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ABSTRACT. The sterile alpha motif (SAM) domain is a protein module of approximately 65 to 70 amino
acids found in many diverse proteins whose functions range from signal transduction to transcriptional
repression. The alpha splice variant of p73 (pJ3a homologue of the tumor suppressor p53, has close

to its C-terminus a SAM motif. Here, we report the folding equilibrium properties of thecpBAM

domain (SAMp73) by using different biophysical techniques (circular dichroism, fluorescence, and Fourier
transform infrared spectroscopies, and differential scanning calorimetry). Those probes indicate that
SAMp73 folds via a two-state mechanism. Fluorescence experiments performed at different pHs showed
two titrations: the first one due to an acid residue (withka p= 4.5 £ 0.3) and the second due to
deprotonation of tyrosine residues. The conformational stability of the protein upon chemical denaturation
was determined over the pH range 3 to 10. The maximum conformational stabili@ is 5.7 + 0.4

kcal moi™t (at 25°C) and occurs in a broad maximum, with little variation, between pH 6 and 10. The
high melting temperature of SAMp734 = 93.5°C), despite its moderate conformational stability at 25

°C, can be ascribed to its low heat capacity change upon unfoldi@g,which is estimated to be around

915 cal K* mol~t at 25°C and only around 543 cal ® mol™! at the T,. The implications of the
temperature-dependent natureA@l, are discussed in relation to the thermal stability of proteins as opposed
to their conformational stability at room temperature.

p53 is a key tumor suppressor preventing the genetic p53, oncogenes can activate p73 to induce apoptosis in tumor
malignant alterations in cells. This protein is a modular cells (7).
molecule with a transcriptional activation domain, DNA- The p73a variant has close to its C-terminus a SAM
binding domain, and oligomerization domain, which mediates domain, which is thought to be responsible for regulating
tetramerization. The products of two cloned genes, @73 ( p53-like functions §). The structure of this SAM domain,
2) and p63 8), share strong sequence homology with the SAMp73, has been resolved by NMRS)(and X-ray
different domains of p53. For instance, p73 shares 63% crystallography 10, 11). The domain (residues 48554 of
identity with the DNA-binding region of p53 (including the  the full p73 protein) contains a CyXX —Cys motif and a
conservation of all DNA contact residues), 38% identity with Single tryptophan residue, which could be used as a probe
the tetramerization domain, and 29% with the transactivation {0 monitor the conformational changes in the protein under

domain. Conversely to human p53, p73 contains an additional\/""r'(?luf,S cohn(?'ltlcéns. d;l’he structu&e ?I thi dlpmaln rg(;/eals a
C-terminal extension. This extension is subject to alternative small five-helix bundle composed of fourhelices [residues

splicing, which results in six terminal variants (pé3-¢) 491-499 (helix 1), 506-511 (helix 2), 525-531 (helix 3)

: . . o and 538-550 (helix 5)], and a small;g-helix (residues 517
(1, 4). These splice variants have different transcription and ;
biological properties; thus, it seems that the C-terminal region 520). It has been noted that the SAMp73 domain has a

is responsible for the differences observed amon thestructural similarity with two ephrin receptors tyrosine
resp X 9 kinases 9); furthermore, the spatial arrangement of the
variants. For example, p78 transactivates many p53-

. d o | bundle is similar to the SAM domains found in other proteins
responsive promoters, an [paLioes so at a lesser exten_t (12). This domain is putatively considered to be responsible
(2,5, 6). However, both variants of p73 promote apoptosis f vequlating protein functions via self-association or by

irrespe_ctive of the p53 statu¥)(@nd suppress apoptc_)sis focus 5ssociation with other SAM domaindd), but its exact
formation @, 4). Furthermore, p73x and § proteins are  fynction is not known. The crystal structure reveals a dimeric

upregulated in p53-deficient tumor cells in response to grganization, but the NMR structure is monomer®, (
overexpressed oncogenes; it seems that, in the absence of

1 Abbreviations: ASA, solvent-accessible surface area; ANS, 1-anili-
nonaphthalene-8-sulfonic acid; CD, circular dichroigi#SAa, the
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suggesting that the dimer formation in the crystal is an effect water (unfolding) orm 7 M GdmCI (in the experiments to

of crystal packing rather than a real physiological state; test the folding reversibility). Protein concentration was
furthermore, sedimentation experiments have shown thatcalculated from the absorbance of stock solution measured
SAMp73 is monomeric, under a wide range of experimental at 280 nm, using the extinction coefficients of model
conditions @, and unpublished results). compounds 18).

Because of its small size (67-residues long), we are using Fluorescence Measuremen#d! fluorescence spectra were
SAMp73 as a model for folding, stability, and binding collected on a SLM 8000 spectrofluorometer (Spectronics
studies. We have embarked in the study of the stability of Instruments, Urbana, IL), interfaced with a Haake water bath,
this domain, and how its stability is affected by the presence at 25°C, in all cases. Sample concentration was in the range
of denaturants and other macromolecules, to get insights into2—6 #M, and the final concentration of the buffer was, in
its function and how it can mediate in cancer mechanisms. all cases, 10 mM. A 0.5-cm-path-length quartz cell (Hellma)
We aim to design mutants of SAMp73 involved in cancer Was used. _
development to study whether there is a relationship between (&) Steady-State Fluorescence Measuremdiite.protein
stability and malignancy. To do so, we need to know in depth Samples were excited at 280 and at 295 nm in the pH range
the determinants of the stability of the mutant and wild-type 3—12 to characterize a possible different behavior of
proteins. Our findings in this work show that SAMp73 wild-  tryptophan or tyrosine residuedd). GdmCl unfolding
type is moderately stable over a wide pH range, reaching its €xperiments were acquired by excitation at 280 nm, because
maximum stability in the range pH 6 to 10, and that the NO differences were observed between the excitation either
protein folds via a two-state folding mechanism. The at 280 nm or at 295 nm (data not shown). The slit width
thermodynamical parameters obtained from DSC experi- Was typically equal to 4 nm for the excitation light, and 8
ments indicate a high thermal midpoint denaturation, The nm for the emission light. The fluorescence experiments were
overall picture obtained from both chemical- and heat- recorded between 300 and 400 nm. The signal was acquired
induced denaturation studies is consistent with a moderatelyfor 1 s and the increment of wavelength was set to 1 nm.
stable protein at 25C, although it is highly resistant toward ~Blank corrections were made in all spectra.
thermal unfolding. The implications of the temperature-  The GdmCl titrations, either followed by fluorescence or
dependent nature ohC, are discussed in relation to the CD, were carried out by dilution of the proper amount of
thermal stability of proteins as opposed to their conforma- the 7 M denaturant stock solution and leaving the samples
tional stability at 25°C. To our knowledge, this study at25°C, foratleas3 h prior to performing the experiments.
represents the first report characterizing the equilibrium No differences were observed between the samples prepared

unfolding of a SAM domain, and one of the first folding the previous night and those prepa@eh before acquisition.
studies on proteins involved in tumor suppression and AS the concentration of GdmCI was increased, the fluores-

regulation (4, 15). cence spectra were red-shifted and their intensities were
increased (data not shown).
EXPERIMENTAL PROCEDURES In the pH-induced unfolding experiments, either followed

by fluorescence or CD, the pH was measured after comple-
Materials. Urea and GdmCI ultrapure were from ICN tion of the experiments, and essentially no differences were
Biochemicals. GdmCI molecular biology grade was from observed with those pHs calculated from the buffer stock
Sigma. Exact concentrations of urea and GdmCl were solutions. The pH was measured with an ultrathin Aldrich
calculated from the refractive index of the solutialB) electrode in a Radiometer (Copenhagen) pH meter. The pH
Imidazole, Trizma base, NaCl, and ANS were from Sigma. range explored using both techniques was 2 to 12. The salts
B-Mercaptoethanol was from BioRad, and thé'Niesin was and acids used in buffer preparation were pH-B®,
from Invitrogen. Dialysis tubing was from Spectrapore with phosphoric acid; pH 3:64.0, formic acid; pH 4.6-5.5, acetic
a molecular weight cutoff of 3500 Da. Standard suppliers acid; pH 6.6-7.0, NaBPQy; pH 7.5-9.0, Tris acid; pH 9.5
were used for all other chemicals. Water was deionized and11.0, NaCOs; pH 11.5-13.0, NaPQ,.
purified on a Millipore system. (b) Fluorescence Quenching Experimer@ienching of
Protein Expression and PurificatioThe SAMp73 clone, intrinsic tryptophan fluorescence by iodide or acrylamiig) (
comprising residues 487%54 of the intact p73 and a His was examined at different pHs. Excitation was at 280 nm
tag at the N terminus, was kindly donated by C. H. (for quenching of tyrosine and tryptophan residues) and 295
Arrowsmith. We have carried out all the studies with this nm (for quenching of the tryptophan residue); emission was
construction since its structure is well-known by NM® ( measured from 300 to 400 nm. In experiments employing
and no differences were observed with that obtained by Kl as a quencher, ionic strength was kept constant by addition
X-ray, where the Higtag was removedl(, 11). Recombi- of KCI; also, NaS;0; was added to a final concentration of
nant protein was expressed Escherichia coliC43 strain 0.1 M to avoid formation of4™. The slit width was set at 8
(17), and purified using Ni- chromatography. To eliminate  nm for both excitation and emission. The dynamic and static
any protein or DNA bound to the resin, coeluting with the quenching constants for acrylamide were obtained by fitting
protein, an additional gel filtration chromatography step was the data from different wavelengths (in the range 3380
carried out by using a Superdex 75 16/60 gel filtration nm) to the SteraVolmer equation, which includes an
column (Amersham Pharmacia Biotech). The yield was 30 exponential term to account for static quenchi@g){
35 mg of proteinper 1 L of culture. The samples were
dialyzed extensively against 0.2 M NaCl, lyophilized, and F/F=1+ KSV[X](”[XD ()
stored at—80 °C. Samples for unfolding studies were
prepared by dissolving the lyophilized protein in deionized where K, is the Stera-Volmer constant for collisional
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quenching and is the static quenching constant. Similar Analysis of the pH and Chemical Denaturation Ges,
values ofKg, and v were obtained at the above indicated and Free Energy Determinatiofhe wavelength averaged
wavelengths (data not shown). lodide quenching did not emission intensitylAL]in fluorescence spectra was calculated
show a significant static component, and then the exponentialfrom (21):

term was not included in the fitting of eq 1. In both

guenchers, the range of concentrations explored w#s 0 - lI
M. —I
- - . A
(c) ANS BindingANS binding was detected by collecting = : @)
fluorescence spectra at different pHs in the presence of 50 n
uM dye. Excitation wavelength was 380 nm, and emission Zli
was measured from 400 to 600 nm. Slit widths were 4 nm

for excitation and 8 nm for emission. Stock solutions of ANS ] ] ]
were prepared in water and diluted into the samples to theWhereli is the fluorescence intensity measured at a wave-
above final concentration. In all cases, all the blank solutions '€ngth4i. This parameter was used to map the changes in
were subtracted from the corresponding spectra. the exposure of arpmatlc residues in the chemical and pH
Circular Dichroism MeasurementCircular dichroism ~ denaturation experiments. _
spectra were collected on a Jasco J810 spectropolarimeter 1he PH denaturation experiments were analyzed assuming
fitted with a thermostated cell holder and interfaced with a that both species, protonated and deprotonated, contribute
Neslab RTE-111 water bath. The instrument was periodi- 0 the fluorescence spectrum:
cally calibrated with4) 10-camphorsulfonic acid. Isothermal _
: i (Xq  XpLOPHPHay
wavelength spectra at different pHs were acquired at a scan X = a b
speed of 50 nm/min with a response tinf€® and averaged 1+ 10(pH*pKa))
over four scans at 25C. Far-UV measurements were
performed using 2640 uM of protein in 10 mM buffer, whereX is the physical property being observed (ellipticity
using 0.1- or 0.2-cm-path length cells. Near-UV spectra were or fluorescence)X, is the physical property being observed
acquired using 3640 uM of protein in a 0.5-cm-path length  at low pHs (that is, the fluorescence or ellipticity of the acid
cell. All spectra were corrected by subtracting the proper form), X, is the physical property observed at high pHs, and
baseline. pK, is the apparentlf of the titrating group. The apparent
Thermal denaturation experiments were performed at pK, reported was obtained from three different measure-
constant heating rates of 30, 60, and 2Gth and a response  ments, prepared with new samples.
time of 8 s. Thermal scans were collected in the far-UV  To facilitate comparison among the different biophysical
region at 222 nm from 28C (or 5°C) to 90°C (or 95°C) techniques, data were converted to the fraction of folded and
in 0.1-cm-path length cells with a total protein concentration unfolded molecules according to the expression:
of 20—40 uM. Thermal scans were collected in the near-
UV region at 280 nm from 28C (or 5°C) to 90°C (or 95
°C) in 0.5-cm-path length cells with a total protein concen-
tration of 40-50«M. The solution conditions were the same
as those reported in the steady-state far-UV experiments. Thayvhere Xy = oy + Bn[D] and Xp = ap + SBo[D] are the
reversibility of thermal transitions was tested by recording corresponding fractions of the folded and unfolded states,
a new scan after cooling to 5 or 1 the thermally  respectively, for which a linear relationship with denaturant
denatured sample, and comparing it with the spectra obtaineds usually assumed, anlis the physical property (ellipticity
in the first scan. The possibility of drifting of the CD or fluorescence) being observed. The majority of the data
spectropolarimeter was tested by running two sampleswere obtained by following the ellipticity at 222 nm upon
containing buffer, before and after the thermal experiments. chemical denaturation. The denaturation data obtained by
No difference was observed between the scans. Everyfluorescence or CD were fitted to the two-state equation:
thermal denaturation experiment was repeated at least twice

3

_ (X = Xp)

fo=—"27
N (XN_XD)

(4)

with new samples. In all cases, after the reheating experiment, X = (Xy + X 2Ry (1 4 AR (5)
the samples were transparent and no precipitation was
observed. whereXy andXp are the corresponding fractions of the folded

In the GdmCI denaturation experiments, far-Uv CD (N) and unfolded states (U), respectively, which have been
spectra were acquired at a scan speed of 50 nm/min, anddefined aboveRRis the gas constant, afds the temperature

four scans were recorded and averaged at°@5 The in K.
response time was 2 s. The path length cell was 0.1 cm, Chemical denaturation curves at the different pHs were
with a protein concentration of 210 uM in the far-Uv analyzed using a two-state unfolding mechanism, according

CD experiments; for the near-UV CD experiments, the path to the linear extrapolation modelAG = m([D]sos% — [D])
length cell was 0.5 cm, with a protein concentration of-40  (16), whereAG is the free energy of denaturation, [D] is
50 uM. Spectra were corrected by subtracting the baseline the denaturant concentration, and 4§9]is the one at the

in all cases. The chemical denaturation reaction is fully midpoint of the transition. The chemical denaturation binding
reversible, as demonstrated by the sigmoidal curves obtainednodel 2, 23) was also used for the fitting of the chemical
by starting from dilutd 7 M GdmCI samples at different denaturation data, but no reliable parameters were obtained
pHs (data not shown). Every chemical denaturation experi- for AG (data not shown). Thus, the linear free-energy model
ment was repeated at least three times with new sampleswas used in all the conformational stability calculations.



5746 Biochemistry, Vol. 41, No. 18, 2002 Barrera et al.

Urea was used, as the first choice, in the chemical
denaturation experiments to avoid any electrostatic effects
caused by GdmCI. However, in most of the pHs explored,
there were not enough points at high denaturant concentra-
tions (the unfolding baseline), precluding a reliable deter-
mination of m and [ureade, parameters. At low pHs,
however, it was possible to determine those parameters, and
a comparison was carried out with those obtained from the
GdmCI denaturation experiments (see Discussion).

Fitting by nonlinear least-squares analysis to egs 1, 3, and
5 was carried out by using the general curve fit option of
Kaleidagraph (Abelbeck software) on a PC computer.

Fourier Transform Infrared Spectroscopihe proteinwas ~ FIGURE 1. Structure of SAMp73: NMR structure of SAMp78)(

ili i i ; showing the aromatic side chains of the protein. The nomenclature
lyophilized and dissolved in deuterated buffer Tris 10 mM ofthe halices are H1: residues 9: H2: 506-511: H4: 517-

and 0.3 M NacCl (pH 7_.4). No corrections in the measured ¢, (the 3o helix); H3: 525-531; H5: 538-550. The figure was
pH were done for the isotope effects. Samples of SAMpP73 produced with Rasmobg).

at a final concentration of 6 mg/mL were placed between a ) _ _
pair of Cal windows separated by a 50n thick spacer in The excess heat capacny.ft_mcno.ns were then analyzed using
a Harrick Ossining demountable cell. Spectra were acquiredthe software package Origin (Microcal Software, Inc.).
on a Nicolet 520 instrument equipped with a deuterated RESULTS
triglycine sulfate detector and thermostated with a water bath
at 25°C. The cell container was continuously filled with pH-Induced Unfolding Experiment§o examine how the
dry air. Usually 600 scans/sample were taken, averaged,secondary and tertiary structures of SAMp73 change by pH,
apodized with a Happ-Genzel function, and Fourier trans- we used multiple spectroscopic techniques)(which give
formed to give a final resolution of 2 cth The contributions ~ complementary information about the melting of the second-
of buffer spectra were subtracted, and the resulting spectraary and/or tertiary structure of the protein.
were used for analysis after smoothing. The spectra smooth- (a) Fluorescence Experiment/e have used fluorescence
ing was carried out applying the maximum entropy method to map any change in the tertiary structure of the protein
(24). Derivation of FTIR spectra was performed using a upon pH changesl@). SAMp73 has one tryptophan and five
power of 3 and a breakpoint of 0.3. Fourier self-deconvo- tyrosine residues. Trp542, in the numbering of intact p73, is
lution was performed using a Lorentzian bandwidth of 18 in the middle of the last helix (the fifth helix) forming the
cm ! and a resolution enhancement factor of2B)( The hydrophobic core of the protein (Figure 1). Tyr487 is at the
prediction of protein secondary structure quantified by beginning of the domain; Tyr508 is in the middle of second
deconvolution of the amide | ban@4) yielded essentially  helix; Tyr518 and Tyr537 are at the beginning of helix 4
the same percentage ofhelix, g-turns, and random-coil  and helix 5, respectively; the last tyrosine, Tyr554, is the
structure than that observed in the high-resolution NER (  C-terminal residue, and it is following to Asp553. The
and X-ray (L0, 11) structures (data not shown). emission fluorescence spectrum of native SAMp73 has a
Thermal denaturation experiments followed by FTIR were maximum at 335 nm at low and neutral pHs; thus, it is
also done at a protein concentration of 6 mg/mL, 0.3 M NaCl dominated by the emission of the sole tryptophan residue.
with a scanning rate of 50C/h, and acquired every &C. As the pH increases above neutral pH, the maxima of the
Differential Scanning CalorimetryDSC experiments were  spectra are red-shifted toward 345 nm, probably due to basic
performed with a MicroCal MC-2 differential scanning unfolding.
calorimeter interfaced to a computer equipped with a Data We examined fluorescence spectra usingifipparameter
Translation DT-2801 A/D converter board for instrument obtained by excitation at two different wavelengths (280 and
control and automatic data collection. Lyophilized protein 295 nm) (Figure 2). The profile ofiCJupon excitation at
was dissolved in buffer (10 mM MES buffer, 0.2 M NaCl, 280 nm versus pH shows two titrations at low and at high
pH 6.5) and dialyzed extensively (twice) agdi@d. of the pH. We could not determine thep of the titration at high
same buffer at £C. Since the protein unfolds irreversibly pH because of the absence of the baseline at basic pHs. This
when heated at concentrations above 1 mg/mL (data nottitration is concomitant with the red shift of the spectra at
shown, and see results), all calorimetric experiments werehigh pHs, and because of its higkp it seems to be related
performed at concentrations below 0.5 mg/mL. Samples werewith the deprotonation of the Tyr residue’). Conversely,
degassed under vacuum for 10 min with gentle stirring prior the apparent g, of the titration at low pH is 4.5 0.3
to being loaded into the calorimetric cell. Samples were (determined by using eq 3 in the pH range 2 to 7). This
heated at a constant scan rate of°@h and held under a  value is close to that of the side chains of Glu, Asp, and/or
constant external pressure of 1 bar to avoid both bubblethe C-terminal residue27).
formation and evaporation at temperatures above’®5 Conversely, the fluorescence spectra obtained when excited
Before the samples were rescanned, they were cooled in situat 295 nm did not show any titration either at low or high
to 20°C for 40 min. Experimental data were corrected from pH (Figure 2, inset). Since at 295 nm Trp542 is preferentially
small mismatches between the two cells by subtracting a excited, these facts suggest that both titrations, observed upon
buffer vs buffer baseline, prior to data analysis. After excitation at 280 nm, might involve tyrosine residues.
normalizing to concentration, a chemical baseline calculated (b) ANS Binding ANS binding was used to monitor the
from the progress of the unfolding transition was subtracted. extent of exposure of protein hydrophobic regions, and to
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Table 1: Quenching Constants for SAMp73 in Acrylamide and KI

acrylamide Kl
280 295 280 295
conditions Ksy(M™1) v (M) Ksy(M™1) v (M) Kev(M™) Kev(M™)
pH 1.8 9.9+ 15 2.4+0.2 5.1+ 0.3 0.6+0.1 1.02+ 0.07 2.3+ 0.3
pH 6.3 8.6+ 0.2 2.59+ 0.03 5.1+ 0.5 0.5+ 0.2 1.7+0.1 2.3+ 0.2
pH11.9 6.4+ 0.3 2.69+ 0.07 3.1+ 0.3 0.8+ 0.2 1.52+ 0.06 1.7£0.1
5M GdmCl 15.0+ 2.0 3.1+ 0.2 6.7+ 0.5 0.4+ 0.1 3.6+0.1 5.9+ 0.8

aErrors are data fit errors to eq 1 with (acrylamide) or without (KI) exponential factor. The constants were obtained by fitting of fluorescence
intensity at 338 nm vs concentration of quenching agent (similar constants were obtained by fitting the intensities at 335, 336, and 337 nm, data
not shown). Experiments were carried out at°s The experimentstd M GdmCIl were carried out at pH 6.

292 T T T T same, within the error, at any pH, and slightly larger at 5 M
291 L © %0 oo GdmCl. In general, both parameteks,, andv, are larger,
o 3 o0 0 ° ° F using the acrylamide quencher, when excited at 280 nm than
T 2.90 : Top . ] at 295 (Table 1), reflecting the fact that at 280 nm, tyrosine
Q > 289 | wprreeee E and tryptophan are excited.
£ S o8 [ gl 3% 3 The use of Ki yielded similar results at both excitation
z i 287 2533 . ] E wavelengths: the&s, remain nearly the same at low and
8 I %iilﬁ St e o © ] neutral pHs, and decreases slightly at basic pHs. The small
g 286 F C.p .t E variation observed at low pHs, when excited at 280 nm, could
285 TSN ° be due to partial decomposition of }a0s, which is known
DY T T R S R to be unstable at acid pH8(); its decomposition would
0 2 4 6 8 10 12 14 lead to the formation ofsl, which absorbs strongly at 280
pH nm. At high [GdmCI], theKs, increases, as it does in

FiGURE 2: pH-induced unfolding of SAMp73 followed by fluo- acrylamide. C(_)nversely to that observed in acrylamide, there
rescence: The average energy is represented versus the pH b€ N0 large differences between thdﬁ_.,emeasured at 280

excitation at 280 nm. Inset: The average energy obtained at eachor 295 nm. The reasons of this behavior are not known, but
pH by excitation at 295 nm. The conditions wergld of protein, they could be either due to the large volume of acrylamide

0.2 M NaCl at 25 £ 0.1) °C; buffer concentration was 10 mMin  \vhen compared to K, or to the fact that the iodide has a
all cases; spectra were acquired in 0.5-cm-path-length cells. negative charge

detect the existence of non-native partially folded conforma- _ () Far- and Near-UV CD ExperimentsVe used far-Uv
tions, upon pH-induced unfoldin@8, 29). All the spectra ~ CD In the analysis of the unfolding of SAMp73 as a
showed maxima at 480 nm, with no large changes in the spectroscopic probe that is sensmve to protem secondary
fluorescence intensity (data not shown) in the whole pH structure 81, 32). Its C.D Spec”!’m IS Very !ntense and has
range, suggesting that no exposure of any hydrophobic regionthe features of an-helical protein, W|th_ minima at 222 and
was occurring. 208 nm (dat_a not shown), although interference from the
(c) Examination of Tryptophan Exposure by Fluorescence aromatic re5|d_ues cannot be ruled out at 222 8f 82).
Quenching To further check whether the tertiary structure 'S shape did not change over the pH range explored,
around the Trp changes upon pH, we examined iodide angsuggesting that secondary structur_e is _not altered significantly
acrylamide quenching by excitation at 295 nm. In the (data not_shown). No residual ellipticity was present when
structure of SAMp73 (Figure 1), Trp542 is partially shielded M€ Protéin was denatured by GdmcCl. _ _
from the solvent; thus, if any partial unfolding occurs as pH ~ We used near-UV CD to detect for possible changes in
changes, the accessibility of the tryptophan should change the asymmetric environment of aromatic residugs 82).
Excitation at 280 nm was also carried out to test for the The neatUV of SAMp73 is very weak, and there are not

accessibility of tyrosine residues. intense bands, despite the presence of a large number of
Acrylamide-quenching experiments with excitation at 295 aromatic residues. No significant residual ellipticity was
nm vyielded exponential SterrVolmer plots. TheKs, pa- detected when the protein was denatured at high [GdmCI].

rameter remains constant, within the error, at acid and neutralThe near-UV spectrum does not change with the pH (data
pHs, but decreases at basic pHs (Table 1). This indicatesnot shown), |nd|ca.t|ng that the qhanges observed in fluor(_as—
that at low pHs, the solvent exposure of Trp542 does not ence upon pH did not alter significantly the asymmetric
change significantly; conversely, at high pHs, the exposure €nvironment of the aromatic residues.

of Trp542 changes probably because of basic unfolding. In conclusion, all spectroscopic probes indicate that
Quenching control experiments in the presence of 5 M SAMp73 maintains essentially its secondary and tertiary
GdmCl (pH 6), where the protein is completely unfolded Structure between pH 2 and 12. At high pHs, evidence of
(data not shown), yielded larg&t, than those observed at  basic unfolding is observed in the fluorescence spectra, and
any pH (Table 1), suggesting a complete exposure of Trp542thus, in the tertiary structure.

to the solvent. The parameter did not change substantially =~ Thermal Denaturation Experiment$o obtain the ther-
either at high [GAmCI] or pH. The behavior of the acrylamide modynamical parameters characterizing the unfolding transi-
Ksy, Upon excitation at 280 nm, follows the same pattern than tion of SAMp73, we carried out thermal denaturation
that observed at 295 nm. The obtainedarameters are the  experiments.
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(a) Far- and Near-UV CD Experiment®V/e explored the
thermal denaturation behavior of SAMp73 in the213..7 A)
pH range (data not shown). The thermal profiles did not show
a baseline at the higher temperatures, except at pH 11.7. At

this pH, a sigmoidal behavior was obtained, but the thermal
midpoint could not be determined from the thermal measure-
ments because of the irreversibility of the process. At lower
pHs, SAMp73 seems to unfold reversibly, as concluded from
the coincidence of the heating and reheating curves. Unfor- 89 °C
tunately, the highT, (> 90 °C) precluded its accurate 86 °C

determination (data not shown). o
To decrease th&,, we assayed the acquisition of thermal 82 °C
experiments in the presence of different [GdmCI]. Extrapola- 78 °C

tion of these melting temperatures @M GdmCl should 73 °C
allow us to obtain a reliable measurement of e The 70 °C
[GdmMCI] assayed at pH 6 were 0.2, 0.4, 1, 1.4, and 1.8, where 65 °C
the protein is fully folded (data not shown). In all cases, the

protein unfolded reversibly, as indicated by the superposition [ ! . .60 °C

of the heating and reheating curves. However,Tiheould 1700 1650 1600
not be determined either because the transitions were not
very steep or they did not show a large enough baseline at
low or high temperatures. I

Thermal denaturation experiments followed by near-UV 60 [ ]
did not show a sigmoidal behavior either (data not shown). ' ]

(b) FTIR ExperimentsFTIR is a powerful method for
investigation of protein secondary structure. The main
advantage in comparison with CD and fluorescence is that
FTIR is much more sensitive to the presencgtructure
or random-coil. Upon heating, the shape of the amide | band
of SAMp73 changed dramatically (Figure 3 A), with: (i) a
substantial loss in the integrated intensity of bands arising
from a-helix; and (ii) the appearance of a strong band at
1620 cm?, and a weaker band at 1680 ch which
correspond to interactions between extended chains, and have
been related to aggregation of thermally unfolded proteins
(33). The measure of the width at half-height upon temper-
ature allowed us the characterization of the melting curve
(Figure 3B). The melting transition resembles that obtained ?ﬁéﬁﬁa‘?hemfﬂmtﬂquﬁgtgnsmﬁ'7e§ ;(t'J”OV;eAId (bE)!) _'F'tggﬁnéﬁ)
by CD experiments (data not shown). Again, no estimation | E208 £ A Vs Br el 7 the wicth At the half-height of
of the thermodynamical parameters for the unfolding transi- yhe amide | band. The conditions were 6 mg/mL of protein, 0.3 M
tion was possible due to the high. NaCl; buffer concentration was 10 mM.

The FTIR thermal denaturation experiments were not
reversible, when the sample was cooled and reheated (datdSC experiments (since the reaction is not under equilibri-
not shown). These findings agree with the results found by um). The level of reversibility of the heat-induced unfolding
DSC (see below), where at high protein concentrations (at of the protein increased as protein concentration decreased.
1-2 mg/mL) SAMp73 seems to aggregate upon heating. At concentrations below 0.5 mg/mL (68/), no scan rate

(c) DSC ExperimentsTo get further insights about the dependence was detected for the thermodynamic parameters
energetics involved in the folding equilibrium of SAMp73, extracted from the excess heat capacity function. However,
we studied the heat-induced denaturation of the protein by a significant decrease in the calorimetric molar enthalpy was
DSC. Due to the high melting temperatufie,, suggested  detected upon rescanning the sample, proving that a fraction
by CD and FTIR thermal denaturation studies, the protein of the protein was unable to fold after the first scan, probably
was scanned up to 11%C (close to the upper limit of  due to the high temperatures used in the DSC experiments
temperature operation of the instrument). The reversibility (115°C). Nevertheless, both the excess heat capacity function
of the unfolding transition was tested by rescanning the for the scan and rescan experiments were consistent with
samples under the same experimental conditions. The levelthe two-state reversible model and led to virtually the same
of reversibility of the transition was found to be strongly melting temperature§;,, and van't Hoff enthalpiesAHyy.
concentration-dependent. At concentrations in the range of The results in Figure 4 confirm the extremely high thermal
1-2 mg/mL, the protein unfolds irreversibly due to aggrega- stability of the protein previously observed in the CD and
tion (data not shown), and the DSC endotherm is highly scan-FTIR thermal denaturation experiments. For scan A, Tthe
rate dependent. It is clear that, under these conditions, thewas 93.5+ 0.1 °C, and the calorimetric enthalpy change
unfolding reaction is under kinetic control, and, therefore, upon denaturation of the proteiiH.,, was 59.8+ 0.4 kcal
no thermodynamic information can be extracted from the mol~. The van't Hoff to calorimetric enthalpy ratidAHy/

wavenumber, cm™

@
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[ o o o

Y- T T N N S BN P T
60 64 68 72 76 80 84 88 92

Temperature (QC)



Folding of SAM p73 Domain Biochemistry, Vol. 41, No. 18, 2005749

T T T T T T T 8.0:--r|f R A RABARRRRSS naser
3500 . 7.0 z— (A) I -i
3000 Lg 6.0 ? { } -;
_ S SOF i {* { E
oy 2800 ¢ 40f 3
g = b i 3
< 2000 % ’ ; 3
S 20 F 3
%1500 1.0 Enn||l||||I||A_|j_|LJL]AALAl||1|I||11lx|||
< 3 4 5 6 7 8 9 10 11
& 1000 pH
500 30 AL BN | T T LI B B
- [ (B) ]
o = 25F 3
" I . I N I . 1 " 1 " I " 1 % N ]
40 50 60 70 80 90 100 110 = 2.0 L i ]
Temperature (°C) = r { { { ]
FicurRe 4: DSC measurements of SAMp73: Excess heat capacity g 15 3 f } F { 3
function of SAMp73 at pH 6.5 in 10 mM MES buffer containing s Lt § { ]
0.2 M NaCl. The protein (0.45 mg/mL, 58M) was heated at a . | . . . . , ]
constant scanning rate (6C/h) up to 115°C (scan A), cooled, 1.0 3""4""5"' '6""7' = '8"'L9““10‘ 11
and reheated under identical conditions (scan B). The continuous
lines represent the fitting of the experimental data to a two-state PH
reversible model. The melting temperatufg, was 93.5+ 0.1°C 4.0 rrere
for scan A and 92.6- 0.1°C for scan B (rescan). For scan A, the TE (C)' ' ' ' ' ' R
calorimetric enthalpy change upon denaturation of the protein, = C ]
AHca, Was 59.8+ 0.4 kcal mot?! and the van't Hoff to calorimetric £ 35 F Wt i E
enthalpy ratio AHyw/AHcq, was 1.01AHg, for scan B was around § E & *
62% of the one obtained for scan A indicating that a portion of the 5 3.0 . 4
protein was irreversibly unfolded after being heated at X1 %see c 3 L1 ]
text). S 251 ,F . 3
AHca, was 1.01, suggesting that no stable intermediate is 2.0 £ Ce e L i

significantly populated as the native state unfolds to give 3 4 5 6 7 8 9 10 11
raise to the denatured state ensemble of the protein. The pH

excess heat capacity function of the protein obtained in the FIGURE 5 Stability of SAMp73: (A) Curve of stability with the

rescan (scan B) is also consistent with a two-state reversible

model. Both theT, and theAHyy are virtually identical to
those obtained in scan A (92°C and 61.2 kcal mot,

pH of SAMp73 at 25 £ 0.1) °C, measured by CD GdmCl
denaturation experiments. (B) Curve of timevalues measured by
CD GdmClI denaturation experiments. (C) The midpoints of the

respecuvely) A S|gn|f|cant decrease in the Calorlmetnc denaturation curves. The conditions WereyND of pI’Otein 0.2M

enthalpy change (37.2 kcal mé) is observed when com-
pared to that obtained in the first scan (59.8 kcal THol

NaCl in both cases, at 25:(0.1) °C; buffer concentration was 10
mM in all cases. Spectra were acquired in 0.1-cm-path-length cells.

indicating that around 38% of the protein (at this concentra- accelerated and the denaturation reaction monitored by DSC
tion, 0.45 mg/mL) was unable to fold when cooled after is no longer under microequilibrium.

being heated to 11%C.

It should be stressed here that the chemical- and thermal-

The situation described above can be explained in termsequilibrium unfolding of SAMp73 is completely reversible

of the Lummry-Eyring model in which the equilibrium

under concentrations lower than 20/ (data not shown,

U, respectively), given by the equilibrium constakt, is
coupled with some kind of irreversible transformation (with
a k kinetic constant) of the unfolded state yielding the
irreversible denatured state, D:

N=UuXp

used in the DSC and FTIR experiments), there is evidence
of irreversibility probably because of protein aggregation and
the high temperatures used.

Free Energy Profile as a Function of pHihe free energy
profile of SAMp73 was obtained by measurements of
chemical denaturation at any pH (Figure 5), by following
the ellipticity at 222 nm. The chemical denaturation process

The results shown in Figure 4 indicate that at concentrationsis completely reversible at the different pHs, as shown by
below 0.5 mg/mL, the native and unfolded states of SAMp73 the superposition of the chemical denaturation experiments

equilibrate rapidly in comparison to the time constant of the

calorimeter (in the order of 20 s). The unfolding transition

is under microequilibrium conditions, and the parameters

derived from the excess heat capacity of the prot@&in (
AHca and AHyy) can be interpreted in terms of classical

started from the fully folded and unfolded protein (data not
shown). The unfolding process follows a two-state folding
mechanism, as concluded from the agreement of the dena-
turation curves followed by fluorescence and far-UV CD (see
Discussion). SAMp73 is moderately stable at acid and neutral

equilibrium thermodynamics. Conversely, as the concentra- pHs. Its maximum conformational stability at 26 is AG
tion of protein is increased, being aggregation a multimo- = 5.7 + 0.4 kcal mot? (the average from the free energy
lecular process, the kinetics of the irreversible process is values measured between pH 6 and 10), occurring in a broad
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maximum, with little variation, between pH 6 and 10. The are identical at pH 3.9 (data not shown), where a low

m values of the chemical denaturation are fairly constant, value could be observed (Figure 5B). Also, we have observed
except at very low pHs (see Discussion), over all the pH that the free energies from urea and GdmCI denaturation
range explored (Figure 5), with an average value of#£.6  experiments are the same within the error (for instance, at

0.2 kcal mott M1, pH 2.8, where a transition with large enough baselines at
low and high [urea] could be obtained, yieldedG = 2.7
DISCUSSION + 0.2 vs 2.5+ 0.3 kcal mot? obtained at pH 3.1 in GdmCI);

further, the fittings to the two-state model were statistically

Free Energy and Stability of SAMp73 upon .pSAM better than those obtained by using the three-state model (data
domains have been suggested to be involved in pretein not shown); and finally the ratidHyn/AH.a, obtained from
protein interactions§, 12, 13), and usually, the isolated the DSC studies, is close to 1 (see Results). Thus, it seems
domains are prone to aggregate. This is why it has beenthat the decrease of tlevalue at low pHs is not associated
impossible to study, so far, their folding properties under with the presence of an intermediate in SAMp73, and that
any conditions. The SAMp73 domain is monomeric under this parameter is constant, within the error, at any pH. Rather,
all the pHs studied as checked by sedimentation equilibrium the lowm value observed at pH 3 could be probably due to
data @, and unpublished results), and then, we have beenthe absence of a large baseline at low [GdmCI] (data not
able to carry out equilibrium unfolding experiments to test shown). Themvalue is 1.6% 0.2 kcal mof* M~ (averaging
for its stability. all the values in Figure 5B, except that of pH 3). This value

Figure 5 shows the pH-dependence of the Gibbs free-iS higher than that obtained by multiplying the number of
energy of SAMp73 at 25C. Its maximum conformational ~ helical residues in SAMp73 (39 residues, from the NMR
stability averages 5. 0.4 kcal mot?, and occurs as a broad ~ Structure, €)) and theper residuem value for helix unfolding
maximum between pH 6 and 10. The variationA® with (0.023 keal mot* M™) (42): 0.897 keal mot* M™%, Caution
pH is greatest around pH 3.5, suggesting that-2 protons ~ Must be taken, however, because the abpeeresidue
are bound upon unfolding. At low pH where native SAMp73 parameter was obtained from model peptides using urea as
is positively charged, thels of the carboxyl groups in the ~ the chemical denaturan#). An m value can also be
folded protein are expected to be lower than in the unfolded eStimated from the linear relationship between and
protein 34). Then, unfolded SAMp73 binds protons more AASAwral (43):
tightly than folded SAMp73, and this seems to be the main
reason in the stability decrease as the pH is lowered. Similar m(cal mol* M™*) = (368+ 0.11AASA,,) (6)
pH behavior has been observed in RNase A and RNase T

(where the number of protons bound is nearly the saB&) ( The AASA o from the NMR structure9) is 5211.3 &.
36), in barnase 37) and staphylococcal nucleaséd-40)  The above expression yields 0.941 kcal mdVi—, which
(where the number of protons bound upon unfolding is js also slightly lower than that observed experimentally.
~3-5). Similar differences in the predicted and measuredalues
Whether or not then value depends on pH differs from have been observed in other all-helical prote#),(although
protein to protein. In RNase A, a linear relationship was the differences are smaller.
found 35), but a more complex behavior has been observed From the above results, it can be concluded that SAMp73
in RNase T185), barnaseg?7), and staphylococcal nuclease folds via a two-state mechanism, which is not surprising for
(39, 40). Recently, it has been suggested, by using a a protein of that size, as it has been reported recedfl. (
theoretical model, that either a decrease or increase imthe On the other hand, it has been reported that there is a general
value when pH decreases, is related with tKg yalues of tendency for proteins that denature at higher temperatures
a putative conformational intermediat&. In SAMp73, the to have higher free energies of maximal stabilid)( This
m value (Figure 5B) seems to be constant, within the is not the case in SAMp73; it has a small free energy of
experimental error, in all the pH range, except at very low maximal stability and a very high thermal midpoint. This
pHs (pH 3), where a slight decrease is observed. According high Ty, is not associated either to any significant structural
to this model 40), the decreasing would mean that the change with the pH (see below) or to changes in the free
intermediate should have unfolded-lik&4s. Criteria used energy (see before), which is constant in a broad pH range.
to ascertain two-state folding behavior (that is, no confor- Thus, the reasons of that high thermal midpoint must
mational intermediate involved) are: (i) coincidence of rely on another thermodynamical parameter, rather than on
equilibrium denaturation transitions monitored by different AG.
probes (for example, fluorescence and CD); (ii) the agree- pH-Induced Unfolding of SAMp73The tertiary and
ment among theAG obtained from GdmCI and temperature secondary structure of SAMp73 does not change significantly
denaturation with theAG from urea denaturation curves; (iii)  between pH 3 and pH 12 as concluded from the fluorescence,
the fitting to the two-state is better, as judged by statistical CD, and ANS binding measurements. Neither is the number
analysis, than that to the three-state model; (iv) the equiva-of solvent-exposed tyrosine or tryptophan as the pH in-
lence of the calorimetric and van't Hoff enthalpies; and (v) creases, as concluded from the iodide and acrylamide
the requirement that the unfolding free energy and its experiments. Th&s, quenching constants are similar to those
denaturant-dependence from equilibrium denaturation experi-observed in other proteins under native conditions: in glycyl
ments is identical to that obtained from kinetics of folding tRNA synthetase th&s, is 0.35+ 0.05 (in KI quenching,
and refolding 41). In SAMp73, we have found that chemical by excitation at 290 nm)4({7), or theKs, in human serum
denaturation transitions monitored by fluorescence and CD albumin is 6.0 (in acrylamide by excitation at 290 ng);
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Also, the quenching parameters in the presence of 5 M
GdmCl, where SAMp73 is completely unfolded (data not

shown), are larger (Table 1) than those measured in native

conditions, and similar to those observed in other proteins,
for the completely unfolded statd{, 48).

There are, however, small changes observed by fluores-
cence, at high and low pH. The changes at high pH are
probably due to basic unfolding, as concluded from the
presence of tyrosinate moieties (in the UV and FTIR
experiments at high pH, the characteristic bands of those
groups appear, data not shown). The change at low pH,
consistent with the protonation of groups with an apparent
pKa= 4.5+ 0.3, is associated with the environment of one
or several tyrosine residues, since the titration is only
detectable upon excitation at 280 nm (Figure 2). The tyrosine
residue closer to an acid residue is Tyr554, the C-terminal
residue, and also the following residue to Asp553. Thus, it
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is tempting to suggest that the changes in fluorescence arghe changes in accessible surface area of the protein induced by

related to this residue.

Conformational Stabilityersus High Thermal Midpoints
in SAMp73From the results presented above, it can be seen
that, although the conformational stability of SAMp73 at 25
°C is not very high AG = 5.7 & 0.4 kcal mot?), the protein
shows a remarkable stability upon thermal denaturaffgn (
= 93.5°C). This behavior can be explained by the temper-
ature dependence oG, which is given by the heat capacity
change upon unfolding)C,.

It has been showrQ) that the partial molar heat capacity,
C,, of a given conformational state of a protein in solution
can be considered as composed of an intrinsic term (with
contributions from covalent bonds and noncovalent internal
interactions) and another term due to hydration (water
protein interactions). The molar heat capacity chatge,,
for the transition between two conformational states, A and
B, of the protein can be calculated A€, = C, - Cpa.
Since the contribution arising from the covalent bonds is the
same for all the conformational states of the protein, then
AC, is comprised only of the other two main contributions.
These contributions can be rationalized in terms of the
changes in accessible surface area (polar and nonpolar) an
the total area upon unfoldingl9, 50). Taking into account
the changes in solvent-accessible surface areas of SAMp7
upon unfolding, calculated from its NMR three-dimensional
structure 9) (AASAqpoiar= 3239 &, AASA oo = 2125 A),
together with the changes in the total buried surface area
(ABSAwa = 5211 &), the temperature-dependent heat
capacity change upon unfolding is given R9):

AC(T) = 915.1— 1.937( — 25)— 0.051( — 25 (7)

where T is given in °C and ACy(T) in cal K™* mol™.
According to eq 7 (Figure 6), the unfolding of SAMp73 is
characterized by a rather low heat capacity change 4€25
(915 cal K* mol™%) which monotonically decreases as
temperature increases reaching a value of 543 cahiol™*

at T, (93.5°C).

The Gibbs free energy change upon protein unfolding
at any temperatureAG(T), can be calculated from the
enthalpy and entropy changesTat, AH(Ty) and ASTy),

the conformational transition according to the model previously
reported 49) using the NMR structure of the proteif)( ACy(T)

is strongly temperature-dependent going through a maximum at
around 10°C (933 cal K mol™%) and decreasing monotonically
as temperature is increased reaching a value of 543 Taii6l~?

at Tr,. The thermodynamical parameters characterizing SAMp73
unfolding atT,, (AH(Ty,) = 59.8 kcal mot! andAS(T,) = 163.1

cal K- mol~?) together with the calculated temperature-dependent
AC, were used to generate th&s versus temperature profile. The
conformational stability of the protein at 2& was estimated in
the order of 6.2 kcal mol in close agreement with the experi-
mentally determined one (5% 0.4 kcal mot™).

together with the heat capacity change;,, according to
the expression:
AG(T) = AH(T) — TAY(T) = AH(T,,) +
AC
T T p
ij ACdT — TAST,) — T- me —dT (8)
Figure 6 shows the Gibbs free energy change for the
unfolding of SAMp73 in the range-0100 °C, calculated
according to eq 8, and using the heat capacity function given
y eq 7 and the thermodynamical parameterEatbtained
the DSC studiesAH(T) = 59.8 kcal mot! andAS(T..)
= 163.1 cal K! mol™1). The conformational stability of the

3protein at 25°C estimated from the\G versusT profile

was 6.2 kcal mol?, in close agreement with the experimen-
tally determined (5.7& 0.4 kcal mot?). The agreement
between both values, and the fact the® obtained from
urea and GdmCI at low pHs (see above) is nearly the same,
is suggesting that electrostatic contributions to the stability
of SAMp73 are not very important.

These results unravel the mechanism of stabilization of
SAMp73 toward thermal denaturation. While the protein is
only moderately stable at Z%& (close to the temperature of
maximal stability, Tmax = 24.1 °C), our experimental data
indicate that the protein is surprisingly stable toward heat-
induced denaturationTf, = 93.5°C). It seems clear from
Figure 6 that this behavior is consistent with a rather small
heat capacity change upon unfolding (915 cal kol at
25 °C) that significantly decreases as the temperature is
increased (543 cal ® mol™* at T,,). The thermal stability
of a protein can be attained either by a large maximum in
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the AG, AGna Or by a low AC, (or by both reasons
together); either factor makes the free energy curve intercept
thex-axis (theT in Figure 6) at very high values. In SAMp73,
the intercept with the-axis is very high not because of the
large stability of the protein (that is, not because there is a

large AGmay, but because of the very lowhC, which

decreases with temperature (that is the higher the temperature
the lower theAC;). Thus, SAMp73 does not follow the
general tendency observed in the thermostability for other
proteins 46), because the\C, changes with temperature.
Similar explanations have been suggested to account for the

high values ofT, in hyperthermophilic proteins4g).
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