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Abstract: At room temperature, natural polypeptides exposed to high concentrations of a strong denaturant
nearly attain the circular dichroism spectra characteristic of random coils. As temperature is increased, the
spectra begin to show the signature of a substantial fraction of extended chain, the structure common in
p-sheets. This structural propensity at high temperature is not altered by concentration changes over a
greater than 1000-fold range, so it is not caused by aggregation. Four proteins with different folds and
varying amounts of a-helical and 3-sheet secondary structure, in the presence or absence of denaturant,
all were subject to extended chain formation upon heating. This effect arises naturally from the steric
constraints associated with polypeptides and is probably counteracted, not enhanced, by hydrophobic
interactions. Molecular dynamics simulations in the 298—1000 K range reveal an attractive potential of
mean force in the extended chain region of the Ramachandran diagram, which broadens as the temperature
is raised. We also demonstrate a direct correlation between extended structure content and the rate of
aggregation kinetics. Thus pre-existing extended structure could funnel proteins into aggregates.

Introduction compared to free chains in solution. This reduction in entropy
disfavors aggregation as the temperature is increased. The
dominant interaction that induces aggregation cannot be the
same as the main driving force that folds proteins (hydrophobic-
ity), or it would prevent thermal unfolding in the first place.
yFinaIIy, if the underlying principles in folding and aggregation
are the same, why is there such a large difference in inherent
d /S-she_et pr_ope_nsity f(_)r aggregates compared to folded proteins?
Proteins rich ino-helical structure are far more common than
analogous aggregates.
In this paper, we examine the denaturation of four proteins
ith very different folds and secondary structure content: the
ambda repressor N-terminal fragmelgt gs,” an allo protein
with 80 residues; N-terminal domain of UBAgno+-A3 sandwich
with 102 residues; ubiquitin (76 residues), containing mainly
antiparallel-sheets with some helices; and phosphoglycerate
inase, with 415 residues in twd-o—£ domains with mainly
parallel 5-sheets. Circular dichroism spectra reveal a strong
. . ; propensity for formation of an extended chain structure, typical
requires experiments to be operated at low concentrations toOf B-sheets, as the temperature is increased. This propensity is

avoid aggregation problems. independent of concentration, as shown by tethering together

There are several reasons _why heat aggregation may S€€Myo monomeric proteins to increase the bimolecular collision
counterintuitive. Protein association greatly reduces the entropy 4o By applying singular value decomposition to circular

dichroism spectra, we show that the same trend persists in the

Since the initial proposal by Pauling and Cotelie extended
structure that makes up the bulk @fsheets has turned up in
many proteins. Yet the materials richesjfisheets are protein
aggregates such as the amyloid fibers associated with man
protein misfolding diseasés.-sheet fibers can be made from
proteins in many fold classésHeat-induced aggregation
frequently produces structures similar to natural amyloids an
has led to the development of many convenient model systems
for misfolding and aggregatiotr®

Heat unfolding of proteins is easily rationalized because
increased entropy of the protein backbone and side chains shoul
be favored at high temperature. More perplexing is the observa-
tion that heat unfolding often is accompanied by aggregation.
Different proteins have varying tendencies to aggregate, but an
increased aggregation probability at high temperature is a generi
property of proteins. This problem has limited the use of
temperature tuning for folding studies of many proteins and
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simulations of1s-gs reveal a similar propensity for a local Periodic boundary conditions were used for all simulations. Unless
extended structure in the Ramachandran diadgrdinus, the indicated, all trajectories were carried out in the NVT ensemble.
propensity for forming the extended structure common in  An unfolded structure forls-ss was obtained by subjecting the
B-sheets exists a priori, not as a consequence of aggregation_molecule to high temperature. Starting from the folded structure, the

Heat denaturation funnels proteins towgFsheet aggregates. system was continuously simulated at 1000 K for 2.21 ns, at 1300 K
for 0.72 ns, and finally at 2000 K for 0.65 ns. The final structure of

Experimental and Computational Methods this trajectory was used as the unfolded molecule. The radius of gyration
was 27 A (native value: 11.8 A), and all the long helices were
completely disrupted.

The local extended structure was characterized using Ramachandran
plots of the {»,¢) distributions, obtained by molecular dynamics at three
different temperatures. The extendédegion was taken fromy( =
70° to 180, ¢ = —18C° to —70°), and theo-region, from {p = —90°

Experimental Procedures.The wild-type genes used in this study
were obtained from Terrence Odls (gs), Anne Baranger (U1A F56W),
Tracy Handel (ubiquitin), and Maria Mas (yeast PGK). Genes for
lambda repressor, U1A, and PGK were cloned into PET-15b or PET-
28b vectors for His-tag purification. The linked U1A dimer gene was
g Ay e 07 1 1 T 110 0 10 150 t0 707, 1 rovie »conseratue estmate o

. any transitions from thet region to the extended region. Starting out

(several, see Flgur_e 48), ubiquitin (F45W/.|61A)’ and F.)GK.(WSOSF) from the unfolded structure obtained at high temperature, the system
were prepared using the Stratagene Quickchange site-directed mu-

S . imul 450 K for 4.4 ns, at 700 K for 2.4 ns, 1000 K
tagenesis kit. ULA ands_gs were expressed in Rosetta (DE3) pLysS was simulated at 450 K for ns, at 700 K for ns, and at 1000

cl (Novager) and ot o an NENTA comn Lamda (%25 1% To S5 1100 stubvaton /) csnbuten e
repressor was further purified through a Sephacryl S-200 HR column. '

. ) o 450 K, starting with a more compact initial structury (& 15 A;
Purification of yeast phosphoglycerate kinase and ubiquitin was done ) . .
- : . . obtained by propagating i, ~ 27 A unfolded state for an additional
following the exact protocols described elsewhéré Unlike the single 14 ns at lower (298 K) temperature). Finally, to construct the potential
proteins harvested from the cell lysate supernatant, linked U1A was P ' Y. P

. ) N ;i . of mean force at room temperature, we simulate natives for 1 ns
found to exist predominantly in inclusion bodies and was therefore at 298 K. Coordinates of the svstem were saved every 0.5 ps for further
purified under denaturing conditions (6 M GuHCI). ' y yusp

. - . . analysis. Potentials of mean force were calculated from the summed
Circular dichroism measurements as a function of wavelength and

temperature were taken on a JASCO J-715 spectrometer with a standar ncEE)uIatlon density for all residugsby using the formula PMF= —kT

1 cm path length capped cuvette. Additional measurements with a 100 '

um path length were made by using demountable cells from Starna; Results

these short path length cells allowed us to access wavelengths as low . .

as 205 nm in the presence of several molar denaturant (guanidinium Unfolded U1A Increasingly Adopts Monomeric Extended

hydrochloride). Fourier transform infrared spectra were taken in the Forms at High Temperature. Previous studies of U1A revealed

amide | band (1606-1700 cn1l) as a function of temperature and  that this protein aggregates at neutral pH when heat dendtured,

concentration. For IR spectroscopy, proteins were lyophilized and leading to the formation of gel-like precipitates. We find that,

redissolved in BO. A 75um Mylar spacer sandwiched between two  at high concentrations of GUHCI (4%.7 M, 50 mM phosphate

CaR windows set the sample path length. buffer at pH 7), U1A does not aggregate and exhibits a CD
Aggregation k_inetics of the Iambda repressor fragment were mea- spectrum typically considered as “random coil” at low temper-

sured by mcubatlln_glprc_)(tjem at ?0: in1 IM GuHCIgOM G&"’!Cl for ature (1°C). But as the temperature is raised, the unfolded state

comparison. Multiple identical samples were prepared in 1.5 mL shifts more and more towardfsheetlike CD signal® Figure

Eppendorf tubes and incubated simultaneously (without any stirring 1 sh the circular dichroi ¢ f folded .
or disturbances to the protein solution at any time). At different times shows the circular dichroism spectrum of folded monomeric

after incubation started, samples were taken out and subjected to 15Y1A for comparison with the temperature dependence of the

min of centrifugation at 600& g. The supernatant after the centrifuga- ~ circular dichroism spectrumin 4.5 and 5.7 M GuHClI solutions.

tion was cooled to 20C, and the CD spectrum at 222 nm was recorded. The spectra are concentration independent in tpd15to 47

The loss of CD signal at 222 nm caused by precipitation was taken to M protein concentration range. In 4.5 M GuHCI atQ, the

represent the aggregation kinetics. To account for any salt effects, 1 M samples have very small CD values in the 22d0 nm range,

CsCl was used instead @ M GUHCI and did not cause the trend  characteristic of irregular backbone conformations which have

observed for GUHCI. _ _ ~ lost the delocalized electric and magnetic dipoles associated with
All buffers contained 50 mM sodium or potassium phosphate. Protein qered structures. The extended structure increasingly appears

concentrations differ widely among the various measurements and areupon raising the temperature. This is particularly evident in the

listed in the figures or captions illustrating individual experiments. 80°C short-path length spectrum extending to 205 nm. Because

Molecular Dynamics. Starting coordinates for molecular dynamics . . S . .
(MD) simulations were taken from the native structure oftfrepressor GUuHCI disrupts side chain interactions, tfiesheetlike CD

N-terminal domain (PDB data bank entry 1LMB). MD was carried Signature we see most likely results from local extended
out using NAMD2!? based on the force field charm22vMD 4 was f-conformation.

used for visualization purposes as well as quantitative analysis of the High-Temperature U1A Extended Structure Does Not
simulation. The featur&OLVATEof VMD was used to solvate the  Result from Aggregation. Although high concentrations of
protein in a 60x 60 x 60 A2 box filled with TIP3 water molecules. GuHCl usually prevent protein aggregation, we checked whether

Deleting TIP3 molecules within 2.4 A of the protein and minimizing extendegB-conformation in the U1A unfolded ensemble at high
the energy for 8000 steps resulted in a system containing 20 024 atoms,

(13) MacKereII, A.; Bashford, D.; Bellott, M.; Dunbrack, R.; Evanseck, J.; Field,

(9) Ramachandran, G. N.; Ramakrishnan, C.; Sasisekharah, Mol. Biol. M.; Fischer, S.; Gao, J.; Guo, H.; Ha, S.; Joseph-McCarthy, D.; Kuchnir,
1963 7, 95-99. L.; Kuczera, K.; Lau, F.; Mattos, C.; Michnick, S.; Ngo, T.; Nguyen, D.;
(10) Osvath, S.; Gruebele, NBiophys. J.2003 85, 1215-1222. Prodhom, B.; Reiher, W.; Roux, B.; Schlenkrich, M.; Smith, J.; Stote, R.;
(11) Lazar, G. A.; Desjarlais, J. R.; Handel, T. Rrotein Sci.1997 6, 1167~ Straub, J.; Watanabe, M.; Wiorkiewicz-Kuczera, J.; Yin, D.; Karplus, M.
8 J. Phys. Chem. B998 102, 3586-3616.

1178.

(12) Kale L.; Skeel, R.; Bhandarkar, M.; Brunner, R.; Gursoy, A.; Krawetz, (14) Humphrey, W.; Dalke, A.; Schulten, K. Mol. Graphics1996 14, 33—
N.; Phillips, J.; Shinozaki, A.; Varadarajan, K.; Schulten, X.Comput. .
Phys.1999 151, 283-312. (15) Greenfield, N.; Fasman, G. Biochemistry1969 8, 4108-4116.
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Figure 1. U1A CD spectrum in 4.5 M GuHCI between 1 and 80 in
comparison to the folded protein. Measurements were done withMi7
protein in a 10Qem path length cuvette. Inset: same protein in 5.7 M GuHCI
solution. Measurements were made with ZM protein in a 1 cmpath
length cuvette. All CD data were smoothed over 3 nm intervals. The
spectrum contains increasifigike extended structure at higher temperature.
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temperatures is an intrinsic property of the single protein or is
induced by interaction with other ULA molecules in the solution.
To confirm that the extended structure at high temperature is

not caused by aggregation, ULA was subjected to two additional 0 [(F56W UTA)-10GIy-(FSBW UTA)V2 g
experiments besides the simple concentration dependence R s R T
reported above: 20 40 €0 &0

) ) ) Temperature, °C

The temperature scans of the circular dichroism spectrum Figure 2. (A) Linked U1A (F56W U1AJ-10Gly-[F56W U1A]) CD
were repeated at pH 2 (20 mM HGi 6 M GuHCI buffer). It spectrum between 1 and 8C. Measurements were done with 2M
has been shown that low pH prevents U1A aggregatiand protein in a 10Qum path length cuvette in 6M GuHCI buffer as indicated
thus properties observed under these kinds of conditions will By T- (B) Comparison of the trend of increase/rstructure monitored at
be i p. p h . . df fi | | D22onmfor U1A in different pH buffers. Measurements with single U1A

e intrinsic to_t € monomeric protein an r_ee 0 'n_termo ecular were made with 5.8:M protein in a 1 cmpath length cuvette. For the
effects. We find that the spectrum and increasing extendedlinked U1A, 2.9uM protein was used instead. Temperature scans were

B-structure trend monitored at GBnmare exactly the same as ~ smoothed over 3C intervals. No significant difference is observed, even
those in the pH 7 solvent condition (Figure 2) though linked U1A molecules suffer a binary collision frequency comparable

to >30 mM single protein solution.
We also linked two U1A molecules together with glycine

linkers. A 10-residue linker increases the bimolecular collision
rate of U1A by confining protein pairs and reducing their
translational entropy. The linker has the advantage that only
binary collisions are increased in a controlled manner because
the overall concentration of constructs can be kept small. An
effective binary concentration 30 mM is obtained (using 2/(6
x 10%3)/(4a(r jinker + Tu1a)®/3, With rinker = 1.8 Nm and yia =
1 nm). If the extended structure observed is caused by interacting
U1As, the huge increase in effective concentration (compared
to <8 uM protein used in single ULA measurements) should
greatly enhance the amount of extended structure signal seen.
We found that the absolute signal and trend at,£5, are

identical to that of a single U1A at twice the concentration TR or the lamb At AS7G AAOG
(Figue 2). Tis further confims tht the propensity of exhbiing  [07e, TR SPEctun o1 em opeseer e 1000 fue
extendedp-structures at high temperatures is intrinsic to the aggregate peak is not strongly evident at concentrations below:VB0
single protein. The spectra were smoothed ove6 cnt? interval.

High-Temperature Extended Structure Induces Aggrega- is the best tool to distinguisti-helix, extended structures that
tion at High Concentration. In addition to the tethering  are hydrogen bonded to the solvent and aggregates.
experiments, ordinary concentration dependences can also show Figure 3 shows the amidéregion of A37G A49Gle_gs. At
that a protein forms an extended structure at low concentrations30 °C, the spectrum has the characteristic helical peak at 1650
where aggregation is not significant. Moreover, a concentration cm1. As the temperature is raised in low concentration solutions
scan can reveal how the extengestructure funnels the protein (11 uM), the broad peak shifts toward 1645 thcharacteristic
toward aggregation at high temperature. Infrared spectroscopyof the unfolded extended structure with increased hydrogen

CDzzz, mdeg w“ Cm'1

]
w
1

— F56W U1A, pH=2
— F56W U1A, pH=4.5 >
- F56W U1A, pH=7 Q)

A
1

— 180uM
- aggregation

Rel. Absorbance

1 L] 1 1 1
1620 1640 1660 1680 1700
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Figure 4. (A) Lambda repressor with mutation Q33Y, G46A, and G48A CD spectrum in 4.5 M GuHCI between 1 &@dr8@omparison to the folded
protein. Measurements were done with 144 protein in a 10Qum path length cuvette. Inset: same proteir6iM GuHCI solution. Measurements were

made with 4.%M protein in a 1 cmpath length cuvette. (B) Comparison of the trend of increase in extended structure monitoreg-ak @D different

lambda repressor mutants using 4M protein in 1 cm path length cuvettes. Traces and legends are sorted from thinnest to thickest in descending order.

bonding to the solvent. When the concentration is raised to 180 2

uM, a new peak appears at 1615 cicharacteristic of-sheet
aggregate$® This peak further grows when the sample is £
incubated at 80C for 30 min. T
The extendeg-structure is thus already thermodynamically =
favored in the monomeric protein at high temperature and b
precedes the formation of aggregates, which in addition require g
high concentration. E
q

The Effect is General: 4¢—gs, Ubiquitin, PGK, and Many q 6 *
: : ) a =s UbI61A

Other Proteins Show the Same PropensityTo provide some o - PGK W308F
evidence that the formation of an extended structure at high 8 6M GuHCl/pH=7
temperature is a general phenomenon, we conducted the same I T 1 T
tests on three additional proteins. In particular, the N-terminal 20 40 60 , 80
A-repressor fragment provides a critical confirmation of the U1A Temperature, C
studies because it forms gibsheets in its native state. Figure 5. PGK W308F and Ubiquitin F45W/I61Ani 6 M GuHCI. As

Ae—gs5in 4.5 to 6 M GUHCI shows the same type of behavior temperature is increased, both show a steady increase in the extended
. . f . pB-structure content (negative CD at 222 nm), similar to that seen for
as that of UlA_(Flgure 4). Although its CD signal is not as J-repressor and U1A.
close to the typical “random-coil spectrum” as that of U1A at
1°C, the same shift from a random coil to an extended structure cp,,, . in denaturants (both urea and GUHCI) increases in

spectrum is observed asa function of te.mperature. We Observeqnagnitude at high temperatures. The examples include proteins
the same trend, monitored at &b (F|gur¢ 4), fpr all the such as Lacl DBD? Prothymosin,2° Endof-1,3-glucanasé!
mutants ofle-gs that we tested. We also investigated yeast poyine brain A1, Ribonuclease A, apomyoglobin, cytochrome
phosphoglycerate kinase and ubiquitin, whose folds differ from ¢ hen egg-white lysozyme, staphylococcal nuclease, and
one another and which are in a different fold class fiams.'’ collager?2 as well as short peptides, for example Glu-Lys-Lys-
Both show the same shift in CD spectra towgrtike extended  Gjy-GIn-Ala?2and homopolypetide® The prototypical amyloid
conformations and exhibit the characteristic of increasing peptide, A8, 40 peptide, which is largely unfolded at low
negative CRxnmat higher temperatures (Figure 5). This shows temperature, also forms an extended structure at increased
that this property is robust to mutations and occurs for several temperaturé. Thus, many different classes of peptides and
different folds. The rate of increase is different for different  fo|ged protein form an extended structure at higher temperature.
mutants, and we note that the two variants whose extended The Propensity Is Not Induced by Denaturants.Under
strsusiﬁu(r;ezlgznéirg Alr;c_reltases tmc:st :japldly ‘g'th Itempfraiur?th(aconditions favoring the native state, the trend toward extended
Q dditional D14A”p € mutant an Ia qur? rupie mutant with 1, o4re with increasing temperature is usually masked by the
an additiona mutation) are also the most aggregation presence of the much sharper sigmoidal unfolding transition.

18 o ; i
prone;® correlating increase in extendgestructure content with Nevertheless, the formation of extenggdtructures still occurs

proteln aggregation. . . . and can be revealed by analyzing the CD spectrum as a function
Besides the four proteins we studied here, the literature

contains accounts of numerous other proteins whose negative(

19) Felitsky, D. J.; Record, M. T. Biochemistry2003 42, 2202-2217.

(20) Gast, K.; Zirwer, D.; Damaschun, Gur. Biophys. J2003 31, 586-594.
(16) Meersman, F.; Smeller, L.; Heremans, Biophys. J.2002 82, 2635— (21) Chiaraluce, R.; Van Der Oost, J.; Lebbink, J. H.; Kaper, T.; Consalvi, V.
2644, Biochemistry2002 41, 14624-14632.
(17) Murzin, A. G.; Brenner, S. E.; Hubbard, T.; Chothia JCMol. Biol. 1995 (22) Privalov, P. L.; I, T. E.; Venyaminov, S. Y.; Griko, Y. V.; Makhatadze,
247, 536-540. G. I.; Khechinashvili, N. NJ. Mol. Biol. 1989 205, 737-750.
(18) Yang, W. Y.; Gruebele, MNature 2003 423 193-197. (23) Tiffany, M. L.; Krimm, S.Biopolymers1973 12, 575-587.
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@ T T T T T Figure 7. Aggregation kinetics of-repressor (Q33Y G46A G48A) at 80
210 220 230 240 250 °Cin 0 M and 1 M GuHCI. The protein is completely unfolded in both
Wavelength, nm situations (i.e., in the baseline of the sigmoidal temperature unfolding
- titration curve). The rate of aggregation i M GuHCI turns out to be
044 B ~e. ¥ svd1 faster than thati 0 M GuHCI, when there is less extended structure present.
-o- svd2
\.\ & svd3 . .
0.3+ Increasing extende@l-content without denaturant has also
been observed by Shi et al. in a nonfolding 7-alanine peptide
° 0.2 by NMR spectroscop$? It has also been seen in acid-induced
S o1 partially denatured.-synucleir?® the Sup35p prion determining
2 region?” and nonfolding short peptid&using circular dichro-
§ 0.04 ism. All these observations further confirm that GuHCI is not
a required to induce the extend@estructure propensity at high
%011 temperatures.
/6-g5 Aggregates Faster When There Is More Extended
-0.21 Structure. We propose one last experiment to observe directly
0.3 the speed-up of aggregation upon formation of a more extended
B s e — T 1 structure (Figure 7). This is not easily carried out because
20 30 40 50 60 70 80 90 perturbing the protein ensemble requires tuning interactions
Temperature, C (such as hydrophobic effect) and invariably complicates the

Figure 6. Singular value decomposition (SVD) analysis of the lambda analysis. However, we were able to locate a solution condition
repressor CD spectrum (variant A37G A49G, L) as a function of .t qemonstrates the correlation between the aggregation rate
temperature. (A) The three largest [basis function]*[singular value] from .
the SVD analysis. All three basis were shifted to have:$kh= 0 mdeg. and the amount of extended structure. Usually, addition of
The third basis function reveals the growth of extended structure. (B) SVD guanidinium to proteins already unfolded at low temperature
coefficients corresponding to the three basis functions as a function of tands to reduce aggregation. However, because guanidinium
temperature. The extended structure component (3) increases rapidly atem,]aﬂceS formation of extended states at high temperature. as
higher temperatures past the unfolding transition midpoint. . g ,p !
S ] ) found above, it can speed up the rate of aggregafigrns at
of temperature with singular value decompositiérgingular 80 °C, whether situatechi0 M GuHCI or h 1 M GUHCI, is
value decomposition extracts thfe linearly independent compo- highly unfolded Keq for unfolding exceeds 20 in either case,
nents of the spectrum that contribute to the spectral changes agased on thermodynamic fits of the titration curves). Guani-
afunction of temperature. The first and second components trackdinium decreases hydrophobic and electrostatic interactions and
the usual two-state Unf0|d|ng transition. The third Component is genera”y used to reduce aggregation_ However, we see a
shows a steady increase of the extenf@ledructure signal past speed-up of the aggregation kinetics 1 M GUHCI, when
the midpoint of the unfolding transition. Because the lambda compared to thatiO M GUHCI. As shown above, guanidinium
repressor fragment does not tend to aggregate at high temperfayors an extended structure in the unfolded ensemble, and this
atures even in the absence of denaturant, we used it for thiseffect dominates here.
particular measurement in Figure 6. _ _ MD Simulation of Ag_gs Confirms the Formation of a

The calculated increase of the extengielike structure in 0 \jore Extended Structure as Temperature IncreasesWe
M GuHCl is about a third of the change observed when protein |ooked at the protein with the highest helix-forming propensity
is situated in denaturant. For the lambda repressor under nativeg determine whether the increase in extended structure with
solvent conditions, the formation of extended structure is temperature also occurs in molecular dynamics simulations.
attenuated by other interactions not present in high denaturantsAnhough global parameters such as the contact order or the
most likely the residual helix-forming propensity in the unfolded 5qius of gyratiorR, cannot be expected to equilibrate in a few

state, and side chain hydrophobic interactions. Nevertheless,nanoseconds of simulation even at high temperatures, we are
extendedg-structure formation is still a major factor as the

temperature of the unfolded ensemble is increased, comparablg2s) shi, z.; Olson, C. A.; Rose, G. D.; Baldwin, R. L.; Kallenbach, NPRAS

; ; ; 2002 99, 9190-9195.
in magnitude to the case where denaturant is present. (26) Uversky. V. N.: Li J.: Fink, A. LJ. Biol. Chem2001, 276

(27) Scheibel, T.; Lindquist, S. INat. Struct. Biol.2001, 8, 958-962.
(24) Henry, E. R.; Hofrichter, Methods Enzymoll992 210, 129-192. (28) Tiffany, M. L.; Krimm, S.Biopolymers1972 11, 2309-2316.
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? sampling, we also divided each trajectory into three and

— constructed the 1{,) distribution for each division. The
distributions obtained at a given temperature were very similar
to each other, and differed from those at other temperatures as

- ] shown in Figure 9.

. % Thus the molecular dynamics simulations, within the limita-

840 tions imposed by classical trajectories and empirical force fields

8
E ? — not optimized for all temperatures and solvent densities, show
8
o

1504

20
1004

P R

504

1 the increasing number of samples with a broadening area of
the extendedf-sheet region as the temperature is raised.
Comparison of the potentials of mean force at 450, 700, and

.

1000 K shows that population density parity between the
150 = o-helical and thgs-structure regions increases. This raises the
E""'E'-=. total probability of residues located fistructure regions. The
50 100 =0 5 0 2 4 & & 10 temperature dependence of the unfolded protein between 450
o, degrees # a/p switches and 1000 K is not to be confused with the protein unfolding

Figure 8. (A) Residue Val 47 ofisgs illustrates that local backbone ~ Process ofis—gs, which also boosts an increase fiacontent

structure is fully sampled in the last nanosecond of the first 450 K trajectory. through the loss of nativei-helical structures (see table of
(B) The number ofa region to region (on the Ramachandran plot) contents figure)
transitions each residue executes during the last nanosecond of the trajectory. '

interested here in the local backbone conformation. The two Discussion

450 K simulations, starting from a more extended structRge ( Upon examining the secondary structure types in proteins,
~ 27 A) and a more compact structurgy(~ 15 A), nearly one finds thes-strand (the extended form of the backbone) a
converge irR; after 5 ns (to 18 A and 20 A, respectively) and, good scaffold for self-association. On the extengestrand
more importantly, yield nearly indistinguishable distributions backbone, the €0 and N—H moieties are unprotected and
of (,@) angles when the final 1 ns is plotted in a Ramachandran have the potential for intermolecular H-bonding on both sides
plot. Moreover, most residues on both trajectories switch back of the strand, unlike i-helices where they are intramolecularly
and forth between the, 5, and other regions several times H-bonded to their third neighbor. This self-perpetuation in two
during the last nanosecond of simulation, indicating thyai] dimensions rather than just one is a possible reason for the
are fully sampled on an individual residue basis (Figure 8). Only observation that protein aggregates are more often found locked
a few residues have a sufficiently strong helical propensity to into 5-type structures.
remain in the helical region of the Ramachandran plot through-  We thus have a chicken-and-egg problem: does aggregation
out the simulation. impose an extended structure upon the peptide chain, or does
Figure 9 shows the potentials of mean force as a function of the chain have an intrinsic propensity for forming extended
Ramachandran angles. Trajectories at 298 K (folded), 450 K, j-like structures, which naturally funnels proteins towgssheet
700 K, and 1000 K (not shown, but continuing the same trend aggregates as protein concentration is increased? At least for
of decreasingt/3 well-depth ratio) were sampled. The PMFs heat aggregation, which serves as an important model for the
were obtained from the last 1 ns of each trajectory. The well in formation of g-like fibers, the problem is resolved by the
the -region of the Ramachandran plot deepens smoothly with sequence of experiments described in the Results section.
temperature compared to theregion peak and broadens atthe Monomeric proteins, such as U1lAsrepressor, ubiquitin, and
same time. This smooth behavior is one more sign that local PGK, investigated here, form extended structures before ag-
backbone structure is sufficiently sampled by the trajectories. gregating as the temperature is raised. Numerous other proteins
To test further for artifacts that might be caused by insufficient we cited from the literature also show an increase in the

298 K 700 K

PMF/KT

o | / o | / 50

: 0 V- 0 ! = 0¢
dao? 0-9\}%\; A90 ~90

A180 180 g0 g {180 80 90 g 180

-90 v -90

Figure 9. Potential of mean force at three temperatures from 298 K (folded) to 700 K (highly unfolded) for lambda repressor fragment. The peak ratio in
the extendedf-structure) andx-helical regions grows steadily as the temperature is increased. The distribution also broadens out from the peaks centroids
as temperature is increased. The dashed lines in the 298 K plot indicate the definitionsdoarid@ regions we used.
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ARTICLES Yang et al.

extendedp-structure CD signature upon heatittf=23 The Simulations by Street et al. are in agreement with our high
presence of extended structure subsequently leads to a highetemperature picture in Figure 9 and from the experiments. They
probability of forming random intermolecular H-bonds. This explicitly demonstrated that when any amino acid is placed in
increases the chance of a protein aggregating when thean Ala-X-Ala context, 33-48% of the sterically allowed
concentration is raised. Indeed, we see from our aggregationconformations arg-structure® (excluding the special residues
kinetics measurements that a more extended structure withinglycine and proline). In addition, Pappu et al. found that sterics
the unfolded ensemble speeds up aggregation. between residueand {( + 3,i + 4,i + 5,1 + 6) in longer
At high temperatures, one would expect conformational poly-alanine peptides provide strong additional constraints to
entropy (ultimately limited by steric interactions) to control the the dihedral angle peptide bonds can take on, further reducing
amount of extended population. At low temperatures, enthalpic the allowed phase space near thdelix region (and the coil
effects of intraprotein contacts become increasingly important, region nearby) while leaving th@region unaffected: If these
and the picture could become more complicated than outlined calculations had been done on amino acids with bulkier side
above. We consider both entropic and enthalpic effects and thechains, the bias away from thehelical region would have been
resulting temperature dependence of the extended structureeven stronger. With this in mind, extendgestructure easily
propensity in more detail. accounts for more than half of the total allowed conformations.
The intrinsic sterics of backbone-side chain interactions favor At room temperature, unfolded U14;repressor, ubiquitin,
extended structures. It is often assumed that protein structureand PGK monitored by CD do not sample as much extended
becomes increasingly like a random coil as temperature is raised 5-structure as expected from its share of the fraction of the
However, large side chains in particular are subject to steric sterically allowed conformations. The same holds true for many
clashes, heavily confining the possible conformations a protein other proteins when unfolded at room temperaférdhis
can take on. This makes the behavior of proteins deviate fromimplies that the enthalpyHew(y,¢) for g-structures in a
a Gaussian random chain, leading to overexpanded conforma-Ramachandran plot has to be higher than that-bklical and
tions?? In proteins,-strands are the most extended form and other secondary structures. The staggered side chains that
place the side chains in a staggered arrangement that avoidsncreasedS:+ are again most likely responsiblei-structures
steric clashes with the backbone toward the N terminus. Thusextend side chains away from other residues closer to the
steric constraint is at least as dominant as other types of N-terminus, thereby decreasing the chance for inter-residue
interactions in guiding local structure propensity. interactions (van der Waals, hydrogen bonding, or mediated by
Ramachadran’s plot of thep(s) backbone dihedral angles ~water molecules). The smaller probability of random side chain
of an alanine dipeptide demonstrated that only two main contacts in the unfolded state makes these structures relatively
secondary structure classes, thehelix and S-sheet, are higher in enthalpy. Together with the fact thethelices form
observed. Among these twop-structures occupy the larger local side chain contacts very well, we can write doi(53)
fraction of the allowed configuration (Ramachandran) space. > Her(c) for the unfolded structural substates.
In addition, one must not neglect the fact that a two-dimensional  The shift toward extended structures at higher temperatures
(y,) plot for a given amino acid neglects degrees of freedom seen in our experiment could also be explained by a temperature
possessed by the side chains, for example, the residue’s sidelependence ofle (€.9., the hydrophobic effect decreases at
chain torsion angles. The number of conformational microstates low temperatures in water, resulting in cold denaturatféiye
that an amino acid side chain can take on in a Ramachandrarbelieve that such contributions, if any, are smaller than the
plot will contribute an effective entrop®(w,¢), increasing entropic effects for several reasons. Proteins do unfold at high
the probability in regions of the plot whefRy is larger. The temperatures, so hydrophobicity is much less of a factor
p-region, which allows side chains to move most freely, has compared to backbone entropic effects; a switchover in the
the largestS. Both the larger range of backbone angles and ordering of Het(5) and Hew(o) would be required, which is
the increased mobility of side chains contribute to the larger physically hard to rationalize. The increase of extended structure
phase space volume and lower PMF of fheegion (Figure 9). in 6 M GuHCI as the temperature is raised is actually larger
With the major allowed phase space allocated-siructures than thati 0 M GuHCI, indicating that the attractive interactions
in proteins, 5-structure propensity at high temperatures is are acting against the increase of extended structure at all
naturally high. This is indeed what we found in our MD temperatures in accordance with our proposal tha{3) >
simulations as well as in our experiments (where proteins were Hesf(0). This again rules out hydrophobicity as the main
seen to adopt extendgdstructure CD signals). One interesting underlying interaction.
issue that can be addressed by the MD simulations is §daat )
(y,¢) looks like throughout the Ramachandran spac&fvere Conclusions
the same in theg and a regions, a protein initially in thet

i - From our observation of intrinsic extende@tstructure
well (Figure 9 top left) should have equally deep PMFs in the

- : propensity in different monomeric proteins, both in the presence
o andp; regions asl — co. Going from 298 t0 450 to 700 K10 34 ahsence of denaturants over a wide range of concentrations,

1000 K, we find that theg PMF well becomes much deeper o important conclusions can be drawn that may be of interest
than theo well. The peak ratios (or population densities) in other areas.

continue to increase even from 700 to 1000 K, confirming that

the side chains are allowed to adopt many more configurations 30y street, A. G.; Mayo, S. LPNAS1999 96, 9074-9076.
in the extended form. (31) Pappu, R. V.; Srinivasan, R.; Rose, G.HNAS200Q 97, 12565-12570.
(32) Eliezer, D.; Chung, J.; Dyson, H. J.; Wright, P.Btochemistry200Q 39,
2894-2901.
(29) Damaschun, G.; Damaschun, H.; Gast, K.; Zirwer, Blochemistry (33) Southall, N. T.; Dill, K. A.; Haymet, A. D. 1. Phys. Chem. B002 106
(Moscow)1998 63, 259-275. 521-533.
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The first, already alluded to several times, is that steric transition state structuré$38 It has been pointed out thai
constraints in the states of highest conformational entropy funnel analysis (probing transition state motion via temperature
monomeric proteins toward extendedistructures prior to changes) provides only relative transition state coordinat@,
aggregation. The effect is most pronounced in the presence ofput it is often conveniently assumed in any kind @#alue
denaturant, but an effect of similar magnitude (30%) is preserved analysis that the position of the folded and of the unfolded state
even in the absence of denaturants. At lower temperatures, thealong the folding reaction coordinate is fix&llt would be
effect is partly masked by more favorable alternative side chain fryitful to characterize more carefully the changes in the
interactions during folding but persists even there. The effect ynfolded state upon different perturbations, if an absolute

is not mainly due to hydrophobic interactions and occurs in jnterpretation ofp-value analysis results is desired.
many structural classes of proteins. It is a generic property of
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