to have highT,, values due to the small size of the folding unit
and their specific thermodynamic properties. Examples compaStrains, plasmids, cloning

rable withBsCspB showed denaturation temperatures aroui©80 1, ermotoga maritimatrain MSB8(DSM strain 3109was kindly

Based on the present data, we cannot answer the question Wfﬂ%ovided by Drs. K.O. Stetter and R. Huli&miversity of Regens-
mesoph[llc Csps ha\{e low denaturation .temp.eratures, or Wh¥)urg). Cells were grown at 8TC (cf. Huber et al., 1986 Ec strains
TmCsp is only marginally stable at physiological temloer"’ItureDHlob(Bethesda Research Laboratories, Bethesda, Maryéart
except for the general notion that proteins are muItifunctionaIBL21(DE3> (Novagen, Madison, Wisconsimvere used for clon-
and optimiz_ed fo-r function _rather than stabil(t\}\/e_tlgufer, 1980 ._.ing and expression. Cells were grown in Luria Bertani medili®h
Und'e.r.physllologlcal conditions they use to exhibit only marginal tryptone, 0.5% yeast extract, 0.5% sodium chiorisepplemented
stap|llt|es, in the o_rder of 30—-100 kdol. The fact thatAc?stab with agar(1.3% and ampicillin(500 wg/mL) or tetracycline(20
for isolatedTmCsp is found to be at the lower margin might be 1g/mL) when appropriate. pUCBM2(0Vieira & Messing, 1982
related to its function. In vivo, i.e., in the crowded cytosol and was used for cloning. The expression vector pET21a is a pET-
cppjugatgd .V.Vith its targgt-nucleic acid, it is expected to be Sta'olerivative according to Studier et &4l.990, developed by Nova-
b|||z¢_ad significantly (J_a‘?”"?"e' 1998 . . gen. Recombinant DNA techniques were based on Sambrook et al.
Given the close similarity of the three-dimensional structures(lgsg) using enzymes purchased from Boehringer Mannheim
of .CSp.S’ one might a.s.k’ what is the mgchanlsm by WHiGiCSp (Mannheim, GermanyPharmacidUppsala, Swedgnand Gibco-
gains its hlgher_ ;tablllty compared to its m_esoph_lllc and moder-BRL (Paisley, United Kingdom OligonucleotidegTable 7 were
ately ther_mophlllc counterparj[s. The multiple alignment of 38 obtained in HPLC-purified state from MWG Biotech. Preparation
prokaryatic and_two eukary_otlc Csp sequences viﬁtt(:sp al- of genomicTmDNA was performed as reported earli€stendorp
lows the follovylng conclu5|0n§: Regardlngromatlc residues, et al., 1993. The Tmgenomic library in pUN121 was provided by
two p_henylalanlnes, _that are highly conserved In other C_sps, a'By W, Liebl, University of Géttingericf. Ostendorp et al., 1993
subsiituted by tyrosine and tryptophan. The first is unique NbNA fragments were purified by separation on low melting-point

Csps from thermophiles, while the latter one i§ solelly found inagarose gelBiozym) and subsequent isolation using the QIAquick
TmCsp. In general, the number of aromatic residues is tfigk Gel Extraction Kit from QiagertHilden, Germany;

Phe, one Tyr, two Trp At neutral pH, the number of charged PCRs were carried out in a total volume of 100, contain-

r(isidu_es is ip(;:rfeazs‘leq _tromr:nore than OnZ'thirdl;f ir;e tOtZI ?gnjbe]hg 2 mM MgCh, didesoxytrinucleotides at final concentrations
of amino_acids. n Sp compare to 19, 17, an > N of 200 uM each, 100 pmol of 3 and B-terminal primer, about
BsCspB,BngpB, andEc_CspA, res_pectlve_ly. The calculated iso- 200 ng template DNA, and 2.5 U Taq-DNA-Polymera@oeh-
electric point(pl = 7.7) is exceedingly high compared to other ringer Mannheim For amplification of the final fragment, cloned

Csps(pl = 4'3._5'0' TmCsp (_:ontains the maximum Lys gontent: for recombinant expression afmCsp, High Fidelity Tag-DNA-
only 4 out of its 11 Lys residues are conserved. The single ArgPonmerase from Boehringer Mannheim was used

is only present irBcCspB, BSICSpB, andTmCsp; apparently, it Sequencing was performed using standard procedures with a

isl a chaAract_eristic of tEermé)philes. His61 Tm(;\Csp (V\{)hiCh '€ Model373Agene sequencer from Applied BiosystéRuster, City,
pfiches sn 1N mqst ot er hsp fgqueﬂmnh s out ehcallgsef I California). PCR products were sequenced directly by cycle sequenc-
mig tt) par?mgg_tg n ? pt_ecg!p era_ld on ?:;'(r: The f}?‘?e t? s for aing, the primers were the same as for the preceding PCR reactions.
number ot & |t|_ona acldic resiaues Sp, whic su_stltute The DNA probe for southern blotting and colony hybridization
polar, nondlss_ouabl_e residues |n_mesc_)ph|I|c Csps. With respegf s produced by PCR with degenerated primers N1 and C1 di-
to_hydrophobic re5|dues,. VaI4.5 is unique TmCsp and Csp rectly from genomic DNA, as well as from the complete genomic
from Streptomyces clavuligerugn most other sequences, polar library in pUN121. It was labeled witPe-32P]-dCTP (Amersham

residues prevail at its position. Similarly, Met34 is replaced byBuchIer Braunschweig, Germanynaking use of the Random
Gly/Ser/Thr in most Csps. Though these alterations may CONprimed lLabeIing Kit(Boéhringer Mannheim

tribute 10 Ay, they do.not provide a key to the stability of g preparation of partial genomian DNA libraries, genomic
TnmCsp; rath(_e_r th_ey confirm _that pres_,ently no general rules oM m DNA was digested wittHindlll, EcoRl, BarHl, ECORV, and
thermal s_tab_ﬂuza‘qon are a_vallgb(e]aenl_cke, 199)_1 _ Xhad, respectively. DNA from thecspcontaining fragmentgde-

To get insight into contributions of single residues to local in- termined by southern blot analysiwas cloned into pUCBM20
tebrlactlo;s, tfhe thre.ek;dlmensmnal structt(;ré’u’CsE |sc;ndr|]spens- Both the complete and the partial genomic library were screened in
able. Therefore, W'.t no X-ray_ or NMR-data at hand, the attemptEC DH10b, making use of standard procedures for colony hybrid-
was made to p_redlct the spat_lal structure by homology moqel'nQZation(Sambrook et al., 1989Moreover, the partial gene librar-
based on the high sequence identityTaiCsp to_other Csps with ies were used in form of plasmid pools as template DNA for PCRs
known high-resolution structures. As summarized in Table 2, tthith combinations of gene- and vector-specific primers, N1 and

resulting three-dimensional model turned out to be closely similar~, 4 pUC1 and pUC2, respectively. The produced fragments
to the known Csp structures. The statistical analysis showed thae{llowed the 3 and 5-terr’ninal regions. of thecsp gene to be

the numbers of salt bridges and hydrogen bonds were practicallgequenced and the primers N2 and @&luding anNdd and a

unaIF(_ered, conflrm_lng that t_he molecular _ba3|s of the anomalou%nd”l restriction site to be developed. These primers were used
stability of TmCsp is not easily detectable in terms of altered Iocalfor cloning into pET21a

interaction. Having in mind that the stability of proteins is a cu-
mulative effect of small increments, the exact positions of the sideS

. . . . . equence analyses
chains would be required to discover the marginal differences re-
sponsible for thermal stabilization. They are currently under in-For gene and protein database searches, statistical analysis of the
vestigation by 2D-NMR. protein sequence and multiple DNA and protein alignments, Gene-
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Doc 2.2(Nicholas & Nicholas, 1997and the following programs and were then harvested by centrifugatiéy000g, 15 min, 4°C).
from the HUSAR program package were used: FASTA, CLUSTAL, The pellet was resuspended in 50 mM Tris-HCI buffer pH 8.0,
PEPSTATS, and MALIGN. containing 1 mM EDTA(buffer A), to a theoretical OByg,m0f 50
according to the starting density. Cells were disrupted, and DNA
and RNA were digested as described for the natural protein. After
centrifugation fo 1 h at48,000g, the supernatant was diluted
Modeling was performed using MODELLER version 3 and ver- fivefold with buffer A. Most Ec proteins were denatured by a
sion 4 (Sali & Blundell, 1993, with the coordinate set from the 30 min heat step at 8€, and removed by a further centrifugation
crystal structure oBsCspB(PDB entry 1csp Missing side chains  for 1 h at48,000g. The supernatant was adjusted to a pH of 9.3
in this parent structuréGlu3 Glu21, Glu36, and Glug6were with NaOH and purification was carried on as described before,
inserted according to standard side-chain rotamers. Alternative modbut without the Heparin—Sepharose step.
els were built based on thBsCspB NMR structurg PDB entry
1nmg, and theEcCspA structurd PDB entry 1mjg, respectively; o
structure quality analysis made use of the PROSAII subroutine iff-haracterization
PROMETHEUS Sippl, 1995. Superposition of the molecular struc-
tures was performed using the “Magic Fit” option from the pro- Chemicals and buffers
gram SwissPDBGuex & Peitsch, 1997 10 to 20 mM sodium or potassium phosphate pH 7.0, or 0.1 M
sodium cacodylate-HCI pH 7.0, were used as buffers. Guanidinium
chloride (GdmC)) (ultrapure was purchased from ICN, sodium
cacodylate from Fluk&Buchs, Switzerland All other chemicals
All chromatographic purification steps were performed aerobicallywere from Merck(Darmstadt, Germany GdmCl concentrations
at room temperature. Chromatographic materials were purchasegere determined from refractive indices according to R4686.
from Pharmacia. Purification was followed by SDS-PAGE on 15%
polyacrylamide gels after each step. N-terminal amino acid sequencing
o . For N-terminal amino acid sequencing, the proteins were sepa-
Purification of natural protein from Treells rated on a SDS-polyacrylamide gel and transferred onto a poly-
Frozen cells28.5 g wet weightwere thawed, resuspended in vinyldifluoride membranéMillipore, Bedford, Massachusejts he
40 mL 10 mM Tris-HCI buffer pH 8.0, containing 1 mM EDTA, corresponding Coomassie stained protein bands were excised and
and disrupted by passing two times through a French g&iss!  sequenced by automated Edman degradation using an Applied Bio-
Aminco Instrument)s at 15,000-18,000 p.S.i., |e(,10—12) X systems protein sequencer AT7T7A.
108 N/m2. DNA and RNA were digested by incubation with
5 mM MgCl, plus 20 ug/mL DNasel (Boehringer Mannheim Reversed-phase HPLC
and RNaseASigma, St. Louis, Missouri respectively, for at Reversed-phase HPLC was performed by the standard proce-
leag 1 h at 37°C. After centrlfugatlon(_l h at 48,000 Yy t_he dure on a C4 column.
supernatant was adjusted to pH 9.3 with NaOH and applied to a
50 mL Q-Sepharose HP columiXK 26/20) equilibrated with Electrospray ionization mass spectrometry
10 mM Tris-HCI buffer pH 9.3, 1 mM EDTA. The column was £l L ¢ d usi
washed with this buffer until the baseline was reached again _ec_trospray lonization mass spectrometry was performed using
(flow rate 2 mL/min). The flow-through, containing proteins a Finnigan MAT SSQ7000 mass spectrometer.
with high isoelectric points, was dialyzed against 10 mM so- . . .
dium phosphate buffer pH 7.3, 1 mM EDTA, and subsequently Analytical ultracentrifugation
applied to a 10 mL Heparin Sepharose CL-6B column equili- Analytical ultracentrifugation was performed at room tempera-
brated with the same buffer. Elution of bound proteins wasture in a Beckman Model E analytical ultracentrifuge making use
achieved with a linear gradient of 0-0.5 M NaCl within eight Of an AnH-Ti rotor and cells with 2 and 12 mm pathlength: Sed-
column volumeg(flow rate 1 mL/min). Csp-containing fractions ~imentation velocity at 68,000 and 44,000 rpm, high-speed sedi-
were pooled, dialyzed against 50 mM MES pH 6.0, 10 mM Mentation equilibrium at 32,000 and 16,000 rpm. Initial protein
NaCl, 1 mM EDTA, and loaded onto a 10 mL SP-Sepharose HReoncentrations: 0.2-13.2 mglL. The partial specific volume was
column under identical buffer conditions. The protein was elutedcalculated from the amino acid composition, the sedimentation
with a linear gradient from 0.0Iot1 M NaCl within 10 column  coefficient from the slope in an (n) vs. time plot, the molecular
volumes (flow rate 1 mL/min). Finally, the protein was sub- Mass distribution from Ifc) vs.r? plots.
jected to gel permeation chromatography using a 180 mL XK
16/100 Superdex 75 pg column equilibrated with 50 mM Tris-
HCI pH 7.9, containing 100 mM NaCl and 1 mM EDTéow

Homology modeling

Protein purification

Spectral analysis

rate 0.7 ml/min). UV absorption spectra of native and denatu@d GdmC) pro-
- _ ) tein were measured in a Cary 1 Spectrophotom@tarian, Palo
Purification of recombinant protein from Ec cells Alto, California). Protein concentrations were determined based on

210 4 L LBympmedium were inoculated with 20 to 40 mL of a the molar absorption coefficieiPace et al., 1995
fresh Ec overnight culture, which had been washed twice with Fluorescence emission spectra were monitored using a Perkin
fresh medium to removg-lactamase. Cells were grown atZ&to Elmer MPF-L3 fluorescence spectrograph at an excitation wave-
an ODyenmOf 1, and induced by IPTG at a final concentration of length(Aeyo) 0f 280 and 295 nm, and slit widths of 6 nm, and 4 nm
1 mM. The cells were allowed to grow for further 16 h at°@5  for emission and excitation, respectively. GdmCl-induced equilib-
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rium unfolding and refolding as well as pH stability made use of Graumann P, Marahiel MA. 1996b. A case of convergent evolution of nucleic

the change in fluorescence emission at 337 (g, = 280 nm). acid binding modulesBioessays 1809-315.
Ci | 9 dichroi ded .( Bl m Graumann P, Wendrich TM, Weber MHW, Schroeder K, Marahiel MA. 1997. A
ircular dichroism spectra were recorded in a Jasco J715 Spec- tamily of cold shock proteins iacillus subtilisis essential for cellular

tropolarimeter using thermostated 1 cm or 0.1 cm cylindrical cu-  growth and for efficient protein synthesis at optimal and low temperatures.
vettes in the near- or far-UV region, respectively. The spectra were Mol Microbiol 25:741-756.

: ; . Guex N, Peitsch MC. 1997. Swiss-Model and the Swiss-PdbViewer: An envi-
accumulated 10 times at 1 nm band width's response time, ronment for comparative protein modeliriglectrophoresis 12714-2723.

0.2 nm resolution, and 20 nfmin scan speed. The mean residue Hyper R, Langworthy TA, Kénig H, Thomm M, Woese CR, Sleytr UB, Stetter
weight(113.3 was calculated based on the molecular mass deter- KO. 1986.Thermotoga maritima sp. nokepresents a new genus of unique

mined by electrospray mass spectrometry. extremely thermophilic eubacteria growing up to°@0 Arch Microbiol
144:324-333.
Jaenicke R. 1991. Protein stability and molecular adaptation to extreme condi-
Stability tions. Eur J Biochem 202715-728.
Jaenicke R. 1998. What ultrastable globular proteins teach us about protein
To monitor the GdmCl-induced equilibrium unfoldifrgfolding stabilization.Biochemistry (Moscow) 6312-321.

o o . Jiang W, Fang L, Inouye M. 1996. The role of theéhd untranslated region of
transitions a 1 mgmL Csp solution in cacodylate buffer contain the mRNA for CspA, the major cold-shock proteini©fcoli, in cold-shock

ing either 0 @ 6 M GdmCl was incubated fdl h at 25°C. Fifteen adaptation.) Bacteriol 17849194925
microliter portions were pipetted into fluorescence cuvettes; dedones PG, Inouye M. 1994. The cold shock response: A hot ticMicrobiol
and renaturation were induced by rapid 1:100 dilution with buffers ~ 11:811-818.

. . : Jones PG, Inouye M. 1996. RbfA, a 30S-ribosomal binding factor, is a cold-
containing 00 7 M GdmCl. Samples were overlayed with mineral shock protein whose absence triggers the cold-shock respdiesédicro-

oil (Sigma and allowed to reach equilibrium at different temper-  pjol 21:1207-1218.
atures between 12 and 456. The ratio of native and unfolded Jones PG, Mitta M, Kim Y, Jiang WN, Inouye M. 1996. Cold shock induces a

R ; _ major ribosomal-associated protein that unwinds double-stranded RNA in
protein was measured by changes in fluorescéngg = 280 nm, E. coli. Proc Nafl Acad Sl USA 93680,

Aem= 337 nm); data were evaluated according to Santoro & Bolen ee 53, Xie A, Jiang W, Etchegaray J-P, Jones PG, Inouye M. 1994. Family of
(1988. the major cold shock protein, Csp£S7.4, of E. coli, whose members
pH-Stability of TmCsp was measured by the same method, using Show a high sequence similarity with the eukaryotic Y-box binding proteins.

. S . . . . Mol Microbiol 11:833-839.
1:100 dilutions with the following buffers: 20 mM glycirieiCl Liao D, Dennis PP. 1992. The organization and expression of essential tran-

pH 2.6, 3.2, 3.6; 20 mM sodium acetate pH 3.6, 4.4, 5.2, 20 MM scription translation component genes in the extremely thermophilic eubac-
sodium cacodylate pH 5.2, 6.0, 6.6; 20 mM sodium phosphate pH  terium Thermotoga maritimaJ Biol Chem 227222787-22797.

6.6, 7.2, 8.0; 20 mM glyciné&NaOH pH 8.6, 9.4, 10.4; 20 mM Makhatadze GI, Marahiel MA. 1994. Effect of pH and phosphate ions on
e T e self-association properties of the major cold-shock protein fRmillus
sodium phosphat®aOH pH 11.0, 11.5. subilis Protein Sci 32144-2147.

For temperature-induced unfolding at temperatures betwéen Smayr B, Kaplan T, Lechner S, Scherer S. 1996. Identification and purification
and 105C, the cuvette was heated by a peltier element controlled of a family of dimeric major cold shock protein homologs from the psy-

. . chrotrophicBacillus cereusVSBC 10201.J Bacteriol 1782916-2925.
by software provided by Jas¢@okyo). Transitions were recorded Mitta M, Fang L, Inouye M. 1997. Deletion analysis of cspA®f coli Re-

by changes in the far-UV CD at 215 and 202 nm, 16 s response guirement of the AT-rich UP element for cspA transcription and the down-
time, 0.5°C resolution, and 30 to 6C/h heating rate. Samples stream box in the coding region for its cold shock inductidiel Microbiol
were overlayed with mineral oil, and heated at least twice at dif-  26:321-335. _ _ .
. Newkirk K, Feng W, Jiang W, Tejero R, Emerson SD, Inouye M, Montelione
ferent heating rates. GT. 1994. Solution NMR structure of the major cold shock prot€lapA)
from Escherichia coli Identification of a binding epitope for DNARProc
Natl Acad Sci USA 95114-5118.
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