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ABSTRACT. The contributions to thermostability of interactions within f«sheet region of rubredoxins
(Rds) were investigated by examining proteins in whiektrand sequences of Rds from the hyperther-
mophilic archaeo®yrococcus furiosuéPf) and the mesophilic bacteriuGlostridium pasteurianur(Cp)
were interchanged. The thermostabilities of the chimeric Rds were assessed by monitoring the decay of
the visible absorbance at 490 nm and of the far-UV CD vs time &C92The chimeric Rds Pf1&p47Pf

(Pf Rd residues 215 and 48-54 and Cp Rd residues 187) and Cp1BPf47Cp were both found to be
far less thermostable than wild-type Pf Rd, indicating that neitheftbleeet residues (27, 10-15, and
48-53) nor the “core residues” (&47) of Pf Rd independently confer Pf Rd-like thermostability.
However, the chimeric Rd Pf4Zp exhibits thermostability close to that of wild-type Pf Rd, suggesting
that Pf Rd-like thermostability is conferred by interactionsfegheet strands 1 and 2 (residuesis)
togetherwith Pf core residues. In contrast, Cp Resheet strands 1 and 2 connecting to Pf Rd core
residues are thermodestabilizing in the chimera (pflBd. These results suggest that a global alignment
which optimizes both main chain and side chain interactions betWedreet strands and core residues
is more important than a few localized interactions within {hwsheet in conferring Pf Rd-like
thermostability.

The molecular determinants of protein thermostability have
remained cryptic, despite the isolation and structural char-
acterization of several proteins from hyperthermophilic
organisms (Adams & Kelly, 1995; Jaenicke, 1996; Pace et
al., 1996). Possible contributions to protein thermostability
include hydrophobic packing interactions, van der Waals
interactions, hydrogen bonding, and salt bridges. One
approach to deconvoluting these interactions is comparing
thermostabilizing contributions from secondary structural
units, such asi-helices 8-sheets, and loops, in an extremely
thermostable protein vs those in a less thermostable analogue.
Compared to examining thermostabilizing interactions resi-
due by residue, this approach allows a significant reduction
in parameter space.

Here, we report the application of this approach to the
B-sheet region of rubredoxin (Ré)a small (53-54 amino

acid residues) globular protein with a mononuclear Fe rre1: Overlay of Cp (blue) and Pf (red) Rd peptide backbones
tetrahedrally coordinated to four cysteinyl thiolates. A large using coordinates from X-ray crystal structures 5rxn and 1caa,

body of structural data exists for Rds, including amino acid respectively (Watenpaugh et al., 1979; Day et al., 19823heet
sequences from more than 15 species, 10 X-ray crystal'€gions are shown as arrows, and helical turns are shown as ribbons;

. . the FeQ site is shown as a ball and stick, and all other peptide
structures, and an NMR solution structure of Zn-substituted bonds are depicted as coils. The more extengisheet of Pf Rd
Pf Rd (Blake et al., 1992).

is observed in all three strands (labeled from N to C termini as
1-3). This figure was generated with the programs MOLSCRIPT
(Kraulis, 1991) and Raster3D (Merritt & Murphy, 1994).
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1 Abbreviations: Rd, rubredoxin; PfRyrococcus furiosysCp, 1996). A superposition dflostridium pasteurianurRd (Cp
Clostridium pasteurianumUV, ultraviolet; CD, circular dichroism;

PCR, polymerase chain reaction; DNA, deoxyribonucleic acid; FPLC,
fast protein liquid chromatography; EPR, electron paramagnetic
resonance; Tris, tris(hydroxymethyl)Jaminomethane; HEPES, 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid.

Rd) andPyrococcus furiosuRd (Pf Rd) peptide backbones
is shown in Figure 1. Notable features of all Rd structures
include a triple-stranded antiparall@tsheet consisting of
the first 14 or 15 residues of the amino terminus and the
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Ficure 2: Amino acid sequences of wild-type and chimeric Rds in order of increasing thermostability from top to bottom. The amino acid
residues that participate firsheet hydrogen bonds are denoted by arrows for Cp and Pf Rds and lab&eaklin Figure 1. Cp Rd residue

numbers are given below the sequences and are used throughout the text for all Rds. The mutations can be tracked visually using the open
box (Cp) and shaded box (Pf) coding.

last 5 or 6 residues of the carboxyl termina$ Eigure 2). (residues 27, 10-15, and 48-53). The underlying premise

In the Pf Rd crystal structure (Day et al., 1992), the residues for these studies is that Pf Rd thermostability is predomi-
involved in the main chain hydrogen bond network of the nantly determined by a few interactions that are significantly
f-sheet are 27, 10-15, and 48-53 (see Figure 2 for residue  weaker or absent in Cp Rd and that these interactions can
numbering). Figure 1 shows the close proximity of the be transferred intact upon exchangifiesheet sequences
N-terminal 3-sheet strand (1) to the second strand (2) and between the two Rds. Thus, Cp Rd amino acid residues in
to the C-terminal strand (3). In comparison, the Cp Rd the -sheet region were mutated to their counterparts in Pf
pB-sheet is shortened by one or two residues in each strandRd, and vice versa. Figure 2 aligns the sequences of the
(Figures 1 and 2), involving residues-3, 11-14, and 48 wild-type and chimeric Rds and indicates thsheet regions

52 (Watenpaugh et al.,, 1979). The remaining structure for Cp and Pf Rds. The chimeric and wild-type Cp and Pf
consists of numerous loops and turns, two of which contain Rd genes were overexpressedbEscherichia coli and the

the iron ligand pairs Cys 6 and Cys 9 and Cys 39 and Cys proteins were purified and characterized and their thermo-
42. Other than the differences in tiesheet region, the Cp  stabilities assessed by following the loss of the-tisible

and Pf Rd structures differ only slightly in peptide backbone absorbance and far-UV CD spectra upon heating &t®2
alignment, and no major structural or spectroscopic differ-

ences distinguish the Pf Rd from the Cp Rd, despite the EXPERIMENTAL PROCEDURES

extraordinary thermostability of the former (Blake et al., Where unspecified, standard molecular biology procedures
1991). were followed (Ausubel et al., 1992; Sambrook et al., 1989).

One proposed explanation for the enhanced resistance tce. colistrain 71/18 $upE thil{lac-proAB) F'(pro-AB+ lacld
thermal denaturation of Pf Rd (Adams & Kelly, 1995) is Lacz DM15] (Messing et al., 1977) was used for initial
the more extensivg-sheet network of hydrogen bonds and cloning and amplification of the Rd genes. Cultures were
two salt bridges, one of which includes the unigue amino- grown aerobically at 37C in Luria-Bertani (LB) medium
terminal alanine (Ala 2 in our numberingf. Figure 2). In. or agar, supplemented with 1@@/mL ampicillin. The Rd
Pf Rd, an additional main chain to main chain hydrogen bond genes were inserted at thield and Hindlll restriction sites
forms between the carbonyl oxygen of Ala 2 and the amide of plasmid pT7-7 (Tabor, 1990). Nucleotide sequences of
nitrogen of Glu 15. In Cp Rd, the analogous residue, Lys all Rd genes were verified by sequencing of both strands in
2, is not part of thes-sheet (Watenpaugh et al., 1979). A plasmid pT7-7 at the Molecular Genetics Instrumentation
salt bridge connecting strands 1 and 2 of fhsheet of Pf Facility (MGIF) at the University of Georgia.

Rd is centered on the unique Glu 15. The carboxylate of Wild-Type Rd Gene ConstructsThe construction and
Glu 15 interacts with the amino-terminal NHof Ala 2, overexpression of the synthetic Cp Rd gene in plasmid pNNQ
the indole nitrogen of Trp 4, and the amide nitrogen of Phe have been described (Eidsness et al., 1992; Richie et al.,
30. Another residue unique to Pf Rd, Lys 7, forms a second 1996; Zeng et al., 1996). A synthetic oligonucleotide
salt bridge between iteNH3" and the carboxylate of Glu  encoding the Pf Rd amino acid sequence (Blake et al., 1991)
50, forming a side chainside chain link betweefi-sheet  \as constructed. Details of the gene construction are given
strands 2 and 3. in the Supporting Information.

In this work, we have examined the thermostabilities of a  Chimeric Rd Gene Constructd he general procedure for
series of Cp and Pf Ré-sheet “chimeras”, designed to test constructing all chimeric Rd genes involved PCR site-
the hypothesis which states that the thermostabilizing directed mutagenesis (Ausubel et al., 1992). The template
interactions of Pf Rd lie mainly within thg-sheet region DNA, primer identification, and PCR steps for each Rd
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Table 1: Chromatographic Purification Protocols for Rubredoxins

flow rate
Rd, Fe forms step column (mL/min) buffer buffer 2 elution gradiertt
Cp 1 Mono-Q 2 A B 23-40% Bin 75 mL
2 Mono-Q 2 A B 23-33% Bin 75 mL
[M1_,K2A,P15E]Cp 1 Mono-Q 2 C D 2045% D in 40 mL
2 Mono-Q 2 C D 26-45% D in 40 mL
Cpl15Pf47Cp, Cp15Pf 1 Mono-Q 2 E F 1535% Fin 75 mL
2 Mono-Q 2 E F 26-30% F in 75 mL
Pf, [_1M]Pf 1 Mono-Q 2 E F 16-30% F in 75 mL
2 Mono-Q 2 E F 26-30% F in 50 mL
3 CHT1 4 G H 15-25% H in 150 mL
Pf15Cp47Pf 1 Q-Sepharose 4 | J 2@10% J in 180 mL
2 Mono-Q 2 A B 20-40% B in 66 mL
3 CHT1 4 G H 15-25% H in 150 mL
Pf47Cp 1 Mono-Q 2 E F 1545% Fin 75 mL
2 Mono-Q 2 E F 26-30% Fin 75 mL
3 CHT1 4 G H 15-25% H in 150 mL

aMono-Q, Pharmacia Biotech Mono-Q HR10/10; CHT1, Bio-Rad hydroxyapatite 10 mL; Q-Sepharose, Pharmacia Biotech Q-Sepharose, 30 mL

in an XK 16 column’ (A) 50 mM Tris-HCI, pH 8.5; (B) A+ 1.0 M NaCl; (C) 50 mM Tris-HCI, pH 7.4; (D) C+ 1.0 M NaCl; (E) 25 mM
Tris-HCI, pH 8.5; (F) E+ 1.0 M NaCl; (G) 5 mM sodium phosphate, pH 6.0; (H) 0.5 M sodium phosphate, pH 6.0; (I) 50 mM Tris-HCI, pH 7.5;
and (J) I+ 1.0 M NacCl.¢ Each elution gradient is preceeded by a step-eX% buffer 2 in 10 mL, except for the CHT1 column, which was 50
mL, and for the Q-Sepharose column, which was 30 mL, wiei® the starting percentage of buffer 2 of the elution gradient.

chimera are listed in Table 2 of the Supporting Information.
The PCR primer sequences are given in Table 3 of the
Supporting Information.

Overexpression and Purification of RdE. coli strain
BL21-DE3 (Novagen, Inc.) containing plasmids with either
wild-type or chimeric Rd genes was grown with shaking (250
rpm) or stirring at 37C in various volumes (2, 4, or 100 L)
of Luria-Bertani medium supplemented with ampicillin (100
or 50 mg/L for 100 L growth), until the optical density at
600 nm reached 1-31.5, at which time 0.4 mM (final
concentration) isopropyl3-b-thiogalactoside, or 5 mM
p-lactose (for 100 L growth), was added. The 100 L growth
was inoculated wit 4 L of culture (OQgo = 1.8) and was
carried out at the Fermentation Research Facility at the
University of Georgia. The cultures were shaken or stirred
for an additiona 3 h at 37 °C and then harvested by
centrifugation for 20 min at 60@> The cell pellet was
resuspended in 50 mLrd L (for 100 L growth) of 50 mM
Tris-HCI buffer at pH 8.0.

concentrated in YM3 Centricon tubes (Amicon), and stored
at 4 or—80 °C.

Characterization of Rds UV —visible absorption spectra
were recorded on a Shimadzu UV-2101PC scanning spec-
trophotometer, using 1 cm path length quartz cuvettes. The
Fe-containing Rds were characterized by their-tNsible
absorption spectra, metal analysis [performed by inductively
coupled plasma atomic emission (ICP-AE) spectrometry at
the Chemical Analysis Laboratory at the University of
Georgia], EPR spectra (recorded at a liquid helium temper-
ature on a Bruker ESP-300E spectrometer equipped with an
ER-4116 dual-mode cavity and an Oxford Instrument ESR-9
flow cryostat), and electrospray ionization mass spectrometry
(at the Chemical and Biological Sciences Mass Spectrometry
facility by D. Phillips). Experimental and calculated mo-
lecular weights of all Rds are given in Table 4 of the
Supporting Information.

Thermostability Measurements with BVisible Absor-
bance Decay Fe Rds were buffer exchanged into water and

The overexpressed proteins were released from the cellstheir concentrations determined by 280 nm absorbanseg (
by repeated freeze/thaw cycles (Johnson & Hecht, 1994) or= 21 300 Mt cm™!) (Lovenberg & Walker, 1978) for Cp,

by sonication (550 Sonic Dismembrator, Fisher Scientific).

[M1_,K2A,P15E]Cp, and Pf1&p47Pf Rds and 490 nm

For the 100 L growth, the cells were broken by three passagesabsorbanceefgo = 9220 Mt cm™?) (Blake et al., 1991) for

through a Gaulin homogenizer (APV, Wilmington, MA). The
lysates were cleared by centrifugation at 27968 30 min.
Crude Rd was separated frdin coli proteins by passage
over a QAE-Sephadex G-25 (Pharmacia Biotech) column,
washed with 150 mM NacCl in 50 mM Tris-HCI at pH 8.0,
and eluted with 500 mM NacCl in the same Tris buffer. The
crude Rd was desalted and concentrated by ultrafiltration in
a stirred Amicon cell with a 3000 MWCO membrane.
Purification of Rds was carried out by anion-exchange
chromatography on a Mono-Q (Pharmacia Biotech) column

Cp15Pf47Cp, Pf47Cp, Cp15Pf, [_1M]Pf, and Pf Rds. For
thermostability studies, the Rd concentration wagBband

the buffer concentration was 50 mM HEPES at pH 8.2 (at
room temperature). While no attempt was made to exclude
air, the samples were sealada 1 mLquartz cuvette with

a Teflon cap and allowed to reach temperature equilibrium
for 15 min before UV-visible absorbance measurements
commenced. Spectra were recorded at specific time inter-
vals, until the absorbance at 490 nm decayed completely, or
until 88 h passed. The temperature was controlled by a

connected to a Pharmacia Biotech FPLC system. For someVWR 1160 bath filled with 50% ethylene glycol, and the

Rds, final purification required passage over a hydroxyapatite
column. Overexpression of Rd genesHEn coli results in
Fe (red) and Zn (colorless) forms of Rd (Richie et al., 1996;

temperature of the sample compartment was monitored by
an RTD element (Omega Engineering, Inc.) placed next to
the cuvette and connected to a digital display (Omega RTD

Eidsness et al., 1992; Zeng et al., 1996). For a preparative-model 199). The temperature of the sample cuvette holder
scale separation of the Fe forms of Rds, the chromatographicwas 92+ 1 °C.

procedure is give in Table 1. After purification, the Rds
were desalted by ultrafiltration with a YM3 membrane,

UV —visible absorption time courses were analyzed by
plotting the fractional loss of visible absorbance at 490 nm
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vs time at 92°C. The fractional absorbance was calculated network and the Lys 7 side chain to side chain hydrogen
by subtracting the final 490 nm absorbanég) from the bond with Glu 50. The V8l and N14D mutations were made
absorbance at time (A, and dividing this number by the to match the Pf Rd amino acid sequence, although no specific
initial absorbanceA;) minus the final absorbanced(— A¢)/ interactions involving these residues are apparent in the Pf
(Ai — AY)]. This calculation was adjusted for Pf Rd and Rd structure.
[_1M]Pf by plotting only & — Azod/(A — Aizo0), because Cp15Pf47Cp. This chimera is essentially the comple-
A was never attained in these cases. For these samplesnent of Pf15Cp47Pf. The residues involved in thesheet
absorbance at 700 nm was subtracted to correct for spechydrogen bonds in Pf Rd have been replaced with the
trophotometer drift over the extended periods of data analogous residues from Cp Rd. It is composed of Cp Rd
collection. The time required for loss of the 490 nm amino acid residues-115 and 48-54 and Pf Rd residues
absorbance is reported ad/slope of a line fit to the decay  16—47.
data for each Rd. Cp15Pf. This chimera duplicates the Pf Rd sequence for
Thermostability Measurements with Far-UV CPBar-UV residues 1654 and the Cp Rd sequence for residued 1.
circular dichroism (CD) spectra were measured at room Thus,j-sheet strands 1 and 2 display the Cp Rd sequence,
temperature on a Jasco 710 CD spectrophotometer, using @nd strand 3 displays the Pf Rd sequence (see Figure 1).
1 mm path length cylindrical quartz cuvette, with nitrogen  Pf47/Cp. The amino acid sequence of this chimera
gas (research-grade) flowing in the sample compartment. Sixduplicates Pf Rd residues-27 and Cp Rd residues 45%4.
or more scans were averaged for each sample. The CDThus,f-sheet strands 1 and 2 are from Pf Rd, and strand 3
spectra were obtained on aliquots removed from the cuvettess from Cp Rd.
during the visible absorbance decay studies and immediately [ 1M]Pf. This mutant duplicates the wild-type Pf Rd
frozen at—80 °C until recording of the CD spectra. CD amino acid sequence but with the addition of an N-terminal
spectra were obtained on freshly thawed aliquots which had methionine. The [_1M]Pf and the formyl[_1M]Pf Rds were
been removed before heating, at a specified time after theobtained along with wild-type Pf Rd upon overexpression
visible absorbance had decayed, and after complete decayf the Pf Rd gene irk. coli. These N-terminally modified
of the visible absorbance with heating. The CD spectra of products presumably arise from incomplete processing of
samples that were never frozen were indistinguishable from overexpressed Pf Rd by the deformylase and methionyl
those of samples that were frozen and thawed one time, andaminopeptidase d. coli (Ben-Bassat et al., 1987; Dalbgge
no samples were frozen and thawed more than one time. et al., 1990; Hirel et al., 1989; Meinnel et al., 1993).

RESULTS Characterization of Rd Chimeras

Description of Rd Chimeras The UV-—visible absorbance ratios 8bsd/Asgo for recom-
binant wild-type Cp Rd, Pf Rd, and the Fe(lll) Rd chimeras
The following Rd chimeras (whose amino acid sequenceswere found to be close to the published absorbance ratios,
are shown in Figure 2) have been constructed, overexpressed?.4, for Cp Fe(lll) Rd isolated originally fronT. pasteur-
and characterized: [M1_,K2A,P15E]Cp, PfCp47Pf, ianum (Lovenberg & Walker, 1978), and 2.78, for Pf Fe-
Cp13Pf47Cp, Cpl5Pf, Pf41Cp, and [ _1M]Pf Rds. The (lll) Rd isolated fromP. furiosus (Blake et al., 1991).
shorthand nomenclature describes the amino acid sequenc®©xidized f.e. Fe(lll)] Rd has a distinctive UVvisible
of each chimera. Point mutations are listed in brackets absorption spectrum, with an intense band at 280 nm and
explicitly; vertical lines represent a switch from Pf to Cp bands at 385 and 490 nm, ascribed to charge transfer
sequences (or vice versa) at the amino acid number followingtransitions from cysteinyl thiolate to Fe(lll) (Eaton &
the one given, and Pf or Cp designation to the right of the Lovenberg, 1973; Lowery et al., 1993). The EPR spectra
vertical line (or bracket) represents the remaining amino acid (data not shown) of recombinant wild-type Fe(lll) Pf, Cp,
sequence of wild-type Pfor Cp Rd. The underline character and chimeric Rds are all very similar to each other, exhibiting
in [M1_,K2A,P15E]Cp and [_1M]Pf Rds indicates the gvalues of 9.6 and 4.3. The insignificant changes observed
absence of a residue in that position; in the former, M1 is in the thiolate— Fe(lll) charge transfer transitions (in the
removed, and in the latter, M1 is added. The mutations canvisible spectrum) and the EPR values suggest that the
be tracked visually by following the coding in Figure 2. electronic properties of the Fe(lll) sites are essentially

[M1_,K2A,P15E]Cp This chimera lacks the N-terminal unchanged in the recombinant wild-type and chimeric Rds.
Met of wild-type Cp Rd, and the K2A mutation (using Cp CP-AE analyses confirmed that the Rds contained 1.0 mol
Rd amino acid numbering) makes its N-terminal alanine Of Fe/(mol of Rd). Molecular weights of Rds were deter-
match that of Pf Rd. The P15E mutation introduces the Mined by electrospray ionization mass spectrometry (ESI-
carboxylate side chain that, in Pf Rd, forms a salt bridge MS) and are listed in Table 4 of the Supporting Information.

with the amino-terminal nitrogen of Ala 2 and a hydrogen In all cases, the ESI-MS molecular Welght determinations
bond with the amide group of Phe 30. agreed with calculated molecular weights within experimental

Pf15Cp47Pf. This chimeric Rd duplicates all of the €0 (0-1%).
amino acid residues in thg-sheet region of Pf Rd. Its
sequence matches that of Pf Rd residued® and 48-54
and Cp Rd residues 1617. The additional mutations in The relative thermostabilities of the wild-type and chimeric
Pf15Cp47Pf beyond those in [M1_,K2A,P15E]Cp are Rds were assessed by following the loss of visible absorbance
Y4W, T5V, T7K, V8I, N14D, Q48E, E51l, V52L, and E54D. as a function of time at 92C. This process is illustrated
These additional mutations introduce all of the residues for wild-type Cp and Pf Rds in Figure 3. In the experiments
involved in the Glu 15-centered hydrogen bond/salt bridge described here, the loss of visible absorbance is not due to

Rubredoxin Thermostabilities
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Ficure 4: Cp, Pf, and chimeric Rd 490 nm absorbance decays vs
time at 92°C: Cpl15Pf (@), M1_,K2A,P15E]Cp ©), Cp Rd (),
e . , [Cp15Pf47Cp (»), Pf15Cp47Pf (), [ IM]Pf Rd @), Pf47Cp
300 400 500 600 700 (#), and Pf Rd 4). The data are the average of two measurements
Wavelength (nm) for each sample, and standard deviations are given as error bars.
Ficure 3: Decay of Cp (top) and Pf (bottom) Rd visible absorbance The insetis an enlargement of the decay data for all samples except

vs time at 92°C. Cp and Pf Rd concentrations were @8 in 50 Pf, [ 1M]Pf, and Pf47Cp Rds. Rd concentrations were 8,
mM HEPES at pH 7.8 and 92C (at 25°C and pH 82) The Cp and the buffer was 50 mM HEPES at pH 7.8 and°92(at 25°C

Rd absorbance was recordddld intervals for 5 h, and the Pf Rd and pH 8.2).
absorbance was recordetd&bh intervals for 88 h.

0.2

0.0

of Pf Rd-sheet strands-13 into Cp Rd (the Pf1&Cp47Pf

simple reduction of the Fe(SCygenter from Fe(lll) to Fe-  mutations) has increased tAgy lifetime at 92°C by a factor
(1), because the characteristic 311 and 333 nm features ofof 1.6 relative to that of wild-type Cp Rd, this chimera
the Fe(ll) Rd are not observed. Rather, the loss of visible remains much less thermostable than wild-type Pf or [_1M]-
absorbance is apparently due to the loss of the native structurdf Rds (whose lifetimes are estimated to-b830 and~240
of the iron—sulfur center upon incubation at 9¢. Proteins h, respectively, at 92°C, Table 2). In contrast, the
that underwent a complete bleaching of spectral features atCp15Pf47Cp chimera shows a dramatic decrease in ther-
385 and 490 nm remained free of detectable precipitate, mostability compared to that of wild-type Pf Rd. The
indicating that insoluble ferric oxides or proteins did not Cpl5Pf Rd visible absorbance decays completely in 4 h,
form. making it the least stable of all Rds examined. In contrast,

For those Rds whosAyg disappeared completely upon the Pf47Cp chimera is similar in thermostability to wild-
heating at 92°C, cooling to room temperature afforded type Pfand [ 1M]Pf Rds, all of whostq lifetimes at 92
negligible recovery of the native Fe(lll) site, even after °C exceed 230 h.
incubation for days. Thus, these measurements apparently The thermostability of the Rd secondary structure was
monitor an irreversible process which includes Fe(lll) site monitored by recording far-UV circular dichroism (CD)
degradation and protein unfolding (the latter monitored by spectra at room temperature of Rd samples removed at
CD, vide infra). However, both Pf and [ _1M]Pf Rds various times during the 92C incubations. These far-Uv
exhibited significant recovery ofugo at room temperature  CD spectra for wild-type Cp and Pf Rds and Bfip47Pf
after ~30% degradation of the visible absorbaneelQ0 h Rd are shown in Figure 5. In all cases except for wild-type
at 92°C). Other Rd chimeras also showed this reversibility Pf and [_1M]Pf Rds, the positive ellipticity at 195 nm and
when thermally degraded to the same fractional extent negative ellipticity at 202 and 226 nm, associated with
(~30% loss ofA4q0), suggesting similar decay processes in (-sheet in Rds (Christensen et al., 1994), lost intensity after
all of the Rds examined. heating at 92C and were replaced by a negative ellipticity

The times required for degradation of the iron sites in these centered around 202 nm, associated with random coil
Rds, as measured by the fractional loss of 490 nm absorbanceonfigurations.
at 92°C, are compared in Figure 4. Although we have so  The wild-type Cp Rd CD spectral changes continued for
far been unable to fit the absorbance decay curves to thosel2 h, in contrast to the total loss of visible absorbance in ca.
expected for simple zero- or first-order kinetic processes, 6 h. The CD spectrum of wild-type Cp Rd after heating for
estimates of théug lifetimes can be obtained by linear least- 6 h at 92°C showed a strong negative ellipticity at 202 nm
squares fits to théygo decay. The negative inverse of the and a weaker negative ellipticity at 226 nm. Apparently,
slopes of these fits approximates the times required for Cp Rd retains secondary structure for a number of hours
complete loss 0fugo Of the various Rds; these values are after the metal site has been destroyed, but eventually (12
provided in Table 2. h) reverts to a random coil. Similarly, the P{Cp47Pf and

The loss of 490 nm absorbance of wild-type Cp Rd is Cp13Pf47Cp chimeras showed loss of negative ellipticity
complete in ca6 h at 92°C, as is that of the [M1_,K2A,- at 225 nm afte 9 h of heating 92°C, at which point the
P15E]Cp Rd. The Pf1E€p47Pf Rd visible absorbance visible absorbance is gone, and lost the remaining negative
decays completely in c& h at 92°C, and the Cp1®f47Cp ellipticity at 226 nm after 10 h of additional heating at 92
chimera is only slightly less stable. Although incorporation °C. The far-UV CD spectra of wild-type Pf and [_1M]Pf
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Table 2: Summary of Estimatetly Lifetimes at 92°C for Each Rd

species
lifetime? amino acid amino acid amino acid interactior?

Rd (h) residues +15 residues 1647 residues 4854 I Il
Cpl5Pf 3.6 Cp Pf Pf
[M1_,K2A,P15E]Cp 5.5 Cp Cp Cp X
Cp 5.8 Cp Cp Cp X
Cp15Pf47Cp 8.3 Cp Pf Cp X
Pf15Cp47Pf 8.9 Pf Cp Pf X
[ 1M]Pf 240 Pt Pf pf X
Pf47Cp 250 Pf Pf Cp X
Pf 380 Pf Pf Pf X X

a Estimated from the negative inverse of the slope of linear least-squares fits to the 490 nm absorbance decays vs tithéoaefizh Rd
shown in Figure 4° Intramolecular interactions. | is the proposed dominant interaction of Pf residuesqyt(16—47)]; Il is the potentially
naturally occurring set of intrg-sheet interactions [(215)—(48—54)], either Pf or Cp residue$These species contain point mutations.

could not be confirmed sincAs9 Wwas never followed to

100177717
o ] complete disappearance (our spectrophotometer baseline was

N | 0 N founq to be unstable over the several Weeks that would be

< b\ required for such measurements at°@). While the heat-

3 0 1 induced partial decay (up to ca. 30%) of these absorption
300 TN o spectra could be reversed upon room-temperature incubation,
P I - L L the completely decayed absorption spectra could not be so

195 200 205 210 215 220 225 230 235 240 245 250 re\/ersed_
100 g velength () The thermostabilities of the various wild-type and chimeric
ol ] Rds are compared in terms Afy lifetimes at 92°C, which

= L B ] are listed in Table 2. For purposes of discussion, the wild-

£ 100n type and chimeric Rds can be divided into two main

§ 200k thermostability groupscf. Figure 4 and Table 2): wild-type

N 00k X% fggg{ggg;gg om] Cp, [M1_,K2A P15E], CplBf47Cp, Pf15Cp47Pf, and

N Pf15ICp47IPf 20 h 1 Cp13Pf with Aygolifetimes of 4-9 h and wild-type Pf, [_1M]-
40005300 205 210 215 220 225 230 235 240 245 250 Pf, and Pf4TCp with (estimatedf\g lifetimes of 246-380
100 gt O h.

The heat denaturation we observe in the less stable groups
~ 0 P ] of Rds is presumably kinetically driven, since the process is
E o100 A irreversible. Kinetically based thermal decay mechanisms
% 200f Ny for Rds could include covalent modifications, such as
< AR 1 oxidation of amino acid side chains and peptide backbone

RN _ cleavage, some of which may be iron- and/ordatalyzed

00 6 505210 215 220 225 230 235 240 245 250 (since no attempt was made to excludgi®these studies).
wavelength (nm) However, regardless of the mechanism(s) for thermal dena-
Ficure 5: Far-UV CD of Cp (top), PLESp47Pf (middle), and turation, thg data in Figure 4 and Table'2 indicate that the
Pf (bottom) Rds at room temperature before heating (solid line) Kinetic barriers to irreversible denaturation of Pf Rd must
and after heating at 92C for 6 and 9 h (dashed line) for Cp and ~ be much higher than those of Cp Rd. This investigation set
Pf15Cp47Pf Rds, respectively, and after 12, 20, and 96 h for Cp, out to test the hypothesis which states that these kinetic

Pf13Cp41Pf, and Pf Rds, respectively (dotted line). Rd concentra- parriers arise from unique interactions within fhisheet of
tions were 3.5«M, and the buffer was 5 mM HEPES at pH 8.2. Pf Rd

Rds, after heating at 92C for 96 h, retained negative We now discuss possible contributions to the relatively
ellipticities at 202 and 226 nm, indicating persistence of the high thermostability of wild-type Pf, [ _1M]Pf, and Pf4Zp
B-sheet structure in these Rds, which is consistent with the Rds on the basis of our results.

partial loss of visible absorbance shown in Figures 3 and 4. |, 15 H Bond/Salt Bridge NetworkA unique network

of hydrogen bonds and salt bridges in Pf Rd is centered on
DISCUSSION the carboxylate side chain of Glu 15. The oxygen atoms of
As indications of the relative thermal stabilities of the wild- this carboxylate serve as acceptors for H bonds with the
type and chimeric Rds, we have monitored the thermally indole nitrogen of Trp 4 and the main chain amide of Phe
induced disappearance of spectral features associated witt80 and form a salt bridge with the N-terminal amino group
the native Fe(lll) site Auog and with f-sheet secondary (on Ala 2). In Cp Rd, the substitution of Pro 15, the
structure @.25). Although our CD measurements indicate a extension of the N terminus by the addition of Met, and the
continued loss of secondary structure after disappearance ofV4Y substitution all preclude formation of this H bond
Asgs, In most cases, the overall CD lifetimes were ap- network. The [M1_,K2A,P15E]Cp Rd was designed to test
proximately twice theAuq lifetimes so that both spec- the ability of a major part of this H bond network to confer
troscopies measured the samadative thermostabilities at  thermostability when engineered into Cp Rd. Multidimen-
92 °C. For wild-type Pf and [_1M]Pf Rds, this correlation sional NMR studies of Zn-substituted [M1_,K2A,P15E]Cp
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Rd (Richie et al., 1996) confirm the expected extension of stabilizing interactions between the introduced PfReheet
the first two strands gf-sheet to include Ala 2 and Glu 15 strand 3 (residues 484) and the Pf sequence core (residues
even in the absence of Trp 4. However, the incorporation 16—47) are more than offset by additional destabilizing
of these additional H bonds does not significantly increase interactions between each of those two regions and Cp Rd
the thermostability of Cp Rd¥q lifetime of 5.5 h for [M1_,- p-sheet strands 1 and 2.
K2A,P15E]Cp compared to 5.8 h for the wild type, Figure  In contrast to the results observed for Cfaf5substitution
4 and Table 2). Additional Y4W substitution (among others) of Pf Rd strands 1 and 2 of th@sheet into Cp1#Bf47Cp
in [P15E]Pf1Cp Rd does not alter this result (EIkin, 1995). to generate Pf4Tp Rd restores nearly all of the wild-type
We therefore conclude that the Glu 15-centered H bond/saltPf Rd thermostability (Figure 4). This result suggests the
bridge network is not by itself the predominant determinant existence of particularly strong stabilizing interactions be-
of Pf Rd thermostability. tween Pf Rdj3-sheet strands 1 and 2 (residues1®) and

N Terminus. The unique Ala 2 has been proposed to be the Pf Rd core (residues #@&7) that are not mimicked or
a significant determinant of Pf Rd thermostability (Blake et compensated for by Cp RA-sheet strands 1 and 2 (in
al., 1992). However, we found that neutralization of the Ala Cp15Pf47Cp). In Pf47Cp (and Pf) Rd, the thermostabi-
2 NHs" by incorporation of Met 1 in the Pf Rd variant [ 1M]-  lizing interactions may include the hydrogen bond linking
Pf Rd only marginally destabilizes Pf Rd toward heat (Figure Pf Rdj-sheet strand 2 to the Pf Rd core through the Phe 30
4). This mutation eliminates the salt bridge between the Glu main chain amide to the Glu 15 side chain carboxylate; Cp
15 carboxylate and the N-terminal NHof Ala 2 (although Rd -sheet strand 2 with Pro 15 lacks this hydrogen bond.
a hydrogen bonding interaction with the neutral amide of Hydrophobic interactions may also contribute to Pf Rd
the Ala 2 is still possible). Thus, salt bridges involving the thermostability but are difficult to evaluate.
unigue N-terminal Ala 2 amino group do not appear to be a
significant contributor to the thermostability of Pf Rd. CONCLUSIONS

Contribution of the3-Sheet The Cp15Pf47Cp chimeric
Rd incorporates Cp Rd sequence in all three strands of the
fB-sheet, but Pf Rd sequence elsewhere (Figure 2). This , .
chimera is only 1.6 times more stable than wild-type Cp Rd _ (1) Neither the unique H bond network centered on the
(as measured by thig lifetime) and exhibits much lower Glu _15 side chain nor salt bridges on the sho_rtened N
thermostability than Pf Rd (Figure 4). This result shows t€rminus can by themselves account for the increased
that substitution of the Pf R@-sheet sequences with the thermostability of Pf Rd with respect to that of Cp Rd.
corresponding Cp Rd sequences drastically reduces Pf Rd (2) Neither thef-sheet (residues-215 and 48-54) nor
thermostability and, if taken by itself, implies that thesheet ~ the core (residues 1647) of Pf Rd contains independent
region doescontain the predominant determinant of Pf Rd sets of interactions which control overall thel’mostability,
thermostability. However, caution must be exercised in suggesting the existence of thermostabilizing interactions
drawing such conclusions, since the complementary chimera Petweerthe core ang-sheet.
Pf15/Cp47Pf, shows similarly low thermostability (Figure (3) Substitution of Cp R¢-sheet strands 1 and 2 into Pf
4), suggesting that the three-strangesheet doesot contain Rd has a large thermodestabilizing effect. By contrast,
the predominant determinant of Pf Rd thermostability. Two- substitution of Cp R¢B-sheet strand 3 into Pf Rd has very

The measurement of relative thermostabilities of Pf/Cp
chimeric Rds allows the following conclusions to be drawn.

dimensionatH and three-dimension&H—15N NMR studies little effect on Pf Rd thermostability.
of these two chimeras indicate that the transfefpesheet These results narrow the search for thermostabilizing
structures are essentially intact at least up t°GHK. A. interactions of Pf Rd to those between the core (residues

Richie, Q. Teng, and D. M. Kurtz, Jr., unpublished results). 16—47) andg-sheet strands 1 and 2 (residuesi®). This
In fact, the relatively low thermostabilities of the two set of interactions is labeled | in Table 2. Two unique salt
complementary chimeric Rds establish the fact that neither bridges have been reported within this region: Glu 15 OE1
the Pf RdB-sheet region nor the Pf Rd core region (residues to Ala 2 (amino terminus) (2.78 A) and Lys 7 NZ to Glu 50
16—47) contains independent sets of interactions sufficient OE1 (4.21 A). However, in the two chimeric Rds with
to confer Pf Rd-like thermostability. Thus, if there are thermostability only 1.6 times greater than that of Cp Rd,
localized interactions (H bonds, salt bridges, or hydrophobic Pf15Cp47Pf Rd can potentially have both salt bridges,
packing) in Pf Rd that dominate thermostabilization, these whereas Cp1®f47Cp Rd can have neither. Thus, these
results would suggest that they exist at the interface of the data do not suggest a correlation between the number of
pB-sheet and core structural elements, and fhgheet/core potential salt bridges and thermostability. These observations
interface of Pf Rd is not reconstructed in either REA 1 Pf agree with an earlier study on Pf Rd at pH 2 (Cavagnero et
or Cp13Pf47Cp chimeras. al., 1995), which suggested that electrostatic interactions are
To further investigate this possibility, two additional notthe dominant factor affecting thermostability. Hydrogen
chimeric Rds were constructed. One chimera, ¢pi5  bonding and hydrophobic interactions remain as potentially
consists ofg-sheet strands 1 and 2 of the Cp Rd sequence dominant contributors to thermostability of Pf Rd. Since
combined with the remaining Pf Rd sequence (residues 16 our results do not identify a few dominant localized interac-
54). The second chimera, Pi€p, consists of Cp Rd tions, we suggest that the extraordinary thermostability of
pB-sheet strand 3 grafted onto the remaining Pf Rd sequencePf Rd may involve a precise, optimal alignment of a large
(residues 247). Incorporation of the Pf R@-sheet strand  number of residues, whose network of interactions are very
3 into Cp15Pf47Cp results in the CplBf Rd chimera, sensitive to small structural changes dictated by the context
which exhibits a surprisingeductionin thermostability Asgo of the sequence. Thus, slight misalignment of fhsheet
lifetime of 3.6 h for Cpl®f compared to 8.3 h for strands 1 and 2 vs core residues in the chimeric Rds would
Cp15Pf47Cp Rd, Figure 4). This result suggests that any explain their vastly decreased thermostabilities. This pro-
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posal implies a more global view of thermostability, in which  Eidsness, M. K., O'Dell, S. E., Kurtz, D. M., Jr., Robson, R. L., &
the strengthening of many small interactions (via realignment _ Scott, R. A. (1992protein Eng. 5 367-371. _
of one substructure with a neighboring one) results in a large E”‘(';fk C. J. (1995) M.S. Thesis, University of Georgia, Athens,

increase in thermostability.
y Hirel, P.-H., Schmitter, J.-M., Dessen, P., Fayat, G., & Blanquet,
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