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ABSTRACT: Previously, we had characterized a 91 amino acid fragment of the heat shock transcription
factor from the yeasKluyveromyces lacti@nd had shown it to be highly-helical and sufficient for
formation of homotrimers [Peteranderl, R., and Nelson, H. C. M. (1B&&)hemistry 3112272-12276].

Based on those data, as well as the presence of hydrophobic heptad repeats, we postulated that the
trimerization domain contains a three-stranded coiled-coil and that it might resemble the trimerization
domain found in influenza hemagglutinin. Here, we further characterize the trimerization domain and
show that the minimal domain needs 71 residues to remain trimeric and highégfical. 1F NMR
spectroscopy suggests that the structure contains three parallel strands that are in register along the long
axis of the coiled-coil. Electron paramagnetic resonance spectroscopy studies show that the C-termini of
the subunits are in close proximity; this is in contrast to the topology of the hemaglutinin trimerization
domain where the C-termini form buttressing helices. Analytical ultracentrifugation also confirms that
the structure is elongated and unlikely to have buttressing helices. Additional experiments suggest that
the trimerization domain has at least two subdomains. The first subdomain has the potential to form
trimers independently, though not as stably as the complete domain. The second subdomain is quite helical,
forms large oligomers, and appears to provide stability to the complete domain. Our current model for
the heat shock transcription factor trimerization domain is a highly elongated coiled-coil structure, with

a potential break in the coiled-coil region located between the two subdomains.

Cells react to physiological and environmental stresses domain and the oligomerization domain. The DNA binding
through a conserved mechanism called the heat shock, odomain recognizes a conserved DNA sequence motif, the
stress, response. In eukaryotic cells, this response is conheat shock element (HSE). HSEs contain varying numbers
trolled at the transcriptional level through a specific tran- of the DNA sequence NGAAN in alternating inverted repeats
scriptional activator called the heat shock transcription factor (2, 3. Although HSF will bind to a two-repeat HSE in vitro,
(HSF) (). The number of HSF homologues, as well as their at least three repeats are necessary for activity in vivo. The
overall sequence and length, varies from species to speciespligomerization domain allows HSF to form trimers; HSF
but there are two main conserved regions, the DNA binding is unique in that it functions as a sequence-specific homo-

trimeric DNA binding protein. The adaptive advantage
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s ;' -d...a. 'd'3;6'a' -d... Table 1: Summary of Proteins
MLGGTTNAEVDIHILLNELETVKYNQLAIAED : :
A AAD AL A A A AAAA name residues name residues
KI-t96 L304-L394 KI-t65 1314-V373
a..d...a..d... ga..d KI-t86 L304—-N384 KI-t59 L304-V362
346 w36 KI-t83 L304—-T381 pepC3 Q35#N377
LKRITKDNEMLWKENMMARERHQSQQQVLEKL
e-ga. 'ff v s e long continuous helix? Or, do helices A and B both form
ALIX'AIJSSA\ZFGPNSAAKA’I'AIGN%FGPIZLEHEALmAiln coiled-coils separated by a loop, as found in the structure of
T4 fibritin (20)? Or, is one of the helices involved in other
KI-96/Th-1 tertiary structure elements, such as the formation of a
KI-96/T buttressing helix, as found in viral envelope glycoproteins
KI-196/Th-2 (16, 29

Ficure 1: Proteolysis of trimerization domain. The sequence of  In this paper, we present the results of our continued
KI-t96 is shown, with the residues introduced during cloning (see attempts to elucidate the structure of the trimerization domain
Materials and Methods) marked in lower-case letters. Positions from K. lactis HSF. The boundaries of the trimerization

andd of the heptad repeats in helix A, as well as positiand, e, . . .
andg of the overlapping heptad repeats in helix B, are indicated d0Main have been further defined, and the subdomains

above the sequence. The potential recognition sites for trypsin and(helices A and B) have been analyzed. A series of spectro-
thermolysin are indicated by open and cross-hatched triangles,scopic approaches has been used to address questions about
respectively. The black triangles mark the C-termini of the stable the gverall topology of the domain. From these experiments,
proteolytic fragments that could be isolated, including KI-t96/Th1l we show that the isolated HSF trimerization domain forms

and KI-t96-Th2 from the thermolysin digestion and KI-t96/T from
the trypsin digestion. an all-parallel, elongated structure.

Previous studies had shown that a region of approximately MATERIALS AND METHODS
100 residues located within the center of the protein is
necessary and sufficient for the trimerization of yeast HSF  Cloning and Site-Directed Mutagenesihe overexpres-
(11). Based on the higl-helical content as measured by sion vectors used are based on the T7 expression plasmids
circular dichroism (CD) spectroscopy, as well as the presencedescribed previously for the overexpression of the trimer-
of hydrophobic heptad repeats, we had proposed that theization domain oK. lactis HSF 6, 12, 23. A summary of
trimerization domain forms a three-stranded coiled-c8)il (  the proteins used in this study is given in Table 1. N-Terminal
Further inspection of the sequence within this region showed and C-terminal truncations were made by introduditugl
heptad repeats occurring in two subdomains (Figure 1): helix and SpH sites, respectively, by site-directed mutagenesis
A or HR A, located at the N-terminus of the trimerization protocols 23). The expressed proteins all include an N-
domain around residues 31848 of theK. lactisHSF; and  terminal methionine residue and, unless stated otherwise,
helix B or HR B, located at the C-terminus of the domain include the C-terminal tetrapeptide GMLN, which was
around residues 362373 (11—-13). Helix A appears to be  introduced by the expression vector. The trimerization
an amphiphilic helix with a heptad repeat that contains a domain is represented by residues L304 through L394. of
distribution of nonbranched residues in positianand lactis HSF for KI-t96, residues L304 through N384 for K-
p-branched residues in positioth of the heptad repeat 186, residues L304 through T381 for KI-t83, residues L304
‘abcdefg which is typical for trimeric coiled-coilsi4, 15. through V373 for KI-t75, and residues 1314 through V373
Helix B, also a putative amphiphilic helix, contains hydro- for KI-t65. KI-t59 was constructed by replacing the codon
phobic residues at positiors d, e, andg (using the heptad  for residue V362 at the beginning of helix B with a stop
repeat of helix A as a reference). Because of the two codon and contains residues L304 through Q361 without the
overlapping frames of the hydrophobic repeats, it is not C-terminal tetrapeptide GMLN. The mutant KI-t75 W346C
immediately clear from the sequence whether helix B forms was constructed by standard protocols from KI-t75. A
a coiled-coil, and, if so, which set of residues would form C-terminal cysteine residue (cC) was introduced by making
the hydrophobic interface between helices. Helices A and B use of an alternative expression vector backbone in which
are connected by a series of polar, bulky residues with athe C-terminal tetrapeptide GMLN was replaced by the
low potential for the formation of a coiled-coil, yet this sequence GMLC4, 24), creating the proteins KI-t75 cC,
connecting region has a high degree of conservation, with a cysteine residue at the C-terminus of the protein, and
suggesting an important role in the function of the trimer- KI-t75 W346C/cC, with one cysteine residue at the C-
ization domain. terminus of the protein and an additional cysteine residue at

Based on sequence considerations as well as our previougosition 346. The mutants KI-t75 z2bg and KI-t75 z2,3bg,
results B), a number of possible models for the overall fold which remove the coiled-coil repeats in the C-terminus of
of the trimerization domain can be proposed. In these models,KI-t75 and change the sequence from VLEKLLRFLSSVG-
the orientation of the subunits and the roles of helices A MLN to VNEKQLRFNSSNGMLN and ANEKQYRYNSS-
and B are the major variables. First, the orientation of the NGMLN, respectively, were constructed by standard proto-
subunits could either be all-parallel or be two-parrallel/one- cols from KI-t75.
antiparallel. Structural examples exist for both types of three-  Protein Querexpression and PurificatiorThe E. coli strain
stranded coiled-coils1¢4, 16-20). Second, the roles of BL21(DE3)/pACYC177Lac® was freshly transformed with
helices A and B need to be addressed. Is the structure onghe respective expression plasmids for protein expression.
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For standard constructs, cells were grown in Terrific Broth 0.05% TFA. The protein eluted around 57% acetonitrile;
(TB) medium @5) at 37°C while shaking until they reached identity and purity of the sample were confirmed by
an Asoo nm OF approximately 0.4. At that point, expression electrospray ionization mass spectrometry (ESI-MS; Hewlett-
was induced by addition of isoproppglp-thiogalactopyra- Packard 5989A); all masses were found to be within 0.5 amu
noside (IPTG) to a final concentration of 2 mM. Incubation of the calculated masses.
was continued at 37C for 1 h, after which rifampicin was KI-t59 was expressed as described above. However, it was
added to a final concentration 0.28/mL. The cells were  precipitated from the crude cell lysate after sonification with
then transferred to 28C and incubated overnight while  20% (v/v) ethanol on ice for 30 min. The precipitate was
shaking. The cells were harvested by centrifugation for 10 collected by centrifugation at 1209Gor 30 min at 7°C,
min at 400@ (7 °C). The cell pellet was resuspended in 0.1 and subsequently redissolved in 20 mL of RB200. The
volume of ice-cold isotonic buffer (50 mM Tris-HCI, pH protein was precipitated at 4C by addition of saturated
7.5, 150 mM NaCl, 2 mM EDTA). The cell suspension from (NH,4),SO, to 45% (v/v). The pellet was dissolved in column
1.6 L of cells was pooled and centrifuged again (10 min at buffer and loaded onto the hydrophobic interaction chro-
400Qy, 7 °C). The resulting pellet (typically 57 g wet matographic column. The fractions containing the protein
weight) was resuspended by stirring and repeated pipettingwere loaded directly onto the reversed-phase HPLC column,
in 10 mL of RB200 [50 mM Hepes, pH 8.0, 200 mM NaCl, and the protein was purified as described above.
5 mM CaC}, 2 mM EDTA, 10% (v/v) glycerol], and then Cysteine-containing mutants for the electron paramagnetic
frozen at—70 °C. resonance experiments were purified through a slightly
In the standard purification protocol, the frozen cells were modified protocol. Induction, harvesting, and lysis of the cells
thawed on ice and lysis was started by addition of 10 mL of were done as described above. However, in the steps that
ice-cold RB200 with 2 mg/mL hen egg white lysozyme, 2 followed great care was taken to maintain reducing condi-
mM phenylmethanesulfonyl fluoride (PMSF), 2g/mL tions. Dithiothreitol was added to a final concentration of
aprotinin, 4ug/mL leupeptin, and Zg/mL pepstatin. The 10 mM both after lysis and again after the resuspension of
thawing cells were kept on ice for 30 min, with gentle mixing the (NH:),SQ; pellet in RB200. In addition, sodium tetrathion-
by inversion every 10 min. The cells were sonified with a ate was added to a final concentration of 2 mM to the dialysis
Branson Sonifier 250 until the viscosity of the cell suspension buffer and all the running buffers for the hydrophobic
dropped by about 90%. The suspension was then centrifugednteraction and anion-exchange chromatographic columns.
at 3000@ for 30 min at 7°C. The supernatant was transferred  °F-labeled protein was expressed through a modified
to a new centrifuge tube, saturated (W$0O, was added to  version of the standard protocol. Cells were grown in
a final concentration of 30% (v/v), and the mixture was supplemented M9 medium [6 g/L BaPOs, 3 g/L KoHPOy,
incubated on ice for 30 min. The precipitate was collected 1 g/L NH,CI, 0.5 g/L NaCl, 1 mM MgC}, 0.4% (v/v)
by centrifugation at 120@Pfor 30 min at 7°C. The pellet glycerol, 0.04 g/L of each of the 20-amino acids]. Cells
was dissolved in 30 mL of ice-cold RB200 and diluted with were grown at 37C while shaking until they reached an
an equal volume of 2 column loading buffer [50 mM A, .. Of approximately 0.4. They were then harvested by
Hepes, pH 8.0, 200 mM NacCl, 1200 mM (¥#SQy]. The centrifugation at 400§9for 10 min at room temperature. The
subsequent chromatographic and dialysis steps were allcell pellets were then resuspended in prewarmed supple-
performed at room temperature. The first two chromato- mented M9 minimal medium, in which either tyrosine or
graphic steps were done on a Waters 650 Advanced Proteirtryptophan was replaced by 0.1 g/L of a racemic mixture of
Purification System, while the last chromatographic step was b- andL-m-fluorotyrosine or 5-fluorotryptophan, respectively.
done on a Waters HPLC. The solution was loaded onto a Incubation was continued for another 30 min at°87 The
hydrophobic interaction chromatography column (20@5 cultures were then induced by adding IPTG to a final
mm i.d., SynChropak Propyl, 300-A pore size), equilibrated concentration of 2 mM, followed by an additional 60 min
with 50 mM Hepes, pH 8.0, 200 mM NaCl, 600 mM (gt of incubation at 37C. At this point, rifampicin was added
SO, The column was developed in a linear gradient over to a final concentration of 0.2bg/mL, and the cells were
30 min to 50 mM Hepes, pH 8.0. The protein typically eluted incubated for anotlre8 h at 25°C. Lysis and protein
around 150 mM (NH),SO,, 50 mM NaCl. The fractions  purification were done as described above. Incorporation of
containing the protein were pooled and dialyzed against two the fluorinated amino acids as determined by ESI-MS was
changes b2 L of 50 mM Tris, pH 8.8, 100 mM NaCl. After ~ around 50% form-fluorotyrosine and around 75% for
dialysis, the protein solution was diluted 2.5-fold with buffer 5-fluorotryptophan.
to 50 mM Tris, pH 8.8, 40 mM NaCl, and loaded onto an  Protein concentration was determined by absorption at 280
anion-exchange chromatographic column (3000 mmi.d., nm. The extinction factor was calculated to be around 7000
Waters Accell Plus QMA, 500-A pore size, an average mol~t cm™2 for all proteins with the exception of KI-t75
particle size), equilibrated in 50 mM Tris, pH 8.8, 40 mM W346C and KI-t75 z2,3bg, based on the sequence of the
NaCl. The column was developed over 30 min in a linear protein. For KI-t75 W346C and KI-t75 z2,3bg, extinction
gradient to 50 mM Tris, pH 8.8, 1000 mM NacCl. The protein coefficients of 1300 moft cm~2 and 9600 mol* cm™2 were
eluted as the main peak around 400 mM NaCl. The fractions used. Since no difference was seen in the absorption of the
containing the protein were pooled and loaded on a Vydac native and unfolded protein, all concentration determinations
C18 column (250x 10 mm i.d., 300-A pore size, 10m were done under native conditions.
particle size, Separations Group), equilibrated to 10% ac- Peptide Synthesi®eptides were synthesized using stan-
etonitrile, 0.09% trifluoroacetic acid (TFA) in water. The dard 9-fluorenylmethoxycarbonyl chemistry (Fmoc) on an
column was brought to 40% acetonitrile, 0.06% TFA in 2 Applied Biosystems ABI 431 A peptide synthesizer. Cleav-
min, and then developed over 30 min to 50% acetonitrile, age and deprotection followed established proto@ss The
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peptide pepC3 (Ac-QSQQQVLEKLLRFLSSVFGPNY-MHH 4000 transients were acquired per sample with #4390
corresponding to the C-terminal end of tKe lactis trim- pulse, a spectral width of 12 000 Hz,cha 1 srelaxation
erization domain (residues Q357 through N377), also in- delay between scans. A 10 Hz exponential line broadening
cluded a tyrosine residue at the C-terminus to facilitate was applied to the time domain data prior to Fourier
detection. This peptide synthesized as a C-terminal amidetransformation. A fifth-order polynomial correction was
and acetylated at the N-terminus. All peptides were checkedapplied to the frequency domain data to flatten the base line.
by ESI-MS. An extinction coefficient of 1300 nidl cm2 Chemical shifts were referenced to a 10% aqueous solution
was used to determine the protein concentration for pepC3.of TFA (set to 0 ppm).
Limited Proteolysislnitial tests were done at a mass ratio Spin-Labeling of the Cysteine-Containing Mutarfie-
of 1:100 for protease and KI-t96. The proteases screenedduced lyophilized protein was dissolved in® residual
were trypsin, chymotrypsin, Pronase, thermolysin, papain, TFA from the HPLC purification lowered the pH far enough
and ficin. Reactions of 10QL volume were incubated at to prevent accidental oxidation at this point. A small aliquot
37 °C, and 25uL aliquots were removed at 0, 15, 30, and was removed and used to determine the protein concentration
60 min. The reactions were stopped by boiling in SDS at pH 8. A 3-fold excess of 3-(2-iodoacetamido)-2,2,5,5-
PAGE loading buffer, and the proteolysis products were tetramethyl-1-pyrrolidinyloxyl (IAAP) was added to the
analyzed by SDSPAGE. acidic protein solution. The labeling reaction was started by
Based on the initial screening, proteolysis experiments on adjusting the pH of the sample approximately to neutrality
a preparative scale were done with thermolysin and trypsin. with 10x C/P buffer (194.5 mM NabPQO,, 2.75 mM citric
KI-t96 (10 mg) was dissolved in 10 mL of 25 mM sodium acid, pH 8.0), using the reversible precipitation of the proteins
phosphate buffer, pH 8.8, 100 mM NaCl. The protein was at the isoelectric point (pH 6.5) as an indicator for the amount
incubated at 37C with 100 uL of 1 mg/mL trypsin or of buffer stock necessary to compensate for the TFA carried
thermolysin. Aliquots (2 mL) were removed at 4, 8, and 60 over from the HPLC step. The labeling reaction was
min, and the reactions were stopped by addition ofiR®f incubated fo 2 h atroom temperature. The labeled protein
10% TFA in water. Proteolysis products were separated onwas purified by reversed-phase HPLC as described above,
a reversed-phase HPLC column as described above, withand the purity of the protein as well as the efficiency of the
detection at 230 nm. The N-termini of the main fragments labeling reaction were determined by ESI-MS. The correct
were identified by N-terminal sequencing; the C-termini were fractions were lyophilized and stored a0 °C. Prior to
derived from the mass of the fragments as determined byanalysis, the labeled protein was dissolved in 5 mL gdH
ESI-MS. and the pH was adjusted to roughly neutrality by addition
Circular Dichroism Spectroscopgircular dichroism (CD) of 1 M NaOH and then buffered to pH 8 by addition ofx10
spectra were recorded on an AVIV 62DS spectropolarimeter C/P buffer stock to make the final solution<1C/P. The
with a 2 mmstrain-free quartz cuvette (Hellma). Proteins volume was then reduced to 1Qd. by ultrafiltration.
were dialyzed extensively into one of two buffers: sodium/ Secondary structure and stability were determined by CD
phosphate (Na/P) buffer, pH 8.8, or citrate/phosphate (C/P) spectroscopy as described above.
buffer, pH 8.0 (19.54 mM N&1PQO,, 0.275 mM citric acid). Electron Paramagnetic Resonance Measuremeties-
Spectra were recorded at 26 in 1 nm steps with a time  tron paramagnetic resonance (EPR) spectra were recorded
constant of 15 s. Thermal melts were done at a protein on a Bruker ESP 300 EPR spectrometer with a tegap
concentration of 2QuM (monomer) with detection at a resonator. The resonator frequency was 9.77 GHz. Samples
wavelength of 222 nm unless stated otherwise. The temper-were flash-frozen in an acetone/dry ice bath and then cooled
ature was increased in°Z steps with a 2 min equilibration in a cold nitrogen stream—142 °C). The low-temperature
and a time constant of 15 s. Reversibility of the thermal melts spectra were recorded as a first derivative of the signal over
was monitored via the reappearance of the initial ellipticity a magnetic field sweep of 150 G with a modulation amplitude
of the sample upon return to the starting temperature andof 2.09 G. In experiments where heterotrimers with only a
the constant optical transmission throughout the thermal melt.single labeled subunit were used, a 30-fold excess of
Since not all the fragments melted reversibly under the given unlabeled wild-type protein was added. As a standard for
conditions 1 M guanidinium chloride was added to prevent noninteracting spins, pure IAAP in 10% (v/v) glycerol was
aggregation of the denatured protein where noted. Fractionalused.
helicity was estimated based on the empirical fornfula Analytical UltracentrifugationAll experiments were done
—(0222 + 2340)/30300 27). using a Beckman XL-A analytical ultracentrifuge. All
19 NMR Spectroscopy?F NMR spectra were collected  experiments were done in C/P buffer, and the dengity
on a General Electric Omega 500 NMR spectrometer with 0.998 g cm?) and viscosity § = 0.01002 g cm* s 1) of
an inverted proton probe tuned to 470 MHz. The lyophilized the solvent were calculated based on standard taB®s (
19F-labeled proteins were resuspended ®Hand roughly Sedimentation velocity experiments for KlI-t75 were done
neutralized by additionfol M NaOH using the reversible  at 25°C and 60 000 rpm. Hydration was assumed to be 0.25
precipitation of the proteins at the isoelectric point (pH 6.5) g of H,O/g of protein 29). Sedimentation equilibrium
as an indicator for the amount of base necessary toexperiments were done at a range of starting proteins
compensate for the TFA carried over from the HPLC step. concentrations from 2 to 100M and speeds from 30 000
The protein was buffered to pH 8 by addition of 1(C/P to 50 000 rpm, with temperatures of 2& for KI-t75 and
buffer stock to make the final solutionx1lC/P. The final KI-t59 and 5°C for pepC3 and the KI-t75 mutants. After
sample volume was 0.5 mL (90:10,®6:D,0), and protein equilibrium was established, the concentration gradient was
concentrations were approximately 0.75 mM and 0.9 mM determined by the absorption at 280 nm for all proteins with
for the fY326 and fW346 samples, respectively. A total of the exception of pepC3, where it was determined at 222 nm.
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The data were analyzed using the data analysis program A

IGORPRO (Wavemetrics, Inc.), which has been adapted for e 20

analyzing XLA data based on early work by Henlsey and ° o4

colleagues30) and refined by James D. Lear. Dissociation S 5

constants were calculated by fitting the data to different E o 1%

equilibria models; because of uncertainties in the measure- D _10- os

ments and the calculated models, we estimate that the ° oe

dissociation constants are only accurate to within ap- B 204 °o°

proximately 10% of their value. For KI-t59, the data were £ -30-

extremely well described by a monomeérimer equilibrium. =

Analysis with a monometrdimer—trimer equilibrium led to = -40 1 T T T J
undetectable (less than 2%) concentrations of a dimeric 200 210 220 230 240 250 260
species, no changes in the residuals, and no significant Wavelength (nm)
differences in the apparent monomérimer dissociation B

constant. For KI-t75, the data were best fit by a monomer 20

trimer—hexamer equilibrium. Addition of a dimeric species
led to low (less than 8%) concentrations of a dimeric species,
again with no changes in the residuals and no significant
differences in the apparent monomérimer or trimer-

104

-104 o

[6] in 10° deg dmol' cm?
(=)
I
O
C, g

hexamer dissociation constants. Because pepC3 aggregates ° OOO
to a large oligomer, the data were fit to a fixed molecular <207 o o
weight with no attempt at guessing equilibria models. .30+ OW
-40 T T T T T
RESULTS 200 210 220 230 240 250 260
Defining the Boundaries of the Trimerization Domalhe Wavelength (nm)

initial boundaries of the HSF trimerization domain were FGURE2: Secondary structure of constructs. (A) Circular dichroism
defined by studies of expressed fragmentsSotereisiae spectra of KI-t75 ) shown in comparison to KI-t96@) at 50

: - : . uM in 25 mM sodium phosphate, pH 8.8. (B) Circular dichroism
HSF (1), in combination with sequence comparisons spectra for KI-t65 @) shown in comparison to KI-t75) at 20

between HSFsY). This lead to our previous choice of the  ,m in C/P buffer. Note that KI-t75 has similar spectra in the two
fragment KI-t96 for our studies, which contains residues different buffers.

304—394 fromK. lactis HSF (). In the present study, we
used limited proteolysis of KI-t96 as a first step to narrow N384), KI-t83 (residues L304T381), and KI-t75 (L304
down the functional boundaries of the trimerization domain. V373). As predicted, all three truncations are higielical
This approach makes use of the fact that the parts of aand form trimers as assayed by chemical cross-linking and
polypeptide sequence that are not folded into a domain areanalytical ultracentrifugation (data not shown). Comparison
more susceptible to degradation by proteases. Treatment obf the CD spectra for KlI-t75 and KI-t96 shows a higher
KI-t96 with trypsin gave rise to a large, stable fragment average helicity per residue for KI-t75 than KI-t96 (Figure
(called KI-t96/T), which could be purified by HPLC. The 2A), although the thermal melting point of KI-t75 is
main product of treatment with thermolysin was fragment approximately 10°C lower than KI-t96 under identical
KI-t96/Th1, which over time was further cleaved to yield conditions (data not shown). Truncations in the N-terminal
KI-t96/Th2; both fragments were also easily purified by region had considerably more dramatic consequences. Kl-
HPLC. All three fragments are largely-helical as deter- 65, a version of KI-t75 in which the N-terminal 10 residues
mined by CD spectroscopy and form trimers as assayed byupstream of the heptad repeat in helix A have been removed,
chemical cross-linking (data not shown). Analysis of the shows essentially no helicity (Figure 2B), again suggesting
proteolytic fragments by ESI-MS and Edman sequencing an important role for the N-terminal sequence.
showed that all three fragments retain the original N-terminus  These experimental results were used in conjunction with
of the protein, with cleavage occurring C-terminal to the sequence analysis to choose the appropriate fragment for
following residues: S378 for KI-t96/Th2, K380 for KI-t96/  further study. V373 is found at the end of one of the potential
T; and T381 for KI-t96/Th1 (Figure 1). A large number of heptad repeats in helix B, and it is followed by residues in
potential cleavage sites in the sequence are not recognizedhe HSF sequence (FGP...) with low helical propensities. As
by the proteases, suggesting that these parts of the polypepVv373 is the last residue in the KI-t75 fragment, we selected
tide chain form a stable structure which protects the sites KI-t75, which includes residues L304 through V373, as the
from cleavage. In particular, three putative thermolysin sites minimal trimerization domain to be used for further physical
in the N-terminal part of the protein, located after residues studies.
308, 310, and 312 upstream of the start of the heptad repeat Orientation of the Strand©ur initial results had suggested
of helix A, are protected from cleavage. This suggests that that the HSF trimerization domain most likely forms a three-
the N-terminal boundary of the trimerization domain extends stranded coiled-coil. However, the question remained whether
considerably beyond the heptad repeat. this coiled-coil is composed of parallel helices, or whether
Using the results from limited proteolysis in conjunction one of the three strands is oriented in an antiparallel fashion,
with the location of the heptad repeats, we expressed threeas observed in the structure of spectti)(or in the case of
new fragments oK. lactis HSF: KI-t86 (residues L304 a synthetic three-helix bundl&§). To discriminate between
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612 -61.8 -624  ppm l l ! I |
3300 3350 3400 3450 3500
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HN Vi CHs

498  -50.4  -51.0 ppm

Ficure 3: 19F NMR spectra for KI-t75 labeled at Y326 and W346.

In two independent experiments, fluorinated amino acid analogues
were incorporated into KI-t75 at (A) position Y326 and (B) position

W346. The positions fluorinated are indicated on the structures. In 3300 3350 3 400 3450 3500
both casesioF NMR spectra detect only a single resonance for the [B] in Gauss

introduced fluorine nucleus. The additional sharp peak in (B) is
residual TFA that has been folded into this spectral range due to
digitization.

these two possibilities, we usé®= NMR spectroscopy of
fluorinated forms of the protein (Figure 3). Analogues of
either tyrosine or tryptophan were incorporated at a single
site of the protein (fY326 or fW346, at positiorisor e,
respectively, of the heptad repeat). The chemical shifts of
heavier nuclei, such a¥F, are strongly influenced by
environment, and therefore by charged groups in their
proximity. The trimers with fluorinated residues in either ' ' ' ' !

position show only a single chemical shift, indicating that 3300 3350 3400 3450 3500

in both cases the residues in all three subunits are found in [B] in Gauss

a single environment, an observation consistent only with a FIGURE 4:  Electron paramagnetic resonance spectra of proxyl-

: . ; ; labeled KI-t75. (A) Intersubunit interactions at room temperature.
parallel trimeric structure. The line widths for fY326 and . "=c" .~ \\as labeled at the C-terminus with a proxyl group

fW346 are slightly larger (52 and 64 Hz, respectively) than (;aap), and the spectrum of homotrimeric KI-t75 cc-IAAP (solid
the 40 Hz for a protein of similar molecular mass on the line) was recorded. For comparison, a spectrum was taken of a

spectrometer used. This line broadening was also observedeterotrimeric sample (dashed line), in which KI-t75 cc-IAAP was
in proton spectra of the trimerization domain, and is most mixed with a 30-fold excess of unlabeled KI-t75 to ensure that all

. . .. trimers had only a single C-terminal spin-label. (B) Intersubunit
likely due to the effect of slow tumbling of the long axis in  jyteractions at low temperature. KI-t75 Cc was labeled at the

a rather asymmetric molecule. C-terminus with a proxyl groul%(IIAA)P). The spedctrdum of the KI-
Inter- and Intrasubunit Distance¥Ve employed electron t7n5 Cc_n'qAA': hotmott{imer (S$i ]i“& \p2S recorde r?ﬂ4(l)ir:c
paramagnetic resonance (EPR) spectioscopy to determing!9 SomPared [0 e spectia of 1247 alone (dashed Ine) (0
inter- and intrasubunit distances in the trimer. Sincekhe 4t both cysteine residues and mixed with a 30-fold excess of
lactis HSF trimerization domain contains no naturally unlabeled KI-t75. The spectrum of this heterotrimer (solid line) was
occurring cysteine residues, we introduced cysteines atcompared to the spectrum of a IAAP solution (dashed line). Spectra
specific sites and used these cysteines to label the proteinVere recorded at140°C.
quantitatively with the thiol-specific nitroxide-based spin-
label IAAP. The spin-labeled proteins showrhelicity, ~15 A, as well as at low temperatures, where the anisotropic
stability, and oligomerization properties similar to the wild- dipole—dipole interactions can be observed quantitatively out
type protein, as determined by CD spectroscopy and chemicalto 25 A.
cross-linking (data not shown). EPR spectroscopy measures Intersubunit distances were measured using a C-terminally
the interactions between unpaired electrons, and can be usethbeled derivative of KI-t75 (KI-t75 cC). First, an EPR
to determine distances in the-85 A range 81). EPR spectrum was taken at room temperature for a heterotrimeric
measurements were taken at room temperature, where thenixture of C-terminally labeled subunits and a 30-fold excess
isotropic spin exchange interactions can be observed out toof unlabeled protein (Figure 4A). This heterotrimeric mixture
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A

ensures that most of the proteins have zero or one spin-label.
The resulting spectrum is typical for a molecule with a very
short correlation time, showing little or no line broadening
at room temperature. This indicates that the spin-label is
rotating freely in the solven@) and the C-terminus is free

of interactions with one another, rather than being tightly
packed in an interface between the three subunits. The room-
temperature spectrum of the labeled homotrimer, on the other
hand, shows some line broadening compared to the spectrum
of the single-labeled heterotrimer (Figure 4A). This observa-
tion implies interactions between spin-labels, indicating they
are in close €10 A) proximity. To follow up on these
qualitative results, we recorded low-temperature spectra at
—140°C (Figure 4B) in order to reduce the motions of the
protein that might interfere with detection of the interactions.
If the low-temperature spectrum of the labeled homotrimer
is compared to a set of standard spectra for spin-labels at a
known distance31), it is most similar to the spectrum of
two labels separated by 10.8 A. This roughly corresponds
to a distance of 1314 A between proxyl groups within the
trimer.

We measured intrasubunit distances by using the doubly
labeled derivative of KI-t75 (KI-t75 W346C/cC) along with
an excess of unlabeled protein to ensure that all the observed
interactions came from trimers with only a single labeled
subunit. The spectrum was compared to free IAAP to
compare line widths and shapes. No interactions are observed
for the heterotrimer at low temperature (Figure 4C) or room
temperature (data not shown), indicating that the two labels
must be separated by more than 25 A in the subunit. This
supports the hypothesis of an elongated structure for the
trimerization domain.

Sedimentation Velocity Measurements and Modeling.
Shape information can be obtained from sedimentation
velocity experiments by knowing the molecular weight and
estimating the hydration shell and partial specific volume.
The sedimentation coefficiensy ) for KI-t75 was deter-
mined to be 2.25 S (data not shown). We can use this value,
along with the molecular weight, to calculate a frictional
coefficient,f, of 5.05x 1078 g s*. Assuming a hydration
shell of 0.25 g of HO/g of protein and a partial specific
volume of 0.73 crilg ™%, we can calculate a hydrated volume
of 43.1 nn¥, which leads to a hydrated radius, of 21.75

300
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[KI-t59] in pM

100

50

Residuals

Radius (cm)

200
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100

[KI-t75] in pM
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Radius (cm)

FiIGURE 5: Oligomerization states of KI-t59 and KI-t75. (A) The
concentration gradient of KI-t59 at sedimentation equilibrium is
shown with a starting condition of 20M and speed of 30 000
rpm. Residuals were calculated for a global fit at three speeds
(30 000, 40 000, and 50 000 rpm) to a monosreimer equilib-
rium. For clarity, only every other data point is shown. (B) The

A for a sphere. This can be used to obtain a spherical
frictional coefficient,fspn Of 4.11x 1078 g s'L. The ratio of

the observed frictional coefficient to the calculated spherical
frictional coefficient gives a valuE, called the Perrin value,

concentration gradient of KI-t75 at sedimentation equilibrium is
shown with a starting condition of 100M and speed of 30 000
rpm. Residuals were calculated for a global fit of two runs (only
one of which is shown here) to a monomérmer—hexamer

of 1.22. Assuming that KI-t75 forms a prolate ellipsoid, we equilibrium. For clarity, only every other data point is shown.

can use the Perrin value to estimate a semi-axial ratio of centrifugation. The observed concentration gradient of the
close to 1:5 83). This ratio also supports our model of an protein agrees best with a model in which both free
elongated structure for the trimerization domain. monomers as well as trimers are present (Figure 5A),
Analysis of Subdomainghe functions of the two postu-  suggesting a weak but specific interaction. If we make the
lated subdomains of the trimerization domain, helices A and assumption that there is a monomé&imer equilibrium, with
B, were initially analyzed by studying them in their isolated no dimeric intermediates, we can calculate an apparent
form. Helix A, the N-terminal part of the domain, is monomet-trimer dissociation constant of around 25L0°
represented by the protein KI-t59, which was designed to M2, relative to an apparent monomsrimer dissociation
include the complete helix A as well as the region between constant of around 9.8 10712 M? for KI-t75 (Figure 5B).
helices A and B. KI-t59 has approximately 40% helical KI-t75 also appears to form hexamers at high protein
content under standard conditions, while peptides lacking concentrations, with an apparent trimérexamer dissocia-
this region between helices A and B are considerably lesstion constant of around 1.4 1015 M3,
helical (data not shown). The oligomerization state of KI-  The C-terminal helix B is represented by the synthetic
t59 in solution was determined by sedimentation equilibrium peptide pepC3. This peptide shows a surprising degree of
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A somewhat dependent on starting conditions (data not shown).
g 20 Because pepC3 appeared to aggregate in solution, the role
_"’ 4 of helix B was further studied by mutating the hydrophobic
E residues of helix B within a background of the full-length
5 °7 ] protein KlI-t75. Helix B has two overlapping frames of
o 4 hydrophobic repeats (Figure 1). KI-t75 z2bg replaces the
:’ ab hydrophobic residues of the repeat in the same frame of
& -204 AA‘ & reference as helix A (i.e., zipper 2 “be gone”), while KI-t75
£ - W z2,3bg replaces the hydrophobic residues from both overlap-
z 40 | ' ping repeats (i.e._,_z_ippe_r 2 and 3 “be gone”)_. Both mutants

200 I 2'20 ! 240 260 have reduced-helicity compared to KI-t75 (Figure 6C). In

addition, the KI-t75 mutants have apparent monontemer
dissociation constants of around 5310 1° M? (data not

B shown), which are closer in value to the dissociation constant
0 for KI-t59 than KI-t75 (Figure 5). The KI-t75 mutants also
show no evidence of hexamer formation, similar to KI-t59,
supporting the contention that helix B, which can form
hexamers, has been effectively mutated in these constructs.

Wavelength (nm)

DISCUSSION

In this paper, we have elaborated on our model of the
structure of the trimerization domain &f. lactis HSF ).
0 20 40 60 80 100 Initially, we delineated the boundaries of this domain, using
partial proteolysis and a series of truncations. The results
for the C-terminal boundary of the trimerization domain
c supported our expectations from sequence analysis: protease
susceptible sites immediately distal to the C-terminus of the
heptad repeats of helix B are cut, while potential sites within
the heptad repeats of helices A and B are protected. In
addition, three thermolysin sites N-terminal to the heptad
repeat of helix A are also protected, suggesting that parts of
the polypeptide chain beyond the immediate heptad repeats
are important for the structure of the domain. This contention
is supported by the fact that KI-t65, a peptide lacking the
= -30 first 10 N-terminal residues, has no detectable secondary
T structure.

] |
200 220 240 260 Next, we examined the overall topology of the trimeriza-
Wavelength (nm) tion domain in solution. To determine the orientation of the
FiIGURE 6: Secondary structure contributions of helix B. (A) Circular  subunits, we used®= NMR spectroscopy of fluorinated
dichroism spectrum of pepC3 at &M in standard C/P buffer«) residues incorporated at two positions of the heptad repeat.

and in buffer with 50% trifluoroethanols)). (B) Concentration ; ; ; : _
dependence of the thermal stability of pepC3 in standard C/P buf‘ferThe premise of this experiment is that a parallel three

as measured by circular dichroisméd,,. Concentrations of pepc3  Stranded coiled-coil structure would result in an identical
are 5uM (v), 10 uM (m), 20 uM (@), 50 uM (a), and 100uM environment for a given residue in all three subunits of the
(®). (C) Circular dichroism spectra of KI-t75 z2b@l) and KI- trimer. Since the chemical shift of'8 nuclear spin is very
t7522,3bg £) shown in comparison to wild-type KI-t78)) at 20 gensitive to its enviroment, the number of signals in'ife

uM C/P buffer. NMR spectrum of a specifically labeled fragment of the
secondary structure under mild conditions (&0 monomer trimerization domain should indicate the number of different
concentration, C/P buffer, pH 8.0,°€). The helical content  environments for the three subunits. Indeed, KI-t75 with
as measured by CD spectroscopy is 62%, which increasesither a fluorinated tyrosine residue at position 326 or a
only slightly to 81% upon addition of trifluoroethanol (TFE) fluorinated tryptophan residue at position 346 shows only a
to 50% (Figure 6A). This suggests that the isolated subdo- single peak in it$°F NMR spectrum, suggesting that those
main is already well folded. Thermal melts show a concen- residues are exposed to the same environment in all three
tration dependence of the melting point, suggesting that thesubunits. One possible caveat for this interpretation is the
peptide associates in the micromolar concentration rangepostulated location for residue Y326 in positibbased on
(Figure 6B). However, the thermal unfolding transitions are the heptad repeat, placing it on the outside face of the helix
relatively shallow, indicating that the unfolding is not very opposite to the contact interface between the subunits. It is
cooperative; this behavior is typical for isolated subdomains therefore possible that this residue might not interact strongly
(34). Sedimentation equilibrium studies also show that the enough with the electrical fields of the other subunits to show
peptide forms large oligomers in solution, with the average a noticeable interhelix influence on the chemical shift.
molecular weight larger than a hexamer, although this is Nevertheless, W346, postulated to be in posigpshould

[T]in °C

[6l
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FIGURE 7: Secondary structure prediction of HSF trimerization domains. The program nnPredict was used to predict the secondary structure
of the HSF trimerization domains frol. lactis, S. cereisiaie, Schizosaccharomyces pombedDrosophila melanogasteas well as the

two mammalian HSFs, mHSF1 and mHSH2(49-53). The plot shows the number of cases in which a given position is predicted to be
helical (i.e., sum of helical propensities). The position number is given relative to the residue within ltwtis HSF sequence.

sum of helical propensities
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be partially buried in the cleft formed by the helices, a presented in this paper on the sedimentation velocity of Kl-
hypothesis supported by the limited accessibility of this t75, which shows that the correct semi-axial ratio of the
residue to small molecules in fluorescence quenching assaygrolate ellipsoid is close to 5:1 for the 75 amino acid
(data not shown) and its slightly increased line width with fragment. Based on the crystal structures of both naturally
respect to the fY326 resonance. Since this residue clearlyoccurring and designed three-stranded coiled-cais 19,
shows only a single chemical shift, it seems likely that all 37, 38, we can assume a short semi-axis of between 13 and
three tryptophan residues in the trimer are exposed to the1l5 A. This also agrees with the intersubunit measurement
same environment. This rules out any antiparallel arrange-of 13—14 A between C-termini in KI-t75 cC. Considering
ment of the subunits, as well as any shift of the subunits the calculated volume, KI-t75 should have a long semi-axis
relative to each other along the long axis of the trimer (i.e., of between 65 and 75 A, or a length of between 130 and
any change in register). 150 A. This dimension is long enough to encompass an
The overall fold of the domain was then elucidated by elongated, mostly helical structure of 75 amino acids.
using EPR spectroscopy to determine inter- and intrasubunit  Finally, we looked at the subdomain structure of the
distances. In a first experiment, the distance between thetrimerization domain. Helices A and B were originally
C-termini of the subunits in the trimer was determined to be defined by sequence analysis (Figure 1). Our experimental
approximately 13-14 A. This value is within the range of  data show that both subdomains have the potential to form
distances between identical residues in the subunits of a threeeoiled-coils independently. KI-t59, representing helix A, was
stranded coiled-coil, such as the trimeric mutant form of the shown to form a trimer in solution (Figure 5A), although of
GCN4 leucine zipper, where distances range between 11.5ower stability than the complete Kl-t75 domain (Figure 5B).
and 16.2 A 85). While close packing of the spin-labels PepC3, the peptide based on the isolated helix B of the
against the coiled-coil could still lead to distances compatible trimerization domain, is also helical and can form large
with the distances determined by EPR, the fact that the labelsoligomers in solution (Figure 6A). The fact that pepC3
show no motional restraint rules out this possibility. The strongly oligomerizes suggests that helix B is involved in
hypothesis of intrasubunit interactions between helices A andstabilizing the trimerization domain. Indeed, mutation of
B was also addressed by using a doubly labeled fragmenthydrophobic repeats in helix B decreases the helicity for Kl-
with labels at residue 346 (in the C-terminal third of helix t75 (Figure 6C), as well as the dissociation constant for a
A) and at the C-terminus of the fragment (at the end of helix monomet-trimer equilibrium relative to wild-type Kl-t75
B). Both residues are at a similar distance from the region (data not shown). Given that the independent subdomain A
between helices A and B, which is the most likely candidate can form trimers in solution and that removal of subdomain
to act as a joint between a central coiled-coil and buttressingB reduces the ability of KI-t75 to form trimers, it is likely
helix, as is found in viral envelope glycoproteirks( 2J). that both subdomains are critical and that they are trimeric
Nevertheless, no interaction was detected, supporting stronglyand probably forming coiled-coils within the context of the
the model in which the trimerization domain has an elongated isolated trimerization domain. In support of the idea of two
structure with no interactions between helices A and B.  independent subdomains is evidence from in vivo studies of
This model of an elongated structure is in disagreement K. lactisHSF whereby deletion of helix A leads to a different
with our previously published model of the trimerization phenotype than deletion of helix BY).
domain 6). Although our previous analytical ultracentrifu- The strength of the KI-t75 dissociation constant (%8
gation data correctly estimated that the proper shape of thel0-'> M?) can be compared to two other published values
trimerization domain was a prolate ellipsoid (i.e., a rodlike, for dissociation constants of HSF. Using fluorescent quench-
elongated shape with one long semi-axis of lengthand ing experiments, a dissociation constant 0k31071° M?
two short semi-axes of length’) (5), we had made a simple  was found for a fragment df. lactis HSF containing the
mathematical error when calculating the semi-axial ratios for DNA binding domain and the trimerization domain ending
KI-t96 (36). Our new calculations for KI-t96 give an axial at residue 38540). Gel filtration chromatography on full-
ratio of around 6:1 (data not shown), which is consistent length D. melanogasteHSF gave a dissociation constant
with an elongated structure. This is supported by data of around 2.2 x 107 M2 (41). Even accounting for
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differences in technique and conditions, these results support 9.

our contention that KI-t75 represents the isolated trimeriza-
tion domain fromK. lactis. The lower values for &. lactis
HSF fragment containing the DNA binding domain domain
and trimerization domain might be due to steric interference
of the DNA binding domain or to differences in the
C-terminal truncation, while the even lower values for the
D. melanogasteHSF support the predominance of mono-
meric HSF in higher eukaryotes under nonshocked conditions
(42).

A question that still remains open concerns the structure
of the region between helices A and B. Secondary structure
analysis programs such as PHER) and nnPredict43) do
not predict this region to be helical. For example, Figure 7
illustrates the summation of the predicted helical propensity
from the sequences of six HSF trimerization domains. The
predicted helicity drops after residue 373 (usingKhéactis
HSF sequences as a reference), in agreement with our

C-terminal domain boundary. Between residues 356 and 359, 19
20.

there is a gap with no predicted helicity; this region is located
within the postulated linker region between helices A and

B. Although not definitive, this suggests that there might be 21,

a break in the helicity of the trimerization domain.

Another question that also has to be addressed is the
relation between the structure of the isolated domain and its
structure in the context of the full-length HSF. As the studies
on the trimerization domain of influenza hemagglutinin have
shown (6, 19, 44, significant rearrangements can occur in
the topology of a domain. Considering the large number of
hydrophobic residues in theeandg positions of helix B, as
well as the large number of conserved residues in helix A,
it seems possible that at least during some points of the
functional cycle of HSF helices A and/or B might interact
either with other domains of HSF or with other proteins. In
support of this latter contention, recent results have identified
proteins that interact directly with HSF’s trimerization
domain @5—47). Alternatively, the extra hydrophobic resi-
dues in helix B might be responsible for stabilizing large
oligomers such as the hexamers that form when HSF forms
DNA loops @8).
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