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ABSTRACT. Human phenylalanine hydroxylase (hPAH) is a tetrameric enzyme that catalyzes the
hydroxylation ofL-phenylalaninel(-Phe) toL-tyrosine; a dysfunction of this enzyme causes phenylketonuria.
Each subunit in hPAH contains an N-terminal regulatory domain (S8e2110), a catalytic domain
(Aspl12-Arg410), and an oligomerization domain (Ser41ys452) including dimerization and
tetramerization motifs. Two partially overlapping transitions are seen in differential scanning calorimetry
(DSC) thermograms for wild-type hPAH in 0.1 M N&lepes buffer, 0.1 M NaCl, pH 7.0. Although

these transitions are irreversible, studies on their scan-rate dependence support that the equilibrium
thermodynamics analysis is permissible in this case. Comparison with the DSC thermograms for truncated
forms of the enzyme, studies on the protein e+ithe concentration effects on the transitions, and structure-
energetic calculations based on a modeled structure support that the thermal denaturation of hPAH occurs
in three stages: (i) unfolding of the four regulatory domains, which is responsible for the low-temperature
calorimetric transition; (ii) unfolding of two (out of the four) catalytic domains, which is responsible for
the high-temperature transition; and (iii) irreversible protein denaturation, which is likely responsible for
the observed exothermic distortion in the high-temperature side of the high-temperature transition. Stages
1 and 2 do not appear to be two-state processes. We present an approach to the analysis of ligand effects
on DSC transition temperatures, which is based on the general binding polynomial formalism and is not
restricted to two-state transitions. Application of this approach to-#ke effect on the DSC thermograms

for hPAH suggests that (i) there are no binding sitesifdthe in the regulatory domains; therefore,
contrary to the common belief, the activation of PAH IbY?he seems to be the result of its homotropic
cooperative binding to the active sites. (ii) The regulatory domain appears to be involved in cooperativity
through its interactions with the catalytic and oligomerization domains; thus, upon regulatory domain
unfolding, the cooperativity in the binding efPhe to the catalytic domains seems to be lost and the
value of theL-Phe concentration corresponding to half-saturation is increased. Overall, our results contribute
to the understanding of the conformational stability and the substrate-induced cooperative activation of
this important enzyme.

Mammalian phenylalanine hydroxylase (phenylalanine caused by mutations in the human PAH (hPAH) gene causes
4-monooxygenase, PAHEC 1.14.16.1) catalyzes the hy- a serious disease in humans, phenylketonuria (PKU), one of
droxylation ofL-phenylalaninel(-Phe) toL-tyrosine (-Tyr), the most prevalent disorders of amino acid metabolism. PAH
which is the initial an_d ratg-limiting step in _the catabolic belongs to the family of aromatic amino acid hydroxylases,
pathway ofi-Phe. Failure in the hydroxylation aFPhe \hich are non-heme iron containing- and tetrahydrobiopterin
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PAH exhibits positive cooperativity for the binding of Differential Scanning Calorimetry (DSC)Measurements
L-Phe as shown by steady-state kinetic measurements of thevere performed on a MicroCal VP-DSC differential scanning
BH,-dependent activity and by equilibrium binding analysis calorimeter (MicroCal Inc.) with cell volumes of 0.5 mL at
(for review see reB). This sigmoidal dependence o#Phe the indicated scan rates. A 0.1 M N&lepes buffer, 0.1 M
concentration seems to reflect a transition of the enzyme fromNaCl, pH 7.0 was used in all experiments. Calorimetric cells
a low-affinity and low-activity state to a high-affinity and were kept under an excess pressure of 30 psi to prevent
high-activity state 4, 8). The cooperativity of PAH in degassing during the scan. Purified tetramers of wt-hPAH
response ta-Phe concentration is believed to be of physi- and hPAH(Aspl112Lys452), purified dimers of hPAH-
ological significance as a mechanism controlling®he (Ser2-GIn428), and cleaved purified fusion protein of the
homeostasis in blood, despite fluctuations in either dietary N-terminal domain (hPAH(Ser2Ser110)) were used. Protein
protein intake or protein turnovet,(9). Too rapid degrada-  concentrations were about 3/ per subunit hPAH in all
tion of L-Phe will result in depletion of the stores of this experiments, except as otherwise indicated. Equimolar
essential amino acid, while its accumulation can lead to amounts of ferrous ammonium sulfate per enzyme subunit
neurological damage, as seen in PKU. The cooperativewere added to convert some iron-free apoenzyme present in
activation of rat PAH by -Phe has been interpreted to result the samples into holoenzymg2). Further details about the
from binding of the substrate either to (i) a putative allosteric/ calorimetric experiments and the calorimetric data processing
regulatory site, which is distinct from the catalytic site can be found elsewher23). Fittings of theoretical equations
(10—13), or (ii) to the active site near the irori4, 15). to the experimental heat capacity profiles and the experi-
However, the molecular basis of the cooperative responsementalL-Phe effect on transition temperatures were carried
to L-Phe concentration is not known since the available out using a program written by us in the MLAB environment
crystal structures of PAH do not contain the full tetrameric (Civilized Software, Inc.). Accessible surface areas used in
structure and are only structures of truncated forms of the the theoretical predictions of energetic parameters were
enzyme $—7); in fact, we report in this work a tentative calculated using the Shrake-Rupley algorith?4)(with a
structural model of full-length hPAH prepared by combining radius of 1.4 A for the solvent probe and the Chothia set for
the crystal structure of the regulatory and catalytic domains the protein atoms25).

of rat PAH (7) with the crystal structure of the catalytic and Circular Dichroism (CD).CD measurements were per-
oligomerization domains of hPAHB]. A similar topology  formed on a Jasco J-810 spectropolarimeter equipped with
for the composite model of PAH has also been obtained by a Jasco 423S Peltier element for temperature control. Enzyme
others g, 16). samples were prepared in 15 mM sodium phosphate, 0.15
Equilibrium thermodynamics analysis of DSC thermo- M NaCl, pH 7.0, and placed in quartz cells with a path length
grams for protein solutions can, in principle, provide a of 1 mm. Protein thermal denaturation was monitored by
complete energetic description of the protein denaturation following the changes in ellipticity at 222 nm, with a scan
process [i.e., the number and energetic parameters of therate of 0.7 K/min and with a protein concentration of 25
significantly populated protein states7j]. Furthermore, if ;M per subunit. Spectra were recorded in the temperature
this energetic description is interpreted in terms of suitable range 25-70 °C. Analysis of the data and determination of
models, information regarding domain organization and midpoint melting temperatureT) values were performed
interdomain interactions can be derived{20). We report by noise reduction and differentiation of the curves using
here a differential scanning calorimetry study on the thermal the Standard Analysis program provided with the instrument.

denaturation of .wt.-hP.AH _and several_ truncated forms, Dynamic Light Scattering (DLS)DLS was performed
addressed to gain insight into the relation betwedPhe ;5ing 4 DynaPro-MSTC Temperature-Controlled DLS in-
binding and domain organization in hPAH. We will show gt ment (Protein Solutions Inc.). DLS data were analyzed
that the two distinct transitions seen in the thermograms for by the autocorrelation method to measure the hydrodynamic
wt-hPAH can be assigned to the denaturation of well-defined (5 4ius and the polydispersit2§) of solutions of wt-hPAH

domains in the PAH structure. Although these two transitions (604L, 30 uM subunit). The results were analyzed applying
are irreversible, analysis of the scan-rate dependence of themonor’nodal and bimodal model27).

thermograms will support the applicability of the equilibrium

. S Molecular Modeling A complete structural model for wt-
thermodynamics analysis in this case.

hPAH including the tetramerization motif was generated by
EXPERIMENTAL PROCEDURES aligning the catalytic domains of the dimeric form of rat PAH
. . . (Ser2-GIn429) (PDB accession code 2PHM) and the tet-
Preparation (_)f hPAH FormsExpression of recombinant rameric N-terminal truncated hPAH(Vall18ys452) (PDB
wt-hPAH 1), its active truncated forms hPAH(Asp;&Z accession code 2PAH) using the programs Swiss-PdbViewer
Lys452) and hPAH(Ser2GIn428) @) and the N-terminal 5, hsmithkline R&D), Insightll (Accelrys), and Midas

regulgtory domainZ?) i_n Escherich_ia col(TB1) as fusjon Plus (U. C. San Franciscd§). Figures were generated using
protelnlwnh maIFose-bmd!n_g protein (MBP), purification of the program WebLab ViewerPro (Accelrys).
the fusion proteins by affinity chromatography on amylose

resin (NeW England Biolabs), cleavage by factor Xa (NGW RESULTS AND DISCUSSION

England Biolabs), and further purification by high-perfor-

mance size exclusion chromatography on a HiLoad Superdex Wild-Type-PAH and Its Truncated Form&Ve have
column (1.6x 60 cm) were performed as describddZ1). recently described the expression and the kinetic and
Protein concentration of the purified hPAH forms was molecular characterization of recombinant wt-hPAH and of
determined by the absorbance at 280 nm, using the absorptioriruncated forms of the enzymé, 21, 22). The catalytic and
coefficientAggo (for 1 mg mLt cm™) = 1.0 1). physicochemical properties of the full-length enzyme are
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Ficure 1: The domain structure of human phenylalanine hydroxylase (hPAH). (A) Schematic representation of the different hPAH forms
used in this work, illustrating their functional domains. The structure of monomeric (B) and tetrameric (C and D) full-length hPAH was
modeled using as templates the crystal structures of both truncated dimeric rat PAR8)2(PDB 2PHM) {) and tetrameric hPAH
(111-452) (PDB 2PAH) 6). The catalytic Fe is shown in yellow and the N-terminal autoegulatory sequence (up to Gly33) is in black. In
panel D, the catalytic domains of the subunits at the backside of the figure are depicted in light gray for clarity.

essentially the same as reported for PAH isolated from rat PAH (2-428) (7) and tetrameric hPAH (11452) ).
human liver 21, 29). The hPAH forms used in this work  As seen in the modeled structure of hPAH, in each subunit
were (i) tetrameric full-length wt-hPAH(Serd.ys452), the oligomerization domain establishes contacts with both
including the three domains in the enzyme, (ii) tetrameric the N-terminal domain and the catalytic domain (Figure 1B).
hPAH(Aspl112-Lys452), including the catalytic and oligo- Moreover, the regulatory domain from one subunit is
merization domains, (iii) the N-terminal regulatory domain composed both of an—/ sandwich fa53a) core, which
hPAH(Ser2-Ser110), which was devoid of catalytic activity, establishes contacts with the catalytic domain of the other
and (iv) the dimeric hPAH(Ser2Glu428), including the  subunit in the dimer through the loop Arg68sp75, and
regulatory domain, the catalytic domain, and the dimerization of an extended N-terminal autoregulatory sequence, which
motif. In addition, truncated forms lacking the dimerization covers the active site of the corresponding subunit (Figure
motif, i.e., hPAH(Ser2Arg400), were created to prepare 1C,D). The subunits reorganize in the tetramer as a dimer
monomeric forms of the enzyme. However, the expression of dimers and the subunits in one dimer contact the subunits
of these deletion mutants resulted only in aggregated andin the adjacent dimer only via the-helical tetramerization
precipitated protein4). In Figure 1 is shown a schematic motif (Figure 1C,D).

representation of the hPAH forms used in this study and a Assessment of the Low-Temperature Oligomeric State of
structural model of full-length tetrameric hPAH created using the hPAH Forms Used in this Workhe oligomeric state at

as templates the crystal structures of both truncated dimericpH 7.0 and low-temperature of the full-length and truncated
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Ficure 2: DSC- (left) and CD- (right) monitored thermal denaturation of full-length wt-hPAH and its truncated forms. Sampiég (30
subunit): wt-hPAH (A), hPAH(Aspl112-Lys452) (B), and hPAH(Ser2-Glu428) (C). The DSC thermograms were acquired in 0-1 M Na
Hepes, 0.1 M NaCl, pH 7.0, at a scan rate of 0.7 K/min, while for the CD-monitored thermal scans the changes in ellipticity at 222 nm are
acquired for samples prepared in 15 mM sodium phosphate, 0.15 M NaCl, pH 7.0, at a scan rate of 0.7 K/min. Original DSC traces after
baseline subtraction are shown. Inset: first derivatives of the CD-monitored temperature scans.

forms of hPAH used in this work was determined by high- grams for the thermal denaturation of the several forms of
resolution size-exclusion chromatography. (Ve found that, PAH studied in this work. Several points must be noted:
within the 4-20 °C temperature range and the 630 mg/ (i) Two partially overlapping transitions (centered at about
mL protein concentration range, wt-hPAH and hPAH- 46 and 54°C) are apparent in the thermogram for tetrameric
(Aspl12-Lys452) were tetrameric, while hPAH(Ser2  wt-hPAH (Figure 2A). This result is confirmed by the
Glu428) was dimeric. The oligomeric state of wt-hPAH was corresponding CD denaturation profile that shows two
also studied by DLS. The observed hydrodynamic radius for distinct sigmoidal transitions with midpoints temperatures
the wt-hPAH at 20C, calculated using a monomodal model, close to the temperatures of the maxima of the DSC
was 57.74+ 0.2 A, in agreement with a distance of 117 A transitions (Figure 2A).

between the two most distant atoms in the model of the (i) Only the high-temperature transition is observed in

tetramer (Figure 1). In the presence efAmM L-Phe, the  the thermograms for a truncated PAH form that lacks the
estimated radius was 6090.1 A, Sllghtly Iarger than that regu]atory domain’ as well as in the Corresponding CD
of the nonactivated enzyme, but still consistent with the denaturation profile (Figure 2B). This result strongly suggests
tetrameric character of wt-PAH. High resolution size- that the low-temperature transition is due to the denaturation
exclusion chromatography studies have also shown only aof the regulatory domain and that the denaturation of catalytic
slight increase of the Stokes radius of the tetrameric wt- domains is involved in the high-temperature transition. This
hPAH in the presence af-Phe @0). assignment will be confirmed and refined by the analysis of
General Description of the DSC Thermograms for the the effect ofL.-Phe on the DSC thermograms given further
Thermal Denaturation of PAHPreliminary calorimetric below.
studies at pH 5.5, 7.0, and 8.5 indicated highest thermal (iii) No information regarding the interactions between the
stability at pH 7.0 for both wt-hPAH and hPAH(Asp112 folded regulatory and catalytic domains can be derived from
Lys452), and further studies were performed at this pH value. the comparison between the denaturation profiles shown in
Figure 2 shows an illustrative example of the DSC thermo- Figure 2A,B. Note that, according to the interpretation given
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above, the denaturation of the catalytic domains in tetrameric 65
wt-hPAH occurs essentially after the regulatory domains have T,
denatured and, in the case of hPAH(£152), the regulatory 60 I
domain is absent. Therefore, from the similarity of the
transition temperatures for the catalytic domain in wt-hPAH
and hPAH(112-452) (Figure 2A,B), we can only infer that
there appears to be little interaction between the folded
catalytic domain and thdenaturedregulatory domain. T

(iv) Some qualitative insight into intramolecular interac- 45t ‘/'/‘——'—_'—‘

tions in hPAH can be derived, however, from the comparison

T, or T, (°C)
¢}

with the denaturation profiles for other truncated forms. Thus, 20 . .
the truncated form corresponding to the regulatory N-terminal 0.0 0.5 1.0 1.5
domain hPAH(Ser2Ser110) did not show a transition, in Scan Rate (deg/min)

agreement with our earlier thermostability studies by IR Ficure 3: Scan-rate effect on the transition temperatures for the
spectroscopy A2); this result suggests that hPAH(Ser2 two transitions observed in the DSC thermograms for the thermal
Ser110) is not correctly folded and, thus, that interactions denaturation of wt-hPAH. Closed symbols, transition temperatures
with the rest of the molecule are necessary for the correct ) the absence af-Phe. Open symbols, transition temperatures in
. X the presence of 22 mM-Phe. The continuous lines have no

folding of the regulatory domain. On the other hand, two theoretical meaning and are shown to guide the eye.
transitions are observed in the thermogram and CD dena-
turation profile (Figure 2C) for hPAH(2428), the truncated  alterations of proteins are kinetic processes, which cannot
form that lacks the tetramerization motif; actually, the be described by equilibrium thermodynami&d)( In fact,
transition temperatures for this dimeric form are similar to in many cases of irreversible denaturation, the DSC ther-
those found for the tetrameric hPAH. mograms have been found to conform to a two-state kinetic

(v) The thermal denaturation of wt-hPAH and the several model (see ref32 and references quoted therein), which
truncated forms was always irreversible (in the absence andimplies that no information about the equilibrium denatur-
presence of-Phe), as no transition could be detected in ation process is available. On the other hand, in a few cases,
reheating runs (not even when the first run had been stoppedhe analysis of the scan-rate effect on the DSC transitions
immediately after the end of the second transition). Ag- has supported the equilibrium thermodynamics analysis of
gregation was evident in the samples extracted from the irreversible DSC termograms (see, for instance38pfThus,
calorimetric cells. After the standard baseline corrections, theoretical simulations based on Lumry-Eyring mod8ik (
the DSC thermograms for wt-hPAH and the truncated forms 34) indicate that (i) kinetic distortions of DSC transitions
often seemed to suggest a negative value for the denaturatior@re reflected in a scan-rate dependency of the transitions;
heat capacity change (see Figure 2). We attribute this (i) Kinetic distortions due to irreversible processes must
physically unrealistic result to a distortion of the high- become negligible at sufficiently high scan-rates (strictly,
temperature transition due to aggregation. in the scan-rate~ o limit). The scan-rate range of com-

The Scan Rate Effect on the DSC Thermograms for themercial DSC instruments is rather limited and, very often,
Thermal Denaturation of PAHAnalysis of DSC thermo- the distortions caused by irreversibility are not eliminated,
grams for protein solutions according to equilibrium ther- Not even at thg highest scan-rate available. However, in the
modynamics can provide a complete description of the aseé of annexin V E17G, Hinz and co-worke&S)(found
temperature-induced denaturation process in terms of thethat the plot of transition temperature versus scan-rate for
number and energetic features of the significantly populated the 0.1-2.5 K/min range showed clear signs of reaching a
states {7). This analysis is, however, seriously hampered Platéau, a result that supported the applicability of the
in cases of irreversible denaturation, since irreversible €duilibrium thermodynamics analysis to the DSC thermo-

grams obtained at the highest scan-rate employed. We show

21In principle, information regarding interdomain interactions in a n Flg_ure 3 the same type of plots for the tWO transitions
two-domain prdtein (A-B) can be obtained if thewo partially folded see_n n the_ the_rmograms for hPAH _denaturatlon; note that
states (Avided — Bunforded 3Nd Anfoided — Broied) become significantly ~ We include in Figure 3 data obtained in the absencehe
populated during the thermally induced denaturation and the energeticand in the presence of a representative concentration of this

parameterdor both of themcan be determined from the analysis of | ; itati i
the experimental DSC profiles and combined with those for the native ligand. The plots of Figure 3 are qualitatively similar to that

state (Aoged — Broced, t0 yield the unfolding changes in energetic reported by Vogl et al. for annex_in, although, in our case,
parameters for each domain when the other domain is folded and whenthe plateaus are more clearly defined; thus, there appears to
the other domain is unfolded §-20). In the case of wt-hPAH, the  be little or no scan-rate effect on the transition temperatures

studies reported in this work indicate that the regulatory domains are |, i< ; ;
less stable than the catalytic domains and denature at significantly IowerWlthln the 0.6-1.3 K/min range, which supports that, for

temperatures. Thus, the population of the partially folded state in which those SF:'an"rateSa kinetic diSt_Ortions b?CQme nggligible and
regulatory domains are folded and catalytic domains are unfolded is the equilibrium thermodynamics analysis is feasible, at least

expected to be rather low during the scan, and it appears highly unlikely up to about the transition temperature for the high-temper-

that its energetic parameters could be determined from the analysis of " . . .
the experimental DSC for wt-hPAH (in particular, since the distortion &Uré transition (whose high-temperature side is likely

of the high-temperature transition due probably to aggregation makes distorted by aggregation, as we have previously noted).
the chemical baseline uncertain). Therefore, we hateattempted to The Effect of Protein Concentration on the DSC Thermo-

obtain information about interdomain interactions in wt-hPAH from grams for the Thermal Denaturation of wt-hPAHInder the
the fitting of theoretical models to the experimental thermograms and g . . . )
interdomain interactions are not, in fact, included in our fitting equation conditions employed in this work, wt-hPAH is a tetramer at

(eq 1). room temperature (see the previous section: “Assessment




7578 Biochemistry, Vol. 41, No. 24, 2002 Thorélfsson et al.

of the Low-Temperature Oligomeric State of the hPAH ' : : : : :
Forms Used in this Work”); therefore, we could expect its 20 keal'molK!
temperature-induced denaturation to be accompanied by
dissociation, which will necessarily imply that the DSC
thermograms would depend on total protein concentration
(31, 35, 36). However, no significant effect was detected
within a wide protein concentration range (+$0.0uM per
subunit) (results not shown). This result strongly suggests
that denaturation processes responsible for the two transitions
seen in the DSC thermograms for wt-hPAH do not involve
subunit dissociation. It appears, therefore, that wt-hPAH
remains tetrameric during most of the denaturation temper- 10 mM L-Phe

ature range, which suggests a high stability for the oligo- s ' . , ) ,
merization domain. It is also possible that the denaturation 20 30 40 50 60 70 80

of the tetramerization and dimerization motifs occurs, with T(°C)

little thermal effect and with concomitant dissociation and Ficure4: Heat capacity versus temperature profiles for the thermal
aggregation, in the high-temperature side of the high- denaturation of wt-hPAH in the absence ofPhe and in the
iemperaure ansion. n any case, the immediate conse EEE 0 e oot o
quence of the IaCI_< .Of experimental protein concentration two-state transitions (eqpl) to the experimental data; the individual
effect is that the fitting of the DSC thermograms can be yansitions resulting from the fitting are shown with dashed lines.
carried out using models that do not include changes in Note that the profiles have been displaced iny#is for the sake
oligomerization state (next section). of clarity.

Fitting of the DSC Thermograms for the Thermal Dena-
turation of wt-hPAH.Fitting of the DSC thermograms for  Table 1: Average Values of the Calorimetric EnthalpyH{), Van't
the thermal denaturation of wt-hPAH in the absence-Bhe Hoff Enthalpy (AH;"") and Calorimetric to Van't Hoff Enthalpy
and in he presence of several concentraions of this ligand (6 ) BETvet fom e Al f DSC Thermogtame fr e
(within the range 3QuM—25 mM) was carried out USING  the presence of Several Concentrations-Bhe
the following equatiort:

0 mM L-Phe

Heat Capacity

AH;, keal AHMM,
mol of tetramer)!  kcal/mol r
AH,AHYY K AHAHYY K, _ ( 0
C,=Cpont+ + (1) transition 1 (low-T) 160Gt 44 87+ 18 1.83+0.67
P ' RT? (1+Ky)? RT?  (1+K,)? transition 2 (high-T) 324 28 124+ 14 2.63+0.31

where the native (N) (low-temperature) baseline is assumedNote that since the temperature dependence of the enthalpy
linear in temperaturedp y = a + bT] and the equilibrium values is not detected within the experimental scatter, the
constants are given by average values given in Table 1 are to be assigned to the
average values of th@; and T, transition temperatures
determined for the whole range ofPhe concentrations (50
2) °C for the low-T transition and 59C for the high-T
transition). Note also that the calorimetric enthalpy values
are given per mole of tetramer and that the calorimetric to
van’'t Hoff enthalpy ratios for both transitions are close
to 2.

Unfolding Enthalpy Values from Structure-Energetics
RelationshipsWe have also calculated theoretical enthalpy
change values on the basis of our modeled structure (Figure
1) and the structure-energetics relationships developed by
Freire and co-workers3{, 38); thus, the heat capacity change
and the enthalpy change at 80 can be related to changes
fin apolar and polar accessible surface area through

with i equal to 1 or 2. Several features of the fitting process
must be noted: (i) Equation 1 includes terms corresponding
to two non-two-state transitions described phenomenologi-
cally in terms of van’t Hoff enthalpy values\d.""), which
may differ from the corresponding calorimetric enthalpies
(AH;). (i) Since the high-temperature side of the high-
temperature transition is very likely distorted by aggregation,
we have only fitted a limited temperature range, ending a
few degrees above the temperature of the maximum hea
capacity for the high-temperature transition. (iii) It is clear

that the experimental data used in the fitting process do not AC,= 0.45AASA_,— 0.26AASA (3)
contain information about denaturation heat capacity changes P P P
that, accordingly, are not included in eq 1. AHgy= — 8.44AASA,, + 31.4AASA,, 4)

Fittings to the thermograms obtained in the absence and
presence of severatPhe concentrations were always excel- where the changes in accessible surface area arg NG
lent (see Figure 4 for representative examples), and theis in cal K’ mol™, and AHg is cal/mol. Although eq 4
calorimeric and van’t Hoff enthalpy values determined from givesAH at the reference temperature of 0, AH at other
the fitting did not depend significantly on ligand concentra- temperature can be calculated frakidgo and AC, (eq 3)
tion or temperature, within the scatter of the determined using the Kirchoff equation.
values. The average values and standard deviation for the We show in Table 2 the changes in accessible surface area
determined enthalpy values are given in Table 1 and the calculated for the unfolding of the four regulatory domains
determined transition temperatures are given in Figure 5. and the unfolding of the four catalytic domains (with the
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Table 2: Unfolding Changes in Apolar and Polar Accessible Surface A88Ax, and AASA,,) and Theoretical Values for Unfolding Heat
Capacity AC,) and Enthalpy Changes at 8C (AHso) and at the Given TemperatureSH) Derived from the Modeled wt-hPAH Structure

Using Structure-Energetics Correlations

unfolding of AASA,, (A9 AASA, (A?) AC, (kcal K- mol?) AHeo (kcal/mol) AH (kcal/mol)

four regulatory domains 24235 14973 7.0 266 196 (at 50°C)
234 164 (at 50°C)

four catalytic domains 73358 41231 22.3 676 654 (at 59°C)
589 567 (at 59°C)

2Values calculated on the basis of eq?4alues calculated on the basis of eq 6.
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Ficure 5: Effect ofL-Phe concentration on the transition temper-

atures for the two transitions observed in the DSC thermograms
for the thermal denaturation of wt-hPAH. The symbols are the

values ofT; and T, derived from the experimental thermograms,

detail, as well as the molecular reasons for the possible
differences in stability between the different catalytic do-
mains. In particular, the following five points must be noted:

(i) We cannot attribute the enthalpy discrepancy to fitting
uncertainties associated with the need for truncating the
experimental heat capacity data at abouffthef the second
transition (Figure 4). Thus, we compare in Figure 6 a
representative DSC profile for wt-hPAH with the theoretical
profiles calculated using for the high-T transition thé
value of 654 kcal/mol derived from the structure-energetics
relationships, together with different values of the van’'t Hoff
enthalpy (see legend to Figure 6 for further details on the
calculation of the theoretical profiles). The calculated profiles
corresponding to calorimetric to van't Hoff enthalpy ratios
(r) of 4, 2, and 1 show a very large high-temperature
transition, in clear disagreement with the experimental
thermogram (Figure 6A). Values ofhigher than 4 yield
very broad high-temperature transitions that are not well
resolved from the low-temperature one, in disagreement
again with the experimental profiles (Figure 6B). We
conclude that the experimental profiles are not consistent
with a AH of about 600 kcal/mol for the high-temperature
transition.

(i) We cannot attribute the enthalpy discrepancy to a

and the continuous lines represent the best fit of the dependenciepacking density for the catalytic domains significantly

given by eqs 2529 to the experimental values. Inset: plots of
1/T; and 17, versus logarithm of-Phe concentration (see eq 17).

different than the average packing density of the proteins
analyzed to obtain eq 4. Thus, following Freire and co-

regulatory domains already unfolded); this calculation used workers @7), we have calculated, for different types of atom
our modeled structure (Figure 1) for the folded regions of pairs k—y) in the catalytic domains of wt-hPAH, the energy
the protein and an extended chain as a model for the unfoldedweighted distance average defined as

regions. TheAC, andAHgo values derived from thesRASA

values using eqgs 3 and 4 are also given in Table 2. Finally,

we have calculated (Table 2), from theA€, and AHsg
values,AH for the unfolding of the regulatory domains at
50 °C (the average of our experimenigl values) andAH
for the unfolding of the four catalytic domains at 80 (the
average of our experimentg} values), so that a comparison
with the experimentalAH values can be made. This

R, WL z R,(Ej/Eror) )

whereR;; is the separation between atoimendj, E;; is the
energy of that pair calculated from the Lennard-Jones
equation with the parameters of Levi89), andEror is the
total energy for all thex—y atom pairs. The average of the
values obtained for the four catalytic domains were 573

comparison leads to a surprising outcome: the calculated0.01 (C-C), 5.27+ 0.01 (C-0), 5.70+ 0.01 (CO-C), 4.27
enthalpy change (Table 2) for the unfolding of the four + 0.01 (CO-N), 4.92+ 0.01 (CO-0), 4.057+ 0.001 (O~
regulatory domains (196 kcal/mol) is in good agreement with N), and 6.164+ 0.02 (O-0), where the types of atom pairs
the experimental unfolding enthalpy change for the low- have been indicated in parentheses (CO stands for the

temperature transition (16& 44 kcal/mol); however, the

carboxyl carbon). Most of these values are slightly larger

calculated enthalpy change for the unfolding of the catalytic (and, hence, indicate a slightly less dense packing) than those
domains (654 kcal/mol) is twice the experimental value for for the set of 15 proteins analyzed in &f): 5.544+ 0.07

the high-temperature transition (324 28 kcal/mol)! This

(C—C), 5.07+ 0.08 (C-0), 5.58+ 0.13 (CO-C), 4.39+

suggests that only two catalytic domains (out of the four in 0.16 (CO-N), 4.68+ 0.08 (CO-0), 3.924+ 0.10 (O—N),
the tetramer) actually unfold in the high-temperature transi- and 5.89+ 0.08 (O-0). We have also calculated the
tion (or, at least, in the part of the high-temperature transition dimensionless packing parameters for the apedgolar,
amenable to equilibrium thermodynamics analysis). This polar—polar, and apolatpolar interactionsWap, Upol, Umix)
suggestion may appear at first so surprising that it seemsas defined in ref37: U, = 0.698,Uyq = 0.718,Unix =
convenient to discuss this enthalpy discrepancy in some0.704 for the regulatory domains, atld, = 0.697,Uyq =



7580 Biochemistry, Vol. 41, No. 24, 2002

=1

100 keal - K *mol™

Heat Capacity

aggregation

20 keal - K™ *mol”

30 40 50 60

Temperature (°C)

70 80

Ficure 6: Comparison between theoretical and experimental heat
capacity profiles for wt-hPAH. Note that the profiles have been
displaced in they-axis for the sake of clarity. The experimental
profile (the same in the three panels and shown with open circles)
was obtained with a-Phe concentration of 0.5 mM. Theoretical
profiles (shown with continuous lines) were calculated as sums of
non-two-state transitions (eq 1). The lower temperature transition
(corresponding to the unfolding of the regulatory domains) was
simulated using aAH;, Ty, and calorimetric to van't Hoff enthalpy
ratio, the average values derived from the analysis of the experi-
mental thermogramsAH; = 160 kcal/mol,T; = 50 °C, andr =
1.83). The high-temperature transitions in (A) and (B) were
simulated using the averade value from the experimental profiles
(59 °C), aAH; value for the unfolding of the 4 catalytic domain
calculated from structure-energetics correlations (654 kcal/mol) and
different values for the calorimetric to van't Hoff enthalpy ratio

(shown alongside the profiles). Note that theoretical excess heat

capacity profiles are displayed; inclusion of the chemical baseline
would mainly “raise” the high-temperature transition, making even

more evident the discrepancy between experimental and calculated"©

Thorolfsson et al.

whereaa, = —12.46,84p = 25.34,050 = 24.38,p0 = 16.57,
and Bmix = 16.42 for AHgp in cal/mol and ASA values in
A2 The AH values obtained using eq 6 (see Table 2) are
somewhat lower than those derived from eq 4, but, still, the
experimentalAH value for the high-temperature transition
is about half the value predicted for the unfolding of the
four catalytic domains.

(i) We cannot attribute the enthalpy discrepancy to
enthalpy effects associated with changes in the protonation
state of His side-chains (other ionizable side-chains rarely
have K values in the vicinity of 7). Normalk values for
His are around 6:36.8, although perturbed values may be
found, particularly in native states. The ionization enthalpy
for His is about 7 kcal/mol40), and there are nine His
residues in each catalytic domain. Therefore, a total ioniza-
tion contribution toAH comparable to the enthalpy discrep-
ancy could only be obtained by assuming the extremely
unlikely scenario that all or almost all the 36 His side-chains
in the four catalytic domains have strongly perturbdd p
values, in such a way that they completely change their
protonation state upon unfolding (note also that this would
imply that about 36 protons are involved in the unfolding
process with the concomitant very strong pH effect on
transition temperatures, an effect which is not observed
experimentally).

(iv) Differences in stability between the different catalytic
domains may be in fact expected from the structure of wt-
hPAH. Thus, the X-ray structure of a tetrameric truncated
form of wt-hPAH comprising the catalytic and oligomer-
ization domains was found to be clearly asymmetric and
show two conformationally different “dimers”6). The
distortion of the tetrameric symmetry was evident from the
reported surface calculations, which indicated differences of
about 500 A& between the different dimerization interfaces
(see ref6 for further details); such a difference is expected
to have a significant energetic impact. Therefore, a likely
scenario for wt-hPAH unfolding is that two (out of the four)
catalytic domains have a denaturation temperature higher
than 60 °C, but that their unfolding (and that of the
oligomerization domains) is not observed in the experimental
DSC thermograms because aggregation occurs before the
corresponding temperature range is reached. An illustration
of this scenario is shown in Figure 6C.

(v) The suggestion that only two catalytic domains unfold
in the high-temperature transition of the experimental ther-
grams is clearly supported by the analysis of itHehe

profiles. (C) This panel illustrates a likely scenario for the thermal €ffect we give further below which indicates that, at high

denaturation of wt-hPAH: two catalytic domains (simulated with
AH = 327 kcal/mol) unfold with a transition temperature of 59
°C, while the two remaining catalytic domains show higher stability;
their unfolding transition (see thinner line in the simulated equi-
librium unfolding profile) is not seen in the experimental profile

L-Phe concentrations, only two molecules 6fPhe are
released in the high-temperature transition.

A Simple Model for the Thermal Denaturation of wt-hPAH.
In view of the above, we propose that the thermal denatur-

(open circles) because protein aggregation occurs a few degreeg@tion of wt-hPAH, as monitored by DSC, involves three

above 59°C.

stages:
(i) Unfolding of the four regulatory domains. This process

0.719,Unix = 0.703 for the catalytic domains. These values is responsible for the low-temperature transition in the DSC
allow us to calculate unfolding enthalpy values using an thermograms. We will refer to the protein state with the four
extension of eq 4 that considers explicitly the effect of regulatory domains unfolded as state R. We note that,
packing (eq 14 in reB7): according to the experimental calorimetric to van't Hoff
enthalpy ratio (Table 1), the M~ R transition is not two-
state but involves significantly populated intermediate states.
(ii) Unfolding of two catalytic domains. This process is
responsible for the high-temperature transition or, at least,

AHgy = (o, + ﬁapuape)AASAap +

((1 + ﬁpoIUpole)AASApol + ﬁmixUmixeAASAtotal (6)

pol



DSC of Phenylalanine Hydroxylase Biochemistry, Vol. 41, No. 24, 2007581

of the part of the high-temperature transition which is tions, by Julian Sturtevant and co-workers many years ago
amenable to equilibrium thermodynamics analysis (up to (36, 42), and it also holds for kinetically controlled transi-
about the transition temperature). We will refer to the protein tions, provided that ligand dissociation occurs prior to the
state in which the four regulatory domains and two catalytic rate determining stef3(). The reason behind this, apparently
domains are unfolded as state C. The experimental calori-counterintuitive, behavior has to do with the contribution to
metric to van't Hoff enthalpy ratio (Table 1) suggests that the relevant Gibbs energy change that arises from the increase

the transition R<> C is not two-state, but that the two
catalytic domains that unfold in this transition might do it
in a more or less independent manner.

(i) Irreversible denaturation of the protein (aggregation

and, perhaps, other processes) to yield a final state (F) which

is unable to fold back to the native structure. Irreversible
denaturation is possibly responsible for the exothermic
distortion of the high-temperature transition (reflected in the

in ligand translational entropy that takes place upon ligand
dissociation, a contribution that is proportional to the
logarithm offreeligand concentration (see, for instance, ref
43).

In view of the above, the plots of; and T, vs L-Phe
concentration of Figure 5 can be qualitatively interpreted as
follows: (i) The plot of T, vs [L-Phe] for the high-
temperature transition does not reach a plateau forihighe

apparent negative total heat capacity change observed in theoncentrations, which suggests thahe dissociation occurs

experimental thermograms).
Thus, the thermal denaturation of wt-hPAH can be
depicted as,

irreversible
denaturation

C

four regulatory two catalytic
domains unfold domains unfold

N R

F @

although we emphasize again that the two equilibrium
processes N> R and R<> C likely involve significantly

upon catalytic domain denaturation. This suggestion is
obviously consistent with the presencea éPhe binding sites

in the catalytic domains (which would be destroyed upon
denaturation, with the concomitant ligand release). (ii) The
high-[L-Phe] plateau in the plot df; vs [L-Phe] for the low-
temperature transition suggests th@he dissociation does
not occur upon regulatory domain denaturation at high
[L-Phe]. That is, it suggests that there are no binding sites
for L-Phe in the regulatory domain and that the effect of

populated intermediate states. On the other hand, theL-Phe concentration offi; is due to the interaction of the

interpretation given in eq 7 implies that equilibrium states
more unfolded than C are not significantly populated, and,
therefore, that equilibrium thermodynamics information about
them has been lost [for discussions on the loss equilibrium
information caused by irreversible alterations (see 8dfs
32, 34, and41)]. Finally, we also note that € F is just a

convenient, phenomenological representation of the irrevers-

ible denaturation; actually, the irreversible alteration could

regulatory domain with the catalytic domain (i.e., the
regulatory domain detects the binding of ligand to the
catalytic domain). This qualitative interpretation is supported
by the quantitative analysis we describe below.
Theoretical Description of Ligand Effects on Transition
Temperatures in Terms of Binding Polynomiaks il-
lustrated by recent work by Hinz and co-worketd,(45), a
great deal of information about ligand-binding energetics can

occur from other states, even from states that are notpe derived from the analysis of ligand effects on DSC

significantly populated.
General Description of the-Phe Effect on the Transition
Temperatures for wt-hPAH=igure 5 shows the effect of

transition temperatures. Here, we will extend this approach
in two ways: (i) we will define and use characteristic
temperatures, in such a way that the approach can be applied

L-Phe concentration on the transition temperatures determinedo non-two-state transitions and even to complex, multitran-

from the fittings described above. Note that both transitions
are shifted to higher temperatures upon increasiithe
concentration, although thg vs. [L-Phe] plot for the low-

sition, calorimetric profiles; (ii) we will describe the ligand
effect on the characteristic temperatures in terms of the
relevant binding partition functions (binding polynomials),

temperature transition reaches a well-defined plateau for high\hich should allow different binding models to be readily

L-Phe concentrations.

It is important to note here that ligand concentration effects
on transition temperatures are not proportional to the fraction
of binding sites that are occupied by ligahth particular,
for denaturation processes that involve ligand dissociation,

tested and compared. The theoretical relations derived in this

4One of the reviewers of this paper has suggested the possibility
that unspecific binding of.-Phe (a substance with hydrophobic
character) may contribute significantly to the measureé®he effect

the plot of transition temperature vs ligand concentration doeson transition temperatures. This possibility seems, however, unlikely

not show a plateau, but the transition temperature keepsn this case since:

increasing with ligand concentration even at concentrations
for which binding sites are essentially fully occupied. This
important result was demonstrated, for equilibrium transi-

3 We have made no attempt to justify the differences in stability for
the domains in hPAH on the basis of our modeled structure and the
known structure-energetics relationships. It must be noted that stability

(i) we have used comparatively lowhe
concentrations; and (ii) unspecific binding of a hydrophobic substance
may be expected to occur more extensively to the unfolded state than
to the native state; accordingly, increasing the substance concentration
will shift the unfolding equilibrium towards the unfolded state with
the concomitant decrease in stability and denaturation temperature, an
effect which is not observed experimentally (see Figure 6). In
connection with the possibility of unspecifiePhe binding, the same
reviewer suggested the convenience of carrying out a control study
into theL-Phe effect on the DSC profiles for model proteins that do

is related to Gibbs energy changes, which are small numbers resultingnot have a specific binding site farPhe. We have done such a study

from the almost complete cancellation of large enthalpic and entropic
contributions. Therefore, relative errors in predicted Gibbs energy

using ribonuclease A (type XlI from Sigma: R-5500), and we have
found no detectable-Phe effect on the DSC profiles within the-Phe]

changes and related parameters are expected to be large. For instanceange 0-25 mM (the same-Phe concentration range used in the DSC

for a set of model proteins, unfolding enthalpy changes could be
predicted from structure te- 4 kcal/mol @7), while the transition

experiments with hPAH reported in this work). Specifically, the
values for ribonuclease A unfolding at pH 6 were 63® (0 mM

temperatures (temperatures at which the unfolding Gibbs energy is zero)L-Phe), 61.8C (5 mM L-Phe), 61.9C (10 mML-Phe), and 61.7C

at the pH maximal stability were predicted to abaul0 degreesF4).

(25 mM L-Phe).
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section will be used in the next one to evaluate and analyzeln the presence of ligand, there can be ligated species in
the effect ofL-Phe on the DSC thermograms for wt-hPAH. addition to the unligated ones. Thus, we define an apparent
Before beginning the derivations, we wish to emphasize that (ligand concentration-dependent) equilibrium constant for the
theL-Phe concentrations employed in this work were, in most conversion between A and B states in the presence of ligand
experiments, significantly higher than the protein concentra- as:

tion, so that the free ligand concentration can be taken as

equal to the total ligand concentration, and we do not need K= [B]/[A] (12)

to concern ourselves with the complications that arise when

the free ligand concentration change; abruptly dgring the where [Al and [B: stand for the total concentrations of A
DSC scan 44, 46-48). [In a few experiments, low ligand 5 B states (that is the sum of the concentrations of

concentratio_ns (comparable to the protein concentration) Wer€,nligated and ligated species). The two equilibrium constants
used but, in these cases, the DSC thermograms were

) . ) . X are related b
essentially identical to those obtained in the absence of y

L-Phe].
All the equilibrium information regarding the binding of 0= @ = FB]_TXB = X8 (13)
a ligand to a given protein state is contained in the binding [Al  [A] 1% Xn

partition function or binding polynomial. The binding

polynomial is defined as the sum of the statistical weights wherex, = [A]/[A] T (xs = [BJ/[B] 1) is the fraction of the

for all ligation species of the protein, with the statistical protein present as states of type A (B) which is unligated.
weight for a given ligated species (V)ldefined as the ratio  These fractions are related to the corresponding binding
of the concentration of that species to that of the unligated polynomials throughP, = 1/x4 and Ps = 1/xs (eq 10).

species (M). Accordingly, the binding polynomial for a Therefore, eq 13 can be written as
protein with n binding sites for a ligand can be written as

(49), Pa
K=K (14)
n ) PB
P=1+ 3 BILI (8) , B 3
i=1 We define now a characteristic temperature for the transition

(Te) as the temperature at which the total concentrations of
A and B states are equal: [AF [B]t and, consequentlys
= 1. Using this definition, eq 14 becomes:

where [L] is the free ligand concentration gfids the overall
Adair constant%0) for the equilibrium M+ iL < ML;. We
will make use of two important properties of binding
polynomials:

P
(i) The average number of ligand molecules bound per exp — AH(L 1) _Ta (15)
protein molecule can be calculated from the binding poly- R \Tc Tg Pg

nomial using (see page 67 in ré9):

91n P whereT 2 is the characteristic temperature in the absence of
omne 9) ligand. To arrive to eq 15 from eq 14 we have used #at
dIn[L] = 1 at the characteristic temperatures and the van't Hoff

Therefore, the binding polynomial as a function of free ligand equation to describe the temperature dependenk. oe

L : - L Iso assuming that the rangeTefvalues is narrow so
concentration is equivalent to the ligand titration curiié] are a e
vs [L]) q g ( that the enthalpy change for the<A B transition (AH) can

(ii) The binding polynomial is related to the mole fraction be taken as a constant.

of unligated speciesx() through (see page 72 in rdb): Equation 15 gives implicitly the ligand concentration
dependence of the transition temperature, provided that
Xy = 1/P (10) model-based expressions for the binding polynomials are

supplied, as we will do in the next sectidhn addition, a
The general expression given above (eq 8) for the binding
polynomial in terms of the overall Adair constants is not S The temperature range spanned by our experimental ransition
. . . - u y our experi iti
used Of,ten In practice; . hqwever' S|mple and Con,vement temperature values is comparatively narrow (about 5 degrees, for
expressions for most binding models can be easily con- and about 10 degrees fos), and we have assumed that the unfolding

structed according to rules that have been described in detailenthalpy change that describes the temperature-dependence of the
in the literature 49). unfolding equilibrium constantk) can be taken as a constant within
. . . . that narrow range; hence, the left-hand-side term in eq 15 is simply
_We consider now a DSC transition with clgarly def'ned_ the van't Hoff equation integrated with a constaii value. Enthalpy
high-temperature and low-temperature baselines. We will changes for ligand-binding processes are usually much smaller than

refer to the protein states populated at low and high enthalpy changes for unfolding processes; therefore, we also assume

; : in our subsequent analysis (eqs-2®) that the equilibrium parameters
temperature as A and B states, respectively. We define Mihat describe the binding polynomials (right-hand-side of eq 15) can

equ_”ibrium constant f_Or the conversion< B in the _absence be taken as constants within the narrow range of the transition
of ligand as the ratio between the concentrations of the temperatures. These assumptions, however, are not limitations of the
unligated species: approach and, in fact, temperature dependencies for the unfolding
enthalpy and the binding equilibrium parameters could be easily
_ introduced if that is justified by the range and accuracy of the
Ko = [B]/[A] (11) experimental transition temperatures.
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useful expression for the slope of aldAss In [L] plot can
be obtained from eq 15 by solving forTl

_ 1o R (Pa
UTe = UTS AH In(PB) (16)
differentiating and using eq 9
d(1/T¢) R ..
dinfy AR (27)

whereAi is number of ligand moleculegleasedvhen A is
converted to B:

A._alnPA dInPg
'Oy ain[

=0} -0  (18)

It is important to note now that th&: value can be derived

Biochemistry, Vol. 41, No. 24, 2007583

unfolding of the four regulatory domains. This value far
strongly disfavors the existence of binding sites in the
regulatory domainsl0—13, 5J) since these sites would have
been destroyed upon regulatory domain unfolding with the
concomitant ligand release. This result is also entirely
consistent with our assignment of the low-temperature
transition to the unfolding of the regulatory domains. Thus,
since a maximum of 46 mol of L.-Phe have been found to
bind per tetramer of PAHS1—-53), it seems sound that there
are four occupied binding sites at highfPhe] in both state
N and state R (see eq 7), that is, the four binding sites in the
catalytic domains are not destroyed by the unfolding of the
regulatory domains.

For the high-temperature transition, we obtain= 1.8
+ 0.3, that is, a value close to 2, which strongly supports
our assignment of the high-temperature transition to the
unfolding of only two catalytic domains. The two remaining
L-Phe molecules (bound to the two catalytic domains which

from.t.he experimental DSF: data wit.hout assyming any remain folded through the high-temperature transition) are
specific denaturation model; thus, partition functions tgkmg presumably released upon irreversible denaturation and,
states A and B as reference could be calculated using the,onca have no effect OF.

Freire-Biltonen double integration procedufer);

[AHL]
RT?

InQu=f; dT (19)

[AH
nQy= f; R—de (20)

A Simple Model for the-Phe Effect on the Transition
Temperatures of wt-hPAHEXperimental studies have shown
that tetrameric PAH exhibits positive cooperativity for the
binding of L-Phe as measured by kinetid, (8, 12) and
equilibrium binding analysisy(l, 52), with a Hill coefficient
of about two. In addition, our modeled structure (Figure 1)
indicates that hPAH can be regarded to some extent as a
“dimer of dimers”. This suggests that a simple, but plausible

wherelAH[A and[AHIg are the excess enthalpies calculated model for theL-Phe binding to wt-PAH can be constructed
taking the low-temperature and high-temperature baselinesby allowing for cooperativity in the binding af-Phe to a

as reference, respectively, amg (Tg) is a temperature low

dimer and assuming that the two dimers in tetrameric wt-

(high) enough so that all the protein is in states of type A PAH behave independently of each other with respect to

(B). The partition function®Qa and Qg are related to the
concentrations of the reference states throQgh= [P)/[A] r

andQg = [P)/[B]+, where [P] is the total protein concentra-

L-Phe binding. In this section, we develop such model and
show that it can explain the effect ofPhe on the transition
temperature$; andT,. Before proceeding, however, we want

tion (see refl7). Thus, once the temperature dependencies to emphasize that we use the word “dimer” in this section
of Qa andQg have been obtained from eqs 19 and 20, the to refer to any of the “dimers” into which the structure of
characteristic temperature could be calculated as the temswt-hPAH (Figure 1) can benentallysplit (i.e., we donot

perature at whichQa = Qg. This involved procedure,

refer to the truncated form of hPAH that lacks the tetramer-

however, is not required when the transition is symmetric ization motif and which is actually dimeric in solution).
since, in this case, it is clear (and can be easily demonstrated) Specifically, our model is based on the following assump-

that theQa vs T and Qg vs T profiles will cross at the

midpoint of the transition. That is, for a symmetric transition

tions:
States N and R (eq 7) can be considered as “dimers of

the characteristic temperature can be taken as equal to thejimers” in which the dimers behave independently of each
transition temperature calculated by fitting equations of the gther with respect ta-Phe binding. This means that the

type of eq 1. Thus, we may take tiigandT, values given

binding polynomial for these states can be written in terms

in Figure 5 as the characteristic temperatures for the low- of the binding polynomial for a dimer as (see page 45 in ref
temperature and high-temperature transitions (which bypassegg)

the issue of the definition of the baselines for these

transitions).

The Number of Ligand Molecules Released in the Ther-

mally Induced Unfolding Transitions of wt-hPAHhe inset
in Figure 5 shows plots of If and 1T, versus In[-Phe]
for the higherL-Phe concentrations used in this work<2

30 mM). According to eq 17, the numbers of ligand

P (21)

_ p2
tetramer™ I:)dimer
Thus, it is sufficient to describe the binding ofPhe to a
dimer.

Possible cooperativity in the-Phe binding to a dimer in

molecules released in the corresponding transitions can bestates N and R (and in thePhe binding to state C) can be
obtained from the slopes of these plots and the experimentaldescribed phenomenologically in terms of Hill coefficients.

AH values of Table 1.
For the low-temperature transition, we obtaihn= —0.2

+ 0.2, that is, a value equal to zero, within the experimental
uncertainty, for the number efPhe molecules released upon

This is easily achieved by writing binding polynomials of
the form

P=[1+ (L] C)*"™ (22)
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Where_n is th_e number binding sites,is Fhe Hill CoemCie_nt’_ Table 3: Values of the-Phe Concentrations Corresponding to Half
andC s the ligand concentration at which half of the binding  saturation (C), Hill Coefficientsa) and Transition Temperatures

sites are occupied by the ligand. Substituting eq 22 into eq (T9 in the Absence of-Phe, Derived from the Fitting of the

9 the following is easily obtained: Dependencies Given by Eqs 239 to the Experimental; and T,
versus [-Phe] Profiled
([LVC)* Cn= Cr= Ce=
n———— (23) 0.072+0.017mM  0.2684+0.066mM  2.45+ 1.10 mM
1+ ([L)C) oy =2+094 or=1+0.18 ac=2+30
. . . T9=3195+ 03K T9=3285+03K
which can be easily rearranged to yield L 2
aSee text.
Inl -0 =ain[l] +alnK (24) significantly increased upon regulatory domain unfolding (see

the values ofCy andCr in Table 3).
with 6 = [n andK = 1/C. It is clear, therefore, that the

binding polynomial defined in eq 22 is entirely equivalent CONCLUDING REMARKS
to the Hill equation (eq 24).

On the basis of eqs 19 and 20, the binding polynomials
for the states N, R, and C can be expressed as

We have shown that the two transitions seen in the DSC
thermograms for the thermal denaturation of tetrameric wt-
hPAH can be assigned to the unfolding of the four regulatory

_ _ a2/ 2 domains (low-temperature transition) and two catalytic
Py = {1+ (L = PhelCy ™™ (25) domains (high-temperature transition), while irreversible
denaturation is likely responsible for the exothermic distor-
tion of the high-temperature side of the high-temperature
den2a transition.

Pc=[1+([L — Phe]Co)™]™™ (27) We have developed an equilibrium thermodynamics ap-
proach to the analysis of ligand effects on DSC transitions,

where Cy, Cr, and Cc are the concentrations for half-  \hich is based upon the general binding polynomial formal-
saturation andw, o, andac are the Hill coefficients for  jsm and is not restricted to two-state transitions. This

Pr={[1 + (IL — Phe]Cg)"1"*}? (26)

states N, R, and C, respectively. _ approach may allow different binding models to be tested

Applying now eq 16 to the low-temperature and high- anqg compared, since binding polynomials for most binding

temperature transitions we arrive at models can be easily written following rules which have been
R P described in detail in the literature (see, for instance4&:f

1T, = 1/T2 - In(—N) (28) In this work, we have derived and used expressions for the

AH; \Pg binding polynomials that are consistent with the phenom-

enological description of cooperativity in ligand binding in
UT. = 1T — R In % (29) terms of Hill coefficients.
2 2 AH, \Pc Our analysis of the-Phe effect on the DSC transition
temperatures for wt-hPAH supports the following:

Equation 28, together with eqs 25 and 26, provides the No binding sites for.-Phe are present in the regulatory
theoretical dependence df; with L-Phe concentration.  domain. This disfavors interpretations of the cooperative
Likewise, eq 29, together with eqs 26 and 27, provides the activation of PAH as a result of the binding ofPhe to a
theoretical dependence ®f with [L-Phe]. Since the binding  putative allosteric/regulatory site, which is different from the
polynomial for state R (eq 26) is involved in both theoretical catalytic sites, and support our proposa#,(15) that the
dependencies, we have carried a simultaneous fitting of theseactivation of PAH byL-Phe is the result of its homotropic
dependencies to thE vs [L-Phe] andT, vs L-Phe profiles. cooperative binding at the active sites.
The values ofAH; andAH; were fixed in the experimental There is interaction between the regulatory and the
values given in Table 1, and?, Tg, Cn, Cr, Cc, an, OR, catalytic domains. This is reflected in the results of our
and oc were fitting parameters, although the values of the model-based fittings to the transition temperature.vBlje]
Hill coefficients were restricted to the-12 range (note that,  profiles, which suggest that, upon regulatory domains
in our model, the value of the Hill coefficient cannot be larger unfolding, the cooperativity in the binding afPhe to the
than the number of sites in a dimer). The fitting was excellent catalytic domains is lost and thePhe concentration for half-
(see Figure 5), and the values derived for the fitting saturation is significantly increased.
parameters, together with the corresponding standard errors, Finally, we want to propose that, in addition to the
are collected in Table 3. The value found for the Hill interactions of the catalytic and regulatory domains, those
coefficient in the state N has a comparatively large associatedof the tetramerization motif are also involved in cooperativity.
standard erroro(y = 2 + 0.9), but it appears to be consistent Thus, as seen in our modeled structure (Figure 1), residues
with the Hill coefficient obtained in previous binding studies from a loop (68-75) in the regulatory domain establish
(51, 52). On the other hand, the value found for the Hill contacts with the start of the helical tetramerization motif.
coefficient in state Rdr = 1 + 0.17) suggests that Moreover, each of these motifs establishes contacts with the
cooperativity in the binding af-Phe to the catalytic domains  tetramerization helices from two other subunits suggesting
is lost upon regulatory domain unfolding. The interaction that changes in the interactions between the helix bundle and
between the regulatory and catalytic domains is also reflectedthe rest of the domains might be the way in which the
in the value for the half-saturation concentration, which is cooperative conformational changes inducedLbiyhe is
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transmitted in tetrameric wt-hPAH. In fact, the binding of
L-Phe to a truncated hPAH form lacking the tetramerization
motif [dimeric hPAH(Ser2-Arg428)] was found to be
noncooperatived), and our preliminary DSC studies indicate
that, in contrast to what is seen in wt-hPAHPhe binding

to the catalytic domains in this truncated form doesaffect

the unfolding transition for the regulatory domains (work in
progress).
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