Biochemistry2003,42, 33493358 3349

DSC Studies of a Family of Natively Disordered Fragments fiesaherichia col
Thioredoxin: Surface Burial in Intrinsic Colils

Carla Mendozd,Francisco Figueiridd,and Mafa Luisa Tasayco¥

Biochemistry Diision, Department of Chemistry, City College of New York,"MS&eet and Corent Avenue,
New York, New York 10031, and Imagine Software, 233 Broadway, New York, New York 10279

Receied Naember 19, 2002; Résed Manuscript Recegéd January 27, 2003

ABSTRACT. The accumulating data from proteome analysis indicates that numerous proteins have segments
and/or domains, involved in regulatory functions of the eukaryotic cell, which are entirely unstructured
under physiological conditions, challenging the structdtaction paradigm. Although many such natively
unfolded proteins have been structurally analyzed by NMR spectroscopy, little is known about solvent
inaccessible surfaces in premolten globules and intrinsic coils. Recent DSC studies of two protein fragments
have shown a promising way to estimate the predominantly hydrophobic buried surfaces [Georgescu, R.
E., Gar¢a-Mira, M. M., Tasayco, M. L., and ‘Sahez-Ruiz, J. M. (2001fur. J. Biochem. 2681—10].

Here we report a systematic heat capacity analysis of a family of natively disordered complementary
fragments of oxidizedEscherichia colithioredoxin (+31/32-108, 1-37/38-108, 1-50/51-108, and

38—73) which provides insights into the local and nonlocal interactions contributing to the burial of
predominantly hydrophobic surface in intrinsic coils.

Numerous proteins have segments and/or domains whichbeing the ones with the lower degree of intramolecular
are entirely unstructured under physiological conditions but packing density, residual secondary structure, and compact-
become structured upon binding to the targgt Such ness 8). Despite the increasing number of high-resolution
segments or domains have been variously called “natively NMR studies of the structure and dynamics of these proteins
unfolded” @, 3), “intrinsically unstructured”4), or “intrinsi- (see ref20 and review21, and references therein), there is
cally disordered” §) and frequently correspond to regions at present no simple way to estimate the buried surface of a
involved in regulatory functions of the eukaryotic cell) natively unfolded protein; in contrast, their determination for
such as transcriptior6{-11) and signal transductiorl2— natively globular proteins constitutes a standard procedure.
14). There thus seems to be a need for new approaches for further

During the past decade, the accumulation of results arisingcharacterizing natively unfolded proteins.
from the experimental and computational analysis of pro- DSC! studies have been reported in the literature as being
teomes 15) has demonstrated the widespread occurrence ofsensitive to the presence of residual structure in natively
natively unfolded regions in proteins from different organ- unfolded proteins32). Recently, a systematic heat capacity
isms, especially in higher eukaryots. This has provoked analysis of two natively disordered fragments of oxidized
intriguing hypotheses about their role in biological processes Escherichia colithioredoxin (Trx) by Sachez-Ruiz and
(16, 17) since their existence seems to challenge the Tasayco 23) showed that the experimental absolute heat
structure-function paradigm of proteins3( 4, 15, 18). capacity of fragment473 is lower than the one predicted
Models such as the protein trinitg#) and the protein quartet  for a fully solvated polypeptide (based on model compounds
(3) have been proposed in an attempt to provide an alternative(24, 25)] by 1.7 kJ K- mol~! at 25°C, reflecting the burial
view that would encompass these cases. of at least 1000 Aof predominantly hydrophobic surface.

At least two groups of natively unfolded proteins have These authors have also shown that the experimental absolute
been distinguished by Uversky et aB)(on the basis of  heat capacity of complementary fragment-2498 is pre-
structural properties: premolten globules and intrinsic coils. dicted well by these models, indicating that it is a fully
These proteins appear to have a combination of low meansolvated polypeptide. Although the presence of residual
hydrophobicity and relatively high net charge9), low structure in both fragments was unclear from far-Uv CD
content of ordered secondary structure, different dependencyand *H NMR standard chemical shift analysi®@6-28),
of the hydrodynamic dimensions on protein molecular mass recent NMR relaxation analysis of these fragme@8) pas
(2, 19), and high intramolecular flexibility, intrinsic coils  demonstrated the presence of a temperature-dependent
transient hydrophobic effect only in fragment-13, con-
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Ficure 1: Family of natively disordered complementary fragments of Trx. (A) Scheme of the three-dimensional structure of Trx depicting
cleavage sites from double variants with a single Arg at different sites. The helice8-stnahds are depicted as circles and squares,
respectively, as well as along the primary sequence using arrows and rectangles, respectively. The family of N-frag®nis-87,

1-50, and +73), C-fragments (32108, 38-108, 51-108, and 74-108), and the middle fragment (383) are shown along the primary
sequence using horizontal bars in dark gray, black, and light gray, respectively. (B) Plot of molar ellipticity values at 222 nm vs those at
200 nm for the family of natively disordered fragments of Trx-3l (»), 1-37 (©), 1-50 @), 1-73 (), 32-108 (a), 38—-108 @),

51-108 @), 74—108 (®), and 38-73 (¥). The regions most commonly populated by the intrinsic coil-like (Coil-like) and pre-molten
globule-like (PMG-like) natively unfolded proteins are shown boxed with dashed IB)es (

This proven sensitivity of DSC to the presence of residual fragments: +31, 1-37, 1-50, 1-73, 38-73, 32-108, 38-
structure that cannot be detected by standard low- and high-108, 51108, and 74-108. These fragments were subse-
resolution spectroscopic analysis prompted us to extend thequently purified by reverse phase chromatography, identified
studies to a family of (putatively) natively disordered by electrospray mass spectroscopy, and stored in lyophilized
complementary fragments of Trx with the goal of recognizing form. The concentrations were determined spectrophoto-
intrinsic coils with predominantly hydrophobic buried surface metrically using the average molar mass for all the fragments
and determining the region, or regions, responsible for that with the exception of fragment-137 (for which the average
burial. Here we report a systematic heat capacity analysisof the closed and open states of the homoserine was used)
of a family of complementary fragments of Trx{B1/32— and the following molar extinction coefficientse,gy =
108, 1-37/38-108, 1-50/51—-108, and 38-73) (see Figure 14 100 for fragment 73, €215 = 39 700 for fragment 74
1A) that behave like intrinsic coils under physiological 108, e,50 = 2560 for fragment 3873, €250 = 11 500 for
conditions according to far-UV circular dichroism spectros- fragment 1-37, exg0 = 2560 for fragment 38108, epg0 =
copy. This analysis not only recognizes the presence of 5690 for fragment £31, €250 = 2560 for fragment 32108,
residual structure in the majority of these putative intrinsic e,g0 = 1280 for fragment 53108, andezgo = 12 660 for
coils and provides an estimate for their hydrophobic buried fragment +-50. The lyophilized samples were resuspended
surface but also gives insight into the underlying local and in 7 M guanidine hydrochloride, 10 mM potassium phosphate

nonlocal contributions to this burial. (KP)) buffer at pH 7.5 and subsequently dialyzed against KP
buffer and concentrated. All the solutions were in 10 mM
MATERIALS AND METHODS KP;, with the exception of fragment 32L08 for which 25

Design and Production of the Complementary Fragments. MM KPi was used.
To produce natively disordered fragments, we used variants Characterization of FragmentSerial dilutions of freshly
of Trx with a single cleavage site, which separates the prepared solutions of fragments were made for monitoring
sequence 0f5, and 34 and thus prevents the formation of the concentration dependence of the isolated fragments using
folded fragmentsZ26). To accomplish this, we moved the size exclusion chromatography and far-UV circular dichroism
single R73 of Trx to the interconnecting regions betwggn  spectroscopy. The elution volume of the isolated fragments
and o, as well aso, and 33 to produce W31R/R73A Trx  in solution was determined for a range of concentrations from
and Q50R/R73A Trx, respectively (see Figure 1A). Pro- 15 to 300uM using a Superdex peptide HR 10/30 column
teolytic cleavage of these double variants gave fragmentsequilibrated with 100 mM KP(pH 7.00) and a Biotech
1-31, 32-108, 1-50, and 51108, while chemical and/or ~ model LCC-500 liquid chromatography system. The far-Uv
proteolytic cleavage of wild-type Trx provided fragments CD spectra of the same solutions of fragments from 190 to
1-37, 38-108, and 3873 (see Figure 1A). 250 nm were obtained using an AVIV-60DS instrument with

Purification of FragmentsDouble mutants of Trx were  temperature control and cells with a path length of 1 mm at
overexpressed i&. coli JF521 and purified by gel filtration 25 °C. Likewise, the thermograms for the same range of
and reverse phase chromatograp?$)( The wild-type Trx concentrations of these fragments were acquired with a VP-
and their double mutants were either proteolytically or DSC microcalorimeter from MicroCal at a scan rate of 1.5
chemically cleaved into complementary fragments according K/min and a pressure of 207 kPa according to previously
to previously reported procedures), yielding the following reported DSC measuremenf3).
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Ficure 2: Original DSC thermograms of selected fragments in solution with the corresponding-tuiffésr baseline. (A) From top to
bottom are shown the last baselines acquired prior to measurements with fragr8&rarid its DSC thermograms at increasing concentrations

of 0.085, 0.102, 0.132, 0.152, and 0.189 mM. (B) From top to bottom are shown the last baselines acquired prior to measurements with
fragment 38-108 and its DSC thermograms at increasing concentrations of 0.065, 0.079, 0.096, and 0.120 mM. (C) Overlay of DSC

thermograms of heating: first and second reheating for a solution of fragmem33®&ithout removal of the sample from the cell of the

microcalorimeter.

Fitting the Concentration Dependence of DSC Thermo-
grams of Protein Fragments To Obtain Their Absolute Heat
Capacities.Accurate values for the experimental absolute
heat capacities, ) of protein fragments were derived from

whereC,; is the contribution from théth residue (without
the end termini) and the other three terms take into account
the contribution from the peptide bond and the N- and
C-termini, respectively.

the concentration dependence of the apparent heat capacity gstimate of the Buried Surface Area of a Polypeptite

function (ACpapp, Obtained upon subtracting the buffer
buffer baseline from the heat capacity of a given fragment
concentrationZ9). Several DSC thermograms corresponding

buried surface area of a protein, or protein fragment, in the
native state is related to the difference between the absolute
heat capacity of the unfolded and folded statC() of a

to different concentrations of fragments were analyzed using given polypeptide through an empirical equation (eq33) (

eg 1 according to a previously reported proced@®:(

Ve
Vv

Acpyapp -

CVO(Cp,P - (1)

)

whereC is the protein concentratioV, is the calorimetric
cell volume, andvp andVyy are the specific volumes of the
protein and water, respectively. TMp values were calcu-
lated on the basis of amino acid compositi@d)(

Calculation of the Absolute Heat Capacity of a Completely
Sobent-Exposed FragmeniThe absolute heat capacity
(Cg) of a fully hydrated protein fragment was calculated
according to the amino acid composition and e@2 @5).
The polynomial representations of the Privalov and Makhat-
adze data 44, 25) given by Freire 81) and the ones
corresponding to the Hael data 82) were used to determine
the temperature dependenceCDg’:

20
C;J = Znicp’i + (N - 1)Cp,NH7CO + Cp,NHZ + Cp,COOH
=

()

34), whereAASA,, andAASA, are the changes in solvent-
exposed surface area due to the unfolding of nonpolar and
polar residues, respectively, which are measured in square
angstroms. The coefficients are known to be positive
(nonpolar) and negative (polar) with values in kilojoules per
mole per square angstrom essentially independent of tem-
perature in the range of 250 °C:

AC,=1.84x AASA,,— 1.05x AASA, 3
While this relation was derived from studies of natively
folded soluble proteins3@), we will assume that it is also
valid for protein fragments with residual structure. The
estimates were calculated assuming also thaSA, and
AASA,, regions are buried in the ratio found in native
proteins AASAY/AASA,, = 0.59).

RESULTS

Characterization of the Family of Na#ly Disordered
Complementary Fragments from Oxidized deli Thiore-
doxin. Size-exclusion chromatography and the molar
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FiGURE 3: Absolute heat capacity vs temperature profiles for the family of fragments Cfhend C;’ values of these fragments are
depicted with symbols and solid lines, respectively: (A)3L, (B) 1-37, (C) 1-50, (D) 1-73, (E) 74-108, (F) 51-108, (G) 38-108,
(H) 32—108, and (I) 38-73. The error bars are shown on the plot, although in most cases they are smaller than the size of the symbols.

The C,p and Cﬁ values for fragments-173 and 74-108 were taken from re23.

ellipticity from 190 to 250 nm of the far-UV CD spectrum N T T T T T T
of a freshly prepared solution of fragments throughout a
range of concentrations (from 0.3 to 1.3 mg/mL) show no  -0.1 =
concentration dependence (data not shown) and argue in ;
favor of their monomeric state. In all cases, the far-UV CD 1 .
spectra of these fragments show a minimum around 200 nm,g
diagnostic of the so-called “random coil state” (data not £ .|
shown). Further analysis of their far-UV CD spectra using Oﬁ | AN
the double-wavelength plot of the ellipticity values at 222 ~ oal
and 200 nm and comparison with the areas populated by A
premolten globules and intrinsic coils with known hydro- I

dynamic ratios ) (see Figure 1B) indicate that fragment 05 . 7
32—-108 behaves like a somewhat compact natively unfolded I A
protein (premolten globule), while the others behave like e Ry e——
coils or intrinsic coils 8). Concentration (mM)

Heat Capacity Analysis of the Family of Fragmeritbe Ficure 4: Plot of the apparent heat capacity vs the concentration

reproducibility of the thermograms for the solutions of f_or the_fami_ly of nativ_ely disordered fragments of Trx. The best

fragments +37, 38-73, and 38-108 (see Figure 2) upon linear fits with a zero intercept of the data for these fragment_s are

heating and reheating them more than once demonstrates thgac s naib 72 and 4T in a decreasing trend dCy.qpp values:
ga g 88-108 @), 32-108 (), 1-50 (), 51-108 @), 1-37 (0), 38—

reversibility of the temperature-dependent phenomena from73 (v), and +31 (a).

40 to 90°C. These traces show no obvious cooperative

unfolding transitions. For any given fragment, analysis of CU values obtained with the model of Makhatadze and

these thermograms at increasing concentrations accordingPrivalov 4, 25), and the empirical equation (eq 3) (see

to eq 1 yields linear plots (see representative plots &G0  Table 1) giveAC, values at 40C of 0.4+ 0.1, 0.7+ 0.1,

in Figure 4) with a slope that gives th@,p value at the 1.0+ 0.1,0.6+ 0.1,-1.0+ 0.2, 1.8+ 0.1, and—0.1 +

selected temperature. In this analysis, @y values, the 0.3 kJ/mol for fragments-131, 1-37, 1-50, 38-73, 32—
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Table 1: Changes in Accessible Surface Area (ASA, in square angstroms) for the Family of Fragments

fragment AC, AASA,P AASA, ACs® AASA,f AASA
1-31 0.4+0.1 3104 60 1804 60 1.44+0.1 1150+ 60 680- 60
1-37 0.7+0.1 600+ 60 350+ 60 2.0+0.1 1620+ 60 960+ 60
1-50 1.0+0.1 7904 60 470+ 60 2.5+0.1 20304 60 1190+ 60
1-73 1.4+0.2 11604 110 680+ 110 3.5+ 0.2 2890+ 110 1710+ 110
32-108 ~1.04+0.2 N/A N/A 1.540.2 1200+ 60 708+ 60
38-108 1.84+0.1 1480+ 70 870+ 70 4.0+0.2 3240+ 70 1910+ 70
51-108 ~0.14+0.3 N/A N/A 2.0+0.3 1480+ 130 870+ 130
74-108 0.3+ 0.2 220+ 70 130+ 70 1.4+0.2 1120+ 70 660+ 70
38-73 0.6+0.1 470+ 60 270+ 60 1.64+0.1 1320+ 60 780+ 60

a Estimates were calculated using eq 3 and assuming that poAe84;) and nonpolar AASA,) regions are buried in the ratio found in native
proteins AASAJAASA,, = 0.59). TheAC, values in kilojoules per kelvin per mole were calculated af@0AC, values (kilojoules per kelvin
per mole) of fragments-173 and 74-108 at 40°C were taken from the literatur@d). ® Using Makhatadze et al24, 25). ¢ Using Hakel et al.
(32.

108, 38-108, and 5%+108, respectively. For most of the analysis recognizes the presence of predominantly hydro-
fragments, theAC, values are positive (see Figure 3). The phobic buried surface in intrinsic coils, even those that go
exceptions are fragment 3208, which gives negative undetected by far-UV CD andH NMR chemical shift
values throughout the whole temperature range, and 51 analysis 27, 28). An important assumption made in this study
108, which becomes negative beyond ®®. It is worth is that theAC, values of the family of natively disordered
noticing that all these values would be positive if we had fragments of Trx reflect the behavior of their monomers,
instead used the model of Ekel et al. 22, 32) to calculate despite the general tendency of protein fragments to ag-
thecg (see Table 1). All these traces are complex, and it is gregate 85—41). In our case, the linear concentration
not clear to us how to interpret the temperature dependencedependence of both the molar ellipticity values (data not
In any case, theAC, values at 40°C that are positive  shown) andAC, .y, values (see Figure 4) demonstrates the
regardless of the model have been converted to changes irpredominance of monomers in the freshly prepared solutions
nonpolar and polar solvent accessible surface area accordin®f all these fragments at the selected range of concentrations
to eq 3 and are shown in Table 1, which also includes the (0.3 and 1.3 mg/mL) and in the reversible region of the DSC
values previously obtained for fragments 73 and 74-108 measurements.

at the same temperatur2g). The solvent accessible surface g heat capacity analysis of the whole family of intrinsic
area changes corresponding to #1@, values obtained with .= Jerived from Trx (fragments-131, 1-37, 1-50, 1-73,

the model of Makhatadze and Prival®4( 25) indicate the 38-108, 51108, 74-108, and 3873) shows that the
essentially fully solvated state of fragments-8D8 and 74 N-fragment and middle fragment have a predominantly

ilr%?egggs awﬁgegrggm::ttlfe:é%r?gp?rtgg mS:r:];gg@el agrgii that by 4rophobic buried surface that increases with the length of
- - = P the fragment, while only one of the C-fragments {3®8)

7?1 '377b1 20, 1 7f3'i and 38L|108' Fragment "?108 IS shows this type of burial. No simple explanation is readily

EP rgglgmrllg e((:jal_Jtse orits angma ous nehgztm@p va u? (set_e | available. According to the literaturé9), one would expect

af % d) an ISIt app?r(ta)nly sortnew ba cgmpatch nfa 'VS\>’ a negative correlation between the buried surface area and

grE)os :ctrg)zggzeoliierlljrge ciBl; ?/)\/k:];#éfthizsr?e ;; faljg' the combination of a high net charge and low hydrophobic
P 9 : 9 mﬁ. content, but that is not what we observe. For instance, the

reflects the fact that premolten globules show a ratio betweenN-fragments have a higher ratio of net charge over a number

the solvent accessible surface area changes of poiSA) of nonpolar residues than the C-fragments and sometimes

and nonpolar AASA;) higher than the one for native show more burial. More unsettled questions involve the

globular proteins is unclear. reasons for the premolten globule nature and the anomalous
DISCUSSION negativeAC, value of fragment 32108. A possible source
of hydrophobic burial is the formation of a ring between the

AC, Values Are Good Predictors of Predominantly backbone and the C3ZC35 disulfide and its subsequent
Hydrophobic Buried Surface in Natly Disordered Proteins  docking to the nearby W31 and W28 residues, but it cannot
that Behae like Intrinsic Coils.The AC, value of a given be the only reason for hydrophobic burial because fragments
polypeptide depends on the calculation of ﬂj# value of 1-31, 38-73, and 38-108 show this kind of burial in its
its fully solvated state, which is based on the principle of absence. Indeed, the transient hydrophobic effect detected
group additivity and dependent only on its amino acid in fragment +73 by NMR relaxation analysis remains,
composition. However, as discussed above, the contributionsalthough the amount is diminished, upon reduction of the
from the individual amino acids are model-depend@% (  disulfide 28). However, the burial in fragment-137,
32), and it is difficult to assess the corre&C, value. For obtained by CNBr cleavage of Trx, may be due to both the
some natively disordered fragments of Trx that behave like closed (lactone) form of the C-terminal homoserine and the
intrinsic coils (fragments473 and 74-108), theAC, values C32—-C35 disulfide ring. The trend of th&,p values of the
calculated using Makhatadze’'s mode#(25) are known to N-fragments to decrease with the increase in temperature
correlate well with the presence and absence of the transientmay be explained by the enhancement of the hydrophobic
hydrophobic effect observed by NMR relaxation measure- effect in polypeptides at higher temperature)( The
ments 28). We take this as proof that the heat capacity majority of the remaining fragments, such as fragments 51
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Table 2: Nonadditivity of theAC, Values (in kilojoules per kelvin To further the_analy3|s and identify potential local an(_jl
per mole) for the Family of Natively Disordered Complementary nonlocal interactions, we have chosen (see the Appendix)

Fragments from Trx to represent these fragments as a combination of five
fragments SACY SAC, nonoverlapping segments (S31, S32-37, S38-50, S5+
1-50 and 51108 10L04 23104 73, and S74r10_8) and c_o_nS|der only their b!nary interactions.
1—-73 and 74-108 1.7+ 0.3 4.9+ 03 The AC, of a given |n_d|V|duaI fragment, with the exception
1-37 and 38-108 2.5+0.2 5.9+ 0.2 of fragment 32-108, is represented as the sum of k@,
1-37,38-73, and 74108 17+ 04 5.0+04 values of their segments and interactions. As previously
173 14402 35£02 indicated, theAC, values have contributions from both polar
1-37 and 38-73 1.3£0.2 3.6+0.2 ,
38-108 1.8+ 0.2 4.0+ 0.2 and apolar groups; the former are expected to be negatively
38-73 and 74-108 0.8+0.3 3.0+0.3 and the latter positively correlated upon solvent exposure
aWhat is shown is the sum of thEC, values in kilojoules per kelvin (33, 34). In the case of the unfolding of typical soluble folded
per mole at 40°C. ® Calculated using Makhatadze et a4(25) for proteins, the apolar contribution is known to outweigh the
the sets of complementary fragmerft€alculated using Hzkel et al. polar one (eq 3). Since there is no evidence to the contrary,
(32) for the sets of complementary fragments. we will assume that this is the case also for the segments,

which implies that the values atC, for the segment and
108 and 38108, show the inverse trend, and assessing their interactions are non-negative and the burial is predomi-
whether it is associated with the burial of polar residues nantly hydrophobic.
requires further studies. Analysis of the fragments with positiv&C, values

Additivity of Absolute Heat Capacity Values Rides indicates an increase with incre_asing fragmgnt Iength,
Insight about Local and Nonlocal InteractionSince the allowing us to extract useful constraints about the interactions

estimate of the hydrophobic buried surface in fragmentd bet\_/veen a fr_agment, or seglmen(;fjs), and the ?egment used

arising from theAC, values according to the model of for its extension. For example, adding S3D to ragment

Makhatadze and Privalov24, 25) is consistent with the 51-108 produces a larger mcreasemj:p than addl.ng the

transient hydrophobic effect found by NMR relaxation same segment to fr_agmen%:ﬂ?, reyeallng that the interac-

analysis 28), we will continue our discussion usingC, tions betweep f{he first pair of regions are stronger tr|1an tk;]e

values based on this model unless stated otherwise. other one. Similar results are obtained when we analyze the
extension of fragments-150 and 74-108 with the addition

To evaluate the contribution of nonlocal interactions in ¢ g51—73. g
thg burial of preqlominqntly hydrophobic surface found in A qore systematic analysis (see the Appendix) requires
this family of natively disordered fragments (see Table 1), gqying the linear equations that relate the segment contribu-

we tested the additivity of thaC, values at 40°C in two tions and their interactions (the unknowns, or dependent
ways (see Table 2). First, theC, values of fragments-173 variables) to the observedC, of the fragments (the
and 38-108 were compared to the sum of th€, values  jngependent variables). Unfortunately, there are more de-

from their corresponding pairs of complementary fragments. pendent variables (13) than equations (8). However, these
The fact that theAC, values of fragments-137 and 38-73 equations can be supplemented with the fact that the
add up to give the\C, of fragment 1-73 demonstrates the  contributions cannot be negative if they are to yield
additivity of those values and implies that the predominantly gnstraints on the dependent variables. In the Appendix, a
buried surface of fragment-173 comes from the accumula-  ponte Carlo @3) approach is described, in which the
tion of buried surface from both regions of the sequence. In statistical distributions of the dependent variables can be
contrast, the nonadditivity for fragment 3808 reflects that  gptained, consistent with the experimental uncertainties. In
besides the accumulation of buried surface arising from the this approach’ one generates “random” values for the
complementary regions (fragments-38 and 74-108), independent variables (consistent with the experimental
there is a contribution from interactions between those yncertainties) and for each such selection solves the equations
regions. As a second test, we focused on the complementanyor the dependent variables. The collection of results thus
fragments that comprise the whole sequence of thioredoxin. optained provides an estimate of their statistical distributions.
In this case, we too observe differeAiC, values, even  One complication in this case is, of course, the fact that there
considering the experimental errors, which demonstrate theirgre more dependent variables than equations. To get around
nonadditivity and imply the participation of interactions this and reduce the problem to only eight dependent
among various regions in the surface burial. In both additivity variables, five of them are arbitrarily chosen and their values
tests, we have assumed that changes@y values at 40C treated as random. Without the positivity constraint, this
are not due to the double mutation of Trx (Q50R/R73A) or would not help much, since a solution for the eight remaining
the CNBr chemical modification of the C-terminal Met into  dependent variables could be found for any random selection.
the open and closed homoserine in fragmen81. At least  However, the positivity constraint limits the possible solu-

the difference between the theoreticﬁf sum for frag- tions, so information about all the dependent variables can
ments 173 and 74-108 (obtained from wild-type Trx) and  be obtained.
the one for fragments-150 and 53108 (obtained from the This analysis, regardless of the model used to obtain the

WS50R/R73A mutant of Trx) is negligible. This does not AC, values, yields constraints on eight of the nine possible
preclude, however, the possibility that the difference between binary interactions (see Tables 3 and 4 and the Appendix)
the sums for fragments-137 and 38-108 and the one for  and predicts that segment-S31 contributes more than other
fragments +73 and 74-108 may be enhanced by the closed segments to the buried surface of the N-fragments3(,
form of the C-terminal homoserine in fragment37. 1-50, and +73), and that the most significant interactions
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Table 3: Discrepancy between Experimental and Calculated

Absolute Heat Capacity ValueAC,) for Selected Segments of Trx

and Their Interactioris

T(°C) 1-31 32-37 38-50 51-73  74-108
40 0.3+0.1 0.1+0.1 0.1+0.1 0.1+0.1 0.2+0.1
1-31 0.2+0.1 0.1+0.1 0.1+0.1
32-37 0.1+0.1 0.1+0.1
38-50 0.3+0.2 1.0+0.3
51-73 0.1+ 0.1
50 0.44+0.1 0.1+0.1 0.1+0.1 0.1+£0.1 0.1+0.1
1-31 0.2+0.1 0.1+£0.1 0.1+0.1
32—-37 0.1+£0.1 0.1£0.1
38—-50 0.3+£0.2 0.7£0.3
51-73 0.1+0.1
60 0.6+0.1 0.1+£0.1 0.1+£0.1 0.1+0.1 0.1+0.1
1-31 0.2+0.1 0.1+0.1 0.1+0.1
32—-37 0.1+£0.1 0.1+0.1
38-50 0.3+0.2 0.6+£0.3
51-73 0.1+ 0.1
70 0.8+0.1 0.1+0.1 0.1+0.1 0.1+0.1 0.1+0.1
1-31 0.2+0.1 0.1+0.1 0.1+0.1
32-37 0.1+ 0.1 0.1+0.1
38—-50 0.4+0.1 04+0.2
51-73 0.1+ 0.1

a Estimates were calculated for segments81, 32-37, 38-50, 51—

73, and 74-108 (see the Appendix) at selected temperatures us@g
values based on Makhatadze et @4,(25). AC, values of fragments

1-73 and 74-108 at 40°C were taken from the literatur@3).

Table 4: Discrepancy between Experimental and Calculated

Absolute Heat Capacity ValueAC,) for Selected Segments of Trx

and Their Interactioris

T(°C) 1-31 32-37 38-50 51-73  74-108
40 14+01 0.2+£0.2 0.3x+0.2 0.3+£0.2 1.3£0.2
1-31 0.3+0.1 0.1+0.1 0.1+0.1
32-37 0.1+£0.1 0.1£0.1
38-50 0.3+0.2 1.0+£03
51-73 0.3+ 0.3
50 15+0.1 0.2+0.2 0.4+0.2 05+03 1.2+0.2
1-31 0.3+0.1 0.1+£0.1 0.1+0.1
32-37 0.1+ 0.1 0.1+0.1
38—-50 0.6£0.3 0.8+£0.3
51-73 0.2+ 0.2
60 1.7£01 0.2+0.2 04%+0.2 0.7£03 1.2+0.1
1-31 0.3+0.1 0.1+0.1 0.1+0.1
32—-37 0.1+£0.1 0.1£0.1
38-50 0.6£0.3 0.8+£0.3
51-73 0.2+ 0.2
70 18+0.1 0.2+0.1 05+0.2 0.7+0.3 1.3+0.2
1-31 0.3+0.1 0.1+0.1 0.1+0.1
32-37 0.1+0.1 0.1+0.1
38—-50 0.6£0.2 0.5+0.3
51-73 0.2+ 0.2

a Estimates were calculated for segment81, 32-37, 38-50, 51—

73, and 74-108 (see the Appendix) at selected temperatures usyg

values based on 'Hakel et al. 32).

arise between segments-S31 and S32-37, S38-50 and
S51-73, and S3850 and S74108. These predictions
reflect the contribution of local and nonlocal interactions
to the predominantly hydrophobic buried surface of the
N-fragments. The predicted predominantly hydrophobic
surface of S£31 and the nonlocal (medium-range) inter-
actions between S131 and S32 37 correlate well with
the restricted motions of the hydrophobic segment of
residues 2539 found by the NMR relaxation studies of
fragment =73 (28). However, these studies fail to detect
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ments are very sensitive for detection of weak inter-
actions that produce predominantly hydrophobic buried
surface within natively disordered polypeptides that be-
have like intrinsic coils, which can be missed by standard
high-resolution spectroscopic experiments, but whose
presence can be tested with more elaborate NMR experi-
ments.

Nature of the Predominantly Hydrophobic Buried Surface
in the Natvely Disordered Fragments from Tr&ne of the
intriguing questions about natively disordered protein frag-
ments is how well their residual structure is represented in
the native state ensemble of the parent proté#). (I it is
well-represented, one would expect, for example, that
fragments containing the rather rigid hydrophobic central
pB-strands .—pf4) of native Trx @5, 46) will contain a
noticeable hydrophobic cluster. Indeed, recent DSC studies
of fragments encompassing these cenfratrands show a
broad unfolding transition (M. L. Tasayco and C. Mendoza,
unpublished results). Although the majority of fragments that
include the sequence of one or two of th¢sstrands (+
31, 1-37, 1-50, 1-73, 38-73, and 38-108) show this kind
of surface burial, a pair of fragments containifigand/or
B4 (51-108 and 74-108) behave as fully solvent-exposed.
It thus appears that the presence of the sequenggmight
be sufficient to produce burial, but that is not the case for
ﬂa or 64.

The predicted interactions between segments®land
S32-37, S38-50 and S5%73, and S3850 and S74108
are, however, consistent with native-like interactions involv-
ing helical regions such as the packing &f against the
N-terminal portion of a, (containing the disulfide ring
between C32 and C35 and the interconnecting backbone),
the docking off; againsta,, and the packing oft, against
o4, respectively (see Figure 1A). Following this line of
thought, the presence of the last two interactions may explain
the significant burial in fragment 38108. Likewise, the
burial promoted by the disulfide ring preceding and the
packing ofo, againsto, may explain the pre-molten globule
state of fragment 32108. These predictions, however, await
validation by future NMR studies.

CONCLUSIONS

This work and previous work2@) have shown that DSC
constitutes a rapid and sensitive tool for determining if a
fragment that is an intrinsic coil according to far-Uv CD
measurements nonetheless has burial of predominantly
hydrophobic regions. A positivAC, is a telltale sign that
the fragment behaves like a globular soluble protein, which
buries its hydrophobic patches to a greater extent than the
polar ones. Furthermore, assuming that this behavior extends
to the relation betweeAC, and the changes in accessible
surface area (ASA) upon burial, one can obtain estimates of
these changes and thus estimate the degree of folding in the
intrinsically unstructured fragment.

A systematic analysis of the residual structure in a family
of intrinsically unstructured fragments Bt coli Trx reveals
interactions between segments that reflect existing local and

the constrained motions of the backbone that one would nonlocal interactions between regions of secondary structure
expect from other local and nonlocal interactions. It in the native parent protein. In our studies, we have found
appears that far-UvV CD spectroscopy and DSC measure-no evidence for non-native-like interactions.
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APPENDIX

Herein we analyze the equations that relate the difference
between the calculated predictions for a fully hydrated

polypeptide and the experimentally observed heat capac-

ities (ACy,) with the per-segment values and their interactions.
For the sake of concreteness, we will perform the analysis
at 40°C.

To simplify the analysis, we will use a notation slightly
different than that in the main text. Let’s start by numbering
the segments as follows:

residues

1-31
32-37
38-50
51-73
74-108

segment

abwNE

Using this numbering scheme, we will denote WAK; the
AC, of the isolatedth segment and witAC;; the contribu-
tion of the interaction between segmentndj. With this
notation we can write, for example

ACys +5) =AC + AC; + AC;;

where we denoted witls + s the union of segments
andj. Notice that in the absence of interactions th€,
behaves additively, since the nonadditive contribution
from the terminal ends is assumed to cancel out when taking
the difference between the theoretical and experimental
values.

The experimentally observeC, values (at 40°C) can
thus be expressed in the following way:

AC,(s) = 0.38+0.10
AC,(s; +s,) =0.73+0.10
AC,(s; +5,) =057+ 0.11

AC,(s)) =0.27+0.18
AC,(s, +s5) = 0.08+ 0.16

AC,($;+5,+5)=1.81+£0.15
ACy(s;+s,+53+5)=1.42+0.24
AC,(s; +5,+5) =0.96+ 0.12

Mendoza et al.

These translate directly into the following eight equations
in the 15 unknowns\C; and AC;;:

AC,=0.38+£0.10

AC, + AC, + AC, ,= 0.73+ 0.10

AC;+ AC,+ AC,,,=0.57+0.11
AC,=0.27+0.18
AC,+ AC;+ AC, = 0.08+ 0.16

AC;+ AC, + ACs+ ACy ,+ AC; 5+ AC, 5=
1.81+0.15

AC, + AC,+ AC;+ AC, + AC, ,+ AC, 5+ AC, , +
AC, 3+ AC,,+ AC, ,= 1.42+ 0.24

AC,+ AC, + ACy+ AC, ,+ AC, 3+ AC, 5=
0.96+ 0.12

Since there are only eight equations and 15 unknowns, we
cannot possibly hope to find a unique solution. However,
notice first of all that the two quantitieAC; s and AC;5
appear in none of the equations, the former because it
requires the whole protein and the latter because the only
fragment that would contribute was not considered in the
analysis due to its negativeC,. Therefore, we can exclude
them from the analysis, leaving us with only 13 unknowns
(of course, this also means th&€, s and AC, 5 are uncon-
strained by these experiments). Of course, a system of eight
equations on 13 unknowns does not have a unique solution.
However, the equations do provide constraints and relations
among the variables. The easiest way to see this is to consider
five (13 — 8) of the unknown quantities as independent varia-
bles and to rewrite the eight equations above with those five
variables “on the right-hand side”. The choice of variables
is rather arbitrary; in what follows, we will sele&C, »,
ACy 3 ACy 4, ACs 4 andAC, s as independent variables. We
can then rewrite the eight equations above in an equivalent
manner

AC,=0.38+0.10
AC, + AC,=0.73+ 0.10— AC,,
AC;+ AC,=0.57+0.11— AC,,
AC,=0.27+0.18
AC,+ AC5=0.08+ 0.16— AC,
AC;+ AC, + ACg+ AC, 5=

1.8140.15— AC;,— AC, 5
AC, + AC,+ AC; + AC, + AC, 3+ AC, ,=
1.4240.24— AC,,— AC, ;— AC, ,— AC,,
AC, + AC, + AC, + AC, ;= 0.96+ 0.12—
ACLZ - AC1’3

Now we are left with eight equations on eight unknowns
(those appearing on the left-hand side), which are dependent,
however, on the (also unknown!) five quantities that appear
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Table 5: AC, Value of Each Segment

St S S3 S S
0.33+0.11 0.12£0.11 0.11+0.10 0.07+0.07 0.12+0.11

Table 6: Interactions between Segments
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SUPPORTING INFORMATION AVAILABLE

Heteronuclear NOE (NHNOE) of fragment-X3 fromE.
coli TRX with C32—C35 in the oxidized and reduced forms.
This material is available free of charge via the Internet at
http://pubs.acs.org.

S Sz S S5
s 0.18+0.15 0.08£0.08 0.12+0.12 REFERENCES
S 0.08+£0.08 0.12+0.12
S 0.28+ 0.17 1.07+0.27 1. Dyson, H. J., and Wright, P. E. (2002) Coupling of folding and
S 0.08+ 0.08 binding for unstructured protein§urr. Opin. Struct. Biol. 12

on the right-hand side. Of course, we are no closer to finding
a solution than we were before. However, if we make the 3
plausible assumption that all the contributions have to be
non-negative, we can use these constraints to obtain further
information about the interactions. And this time these
constraints will give us information about both the dependent g
and independent variables!

A systematic analysis of the system of equations shown
above that takes into consideration the experimental errors ¢
as well as the positivity constraint can be done in a variety
of ways. An elegant approach that can be extended to arbi-
trary systems of (not necessarily linear) equations is Monte
Carlo simulation 43). In one variant of this approach, one
generates a large number of samples consistent with the
experimental errors and calculates the quantities of interest

(in our case, the variables appearing on the left-hand side), 8

obtaining thus an estimation of their statistical distribution.
If enough samples have been generated, the solutions that

remain after applying these constraints will fill a region of 9.

n-dimensionalf = 13 in this case) space and the distribution

will give us a measure of the uncertainties in each variable.
It should be emphasized that the random samples must
include both the experimental values and the selected

“independent” variables. The former are, as usual, assumed 11-

to be normally distributed, with a mean and standard devia-
tion given by the experimental value and uncertainty. In con-

trast, the statistical distribution of the independent variables 12.

is not known (or, rather, much less known) and must be
assumed; the weaker the assumptions, the more reliable the
constraints that result from the analysis. Fortunately, the
positivity constraints do impose limits on their values, and

we can therefore make the minimal assumption that each of 14-

them is uniformly distributed within these bounds. For each

sample thus obtained, the equations are then solved in terms 15

of the independent variables and the positivity constraints
are imposed by dropping the solutions that are inconsistent
with them (that is, some variable attains a negative value).
An analysis of the resulting distributions shows that they 17
are not Gaussian, so the average and standard deviation are
not good indicators. Instead, we have chosen to use the
median and 75% confidence level to report the values and
their errors.

Applying systematically the positivity constraints together
with the equations found above, we arrive at the final results
shown in Tables 5 and 6. Again notice that no information
regarding the interactions between segmenty s, andss

is available from these experiments. Notice also that some 21.

of the experimentally determined values, like th€, for
segments; (1—31), become shifted after the full analysis
(although remaining consistent within the experimental
uncertainties).
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