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It is necessary to emphasize that this model is substantially
different from any classical random coil model.
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Despite its theoretical and practical importance, protein
folding remains among the most fundamental unsolved
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conceptualization of protein folding consists of a funnel, in
which the entropy is proportional to the diameter and the
favorable enthalpy terms accumulate as the diameter shrinks.
Modern efforts to study folding are frequently cast in terms
of a “landscape” embedded in the model that U states are
essentially coil$* One recent publication, for example, states
explicitly:

Protein folding is inherently a heterogeneous process
because of theery large number of microscopic pathways

The model assumes that unfolded proteins represent arthat connect the myriad unfolded conformations to the unique
ensemble of featureless random chain molecules with veryconformation of the nate structure'*

large associated chain entropy. The process of folding is then Recently, several lines of compelling evidefidehave
perceived to be one in which this enormous entropy is converged to reveal that the backbone conformation of
reduced to the point that a unique native state can be attainedynfolded proteins is predisposed to a particular type of
achieved by favorable enthalpy changes associated withstructure, that is, polyproline Il (§. In its extended form,
acquisition of hydrophobic interactions, internal H-bonds, P, is a left-handed helix with backbone dihedral angigs (

and van der Waals and electrostatic interacti@®scommon

) = (—75°, +145) and three residues per turn, resulting
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reviewed?® in a special volume ofAdvances in Protein
Chemistrydevoted to unfolded proteins, in which it was
pointed out that a new view of unfolded states is now
timely2! In this review, we survey recent evidence that P

is @ major backbone conformation in unfolded proteins and
discuss some reasons that this might be so. This contribution
is intended to complement an earlier &him Advances in

L Protein Chemistry

. The paucity of structural information on unfolded proteins
u&' reflects three major problems. First, unfolded proteins tend
: to be less soluble and more prone to associate in water than

f native proteins. This limits the range of concentrations over
which unfolded proteins can be studied without adding
cosolvents. Second, the mainstream tools for high-resolution
analysis of native protein structur®lMR and single crystal
X-ray diffraction analysis-are not directly applicable to
unfolded protein molecules. Third, of course, is the fact that
the structure in unfolded proteins is innately fluctuating and
dynamic. Five model systems have played major roles in
developing our understanding of unfolded proteins:

(i) Denatured proteins in solvents such as urea and GuHCI,

Figure 1. Idealized 12-residue segment of the polyalaninéétix. systems similar to those studied by Tanférd
The backbone is shown in blue-grgy;carbons are in red, and . s  agas . o
their hydrogens are in white. Unlike the more familiahelix, a (ii) Coil libraries **~*¢ essentially compendia of structural

P helix is left-handed¢, = —75°, +145). It has three residues ~ data from the PDB consisting of regions of high-resolution
per turn; that is, every third side chain is collinear, forming three structures of native proteins in which residues from standard

parallel columns spaced uniformly around the long axis of the helix. secondary structures suchabelix andg strands have been
In solution, significant fluctuations from the idealized structure excluded

shown here probably occur. (Reprinted with permission from ref

8. Copyright 2002 National Academy of Sciences, U.S.A.) (iii) Short peptide$that cannot fold to formw helix or 8
sheets under native folding conditions. Studies of these
include binding of peptides to SH3 domains that recognize

in an axial translation of 3.20 A (Figure 1). This new pro-rich peptides as well as sequences that adopt the P
evidence has stimulated a reappraisal of the structure ofconformation?48

unfolded proteins, causing some but not all in the field to
adopt a new view, * reviving a proposal first advanced o5\ hich cannot fold due to electrostatic repulsion among
by Krimm and his group? In their model, unfolded proteins ide chains at neutral bH
contain substantial locally ordered Btructure but conform side cha ) PH. ) ) ) )
nevertheless to long-range disordered chains. Their argument (V) “Natively unfolded” protein&“°including synuclein,
was based on the fact that the UV circular dichroism (CD) Calpastatin, and elastin, that are unfoldeditro or as part
spectra of disordered chains of charged poly(Glu) or poly- of their functional active cycles. ThIS' group includes
(Lys) resemble those of oligomers of proline and do not molecules such as glutens that are rich in Pro and®GIn.
conform at all to predictions for a random céfi?® Studying In the following section, we review new results from
models such as poly(Lys) and poly(Glu), a physical argument theoretical and experimental studies on all these systems
based on electrostatics suggested to Krimm that an extendeaince 2002, many of which reinforce the conclusion that P
three-fold helical structure might best accommodate chargedis a major backbone structure in unfolded short Ala peptides.
Lys* or Glu™ side chains in a simple dielectric mediidf. In section 3, we discuss the generality of the occurrence of
Since the CD spectra of proteins denatured in urea or GUHCIP, structure in peptides and proteins with sequence composi-
also resembled those of proline peptides, they concluded thation other than Ala or Pro residues. We then review recent
Py must be the dominant structure in unfolded proteins as efforts directed toward establishing @ [fropensity scale that
well.*2 1t is worth emphasizing that the strong CD band near includes each amino acid. In section 4, we review coil
198 nm that was attributed to random coils is in fact libraries® 6 which analyze the nonhelix nonsheet regions
inconsistent with any freely rotating chain, as was noted of high-resolution structures of native proteins to gain insight
earlier by Kauzmann and Schellman, among others. into unfolded states of proteins. In section 5, we review some
We argue here that Krimm’s model is consistent with the theoretical and experimental studies directed toward explain-
weight of available evidence, including Tanford’s hydrody- ing why there is a biased structure in the first place and why
namic datd, newer, more precise SAXS resutfsand this biased backbone conformation is. Reasons that,P
spectroscopic analysés’121518 gs well as kinetic and loop  dominates as a major backbone conformation in unfolded
closure experiment$ 3 The R model is still not widely proteins have emphasized the role of solvent hydrattér?
accepted, and attention has been paid mostly by spectrosteric effect$>5” and side chairbackbone interactic#®*
scopist$>18:3233yntil recently. This part of the history and as well as a combination of the$eHere we discuss the
the recent converging lines of evidence from combined potential role of hyperconjugaticf>*which was first applied
theoretical and spectroscopic studies including UV GBS, in an analysis of the structure of collagen by Raines and
NMR, two-dimensional vibrational spectroscopy (2D-fR),  co-workers’® %2 and suggest that hyperconjugation may
vibrational circular dichroism (VCD3}; and vibrational provide additional help in answering the puzzling question
Raman optical activity (ROA}?" as of early 2002 were  of why P, should be preferred ovef, for example.

(iv) Charged polypeptidéssuch as poly(Glu) and poly-
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In section 6, we discuss some implications of the proposi- much these differences contribute to the conformational
tion that R is a major backbone structure in unfolded results is hard to judge. This point is of concern also in
proteins. These include its impact on the protein folding evaluating the results obtained by Schweitzer-Stenner and
problem, development and refinement of force fields, the his group??54737>who have used a combined spectroscopic
structure of natively unfolded proteins, and mechanisms of approach including polarized Raman, Fourier transform
protein fibril formation. In addition, we review the CD infrared spectroscopy (FTIR), VCD, and CD to examine the
assignments for Prelative to other types of structure, structure in a variety of Ala-based short peptides including
including various turns or loop structures. In section 7, we Ac-A,, Az, KA, SA;, and A. They conclude that Ac-A
compare the model originally derived by Krimm and As, KA, and SA exist as a mixture of Pand extended
Tiffany,*2which is endorsed by our grot#%and a growing  S-type conformations in BD7374 whereas A is predomi-
number of experimentalists and theoreticteih?35:36.54,56.669 nantly R,.”

(referred to here as the,FPnodel), with three other major Following the structural analysis of a soluble seven-residue
alternative models of unfolded proteins that have been Ala peptide (XAO)? Kallenbach'’s group selected a smaller
advanced. In section 8, we conclude by attempting to outline model peptidé? ACGGAGGNH,, to investigate the backbone

some possible critical future work. conformation of the central Ala flanked by two Gly residues
on each end. In this peptide both ends are blocked to avoid
2. Recent Evidence that P ; Is a Major charge effects while the flanking glycines have a relatively
Conformation in Short Ala-Based Peptides high solubility in water. Their high degree of conformational
freedom imposes minimal constraints on the conformation
2'1. Spectroscopy Of Short Peptldes of the central alanine. They report that ACGGAGGMS

) ] ) the R conformation, with an apparent thermal stability lower

A compelling reason to study very short peptides is that than that of XAO. Introducing additional Ala residues in the
these systems do not fold because they are unable to develogeries AcGGAGGNH, reveals no significant cooperative
the longer range cooperative interactions required to form effect asn increases from 2 to 4, indicating that the P

o helix or § sheets and, hence, can be investigated understructure is only weakly cooperative (Figure 2; see the figure
native folding conditions. Short fragments offer the simplest

models with which to compare experiment and theory, a 66
major objective for modern protein chemistry. Recently, a
variety of spectroscopic studieg on the conformation of 6.4 1 o0
the smallest protein subunits, including blocked alanine (Ac- i 8 ;
Ala-NHMe, AAMA) and trialanine, have revealed that these 821 3 : °
small peptides adopt a well-defined structure in water, _ ‘
significantly R,. The backbone conformation of a seven- £ 601 ;
residue alanine peptide (XA®3%hows that it also predomi- 2 58 H
nantly adopts P based on CD and NMR,as well as . ‘:' °
resonance Ramé&h and Raman optical activity (ROA) 55 ..; ® ® ggAgg
measurement8. Analysis of this peptide thus provided a es : 99::29
benchmark for assigning spectra of other peptides and 54, o o . ggaaAggg
proteins to k.

Since the small methyl side chain of alanine corresponds 5.2 . ; : . .
closely with the methylene group present in all amino acids -20 0 20 40 60 80 100
except Pro and Gly, short Ala-based peptides are arguably Temperature (°C)

representative models for the backbone in natively unfolded figyre 2. Temperature profiles ofJo coupling constants of
proteins. If short alanine peptides favor thes&ucture, then individual alanines in a series of peptides AcCGGSNH, (n =

Py might in fact be the major backbone conformation in 1-4). The measurements were carried out on ¢ labeled
unfolded proteins, in contrast to the more common belief alanines shown in capitalized letters in the legend. If there is a

that they are unstructured or statistical random coils. The Strong cooperative effect, we would expect to see distinéfive-T

: _Aafi ; profiles for the series of peptides AcCG@AGNH, (n = 1—-4). We
eXISthceh of fa well %?fmed local stlrgctulre n um;older(]j conclude that pPstructure is only weakly cooperative, as we observe
proteins has far-reaching conceptual implications for the gimiar3;,—T profiles for the series of peptides. (The related data
protein folding problem that we discuss in section 6. analysis can be found in ref 76.)

Wouterseret al. have investigated AAMA and trialanine
in a detailed study using nonlinear time-resolved vibrational legend)’® If true for other side chains, this result should
spectroscopy? The new work confirms their previous greatly simplify statistical thermodynamic treatment of the
conclusion that trialanine adopts a predominantlysiuc- structure in unfolded proteins. For example, the hedtgil
ture. They find in this study that AAMA has a single well- transition theories of Zimm and Brafgpr Lifson’® can be
defined R structure. Moreover, they have analyzed the modified quite directly to incorporate a temperature-depend-
spectral inhomogeneity of the corresponding amide | bandsent R/ equilibrium in the coil state rather than the constant
in both peptides and conclude that the band in trialanine is weight assigned to the coil.
significantly heterogeneously broadened relative to that in  Barron’s group has investigated a series of short Ala-based
AAMA. From this they suggest that trialanine exists as an peptides with increasing chain length including, As, A,
equilibrium of two conformations: one-80%) R, and the As, and A using ROA’! They identify a band near 1320
other (~20%) theor structure. However, the two peptides cmin ROA spectra as P’ Their results suggest that the
differ in charge and capping of the ergd&AMA is neutral Py content appears to increase with the length of the Ala
with caps at both ends, whereas trialaninetis charged chain, with A being the most Rrich peptide, in agreement
at its N-terminus under the experimental conditions. How with the conclusion from a previous study that XAO has a
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predominantly P structure® The lack of cooperative behavior  version of the OPLS force field combined with a TIP5 water
seen in AcCGGAGGNH; relative to these results may reflect model, the numbers shift slightly to population probabilities
differences due to the ends of the chains. An interesting pointof 65% for R, and 12% for/3.86 Kentsiset al. find that

in this study is that pH may perturb tlegandy angles of polyalanine peptides exist as a segmentgché&lix in the

Py structures adopted by short Ala peptides with charged unfolded state with each segment comprising two to seven
ends. residues? Mezeiet al. also predict that the Phelix is the

Resonance Raman spectroscopy with excitation at 204 nmPreferred conformation for unfolded polyalanine peptides in
is a powerful technique for investigating the structural Water’in agreement with Kentsist al®®
properties of the backbone in proteifisThe normally low o
intensity of Raman bands is enhanced in the presence of a2.3. Debates on the Quantitative Level of P
strong absorption band such as thex* amide band in
peptides. Resonance Raman spectroscopy of the amide bandlf1
offers several sensitive windows for investigation of peptide
and protein conformation, including Am Ill bands at 1302
and 1244 cm'. Importantly, these bands are sensitive to the
y dihedral angle in peptides, which is difficult to determine.
They propose a general relation of the form

Scheraga and his colleagues have recently published a
eoretical studif to explore the P-forming capability of
nonproline residues in a prolyl background, modeling the
host-guest experiments of Creamer’s gradp.hey argue
that substituting non-proline residues such as Ala and Gly
in oligo-proline peptides results in significant reduction of
the CD signal near 220 nm, reflecting significant loss jn P
) helix content compared to that of an all-proline peptide. Their
v=v,+ Asin@y + o) theoretical results using the ECEPP force field are in
agreement with this analysis, leading them to conclude that
and have fit the constans and 6 for AmllI3. Use of the previous estimates exaggerate the ddntent in alanine
XAO peptide model together with trialanine and A5 shows peptides, including the XAO peptide studied by &hal.823
that a longen helical peptide AP, with sequence AAAAA-  In particular, they reinterpret the CD data on XAO as lending
(AAARA) A, unfolds to a predominantly,Reonformation’® support to their conclusiott.Recently, Scheraga’s group has
This result emphasizes the fact that the hetiil transition remeasured the CD and NMR properties of XAO, concluding
in a simple case such as AP occurs between two majorthat there cannot in fact be a high level @fiR this molecule
states: ag at low temperature and,Rat high temperature.  at all®® These results are discussed below.

Weise and Weisshaar have extended their previous analy- We find these conclusions hard to accept for the following
sist of AAMA by means of liquid crystal NMR spectroscopy ~ €asons. First, they contradlct_the We!ght of independent
(LXNMR). They have used a sample singly labeled with Spectroscopic data on short alanine peptidé3>75855%that
13C to derive four additional dipolar coupling const&ftnd demonstrate Pis a major conformation. The evidence is

determine a set of favored dihedral angles withy) = (~ discussed in section 2.1 above as well as in our earlier
—85°, ~ +16(0), confirming results from their earlier Study_ review?® Second, estimating uPhelical content from CD
A recent related study on tetraalanine by Pizzarellal. values alone requires caution, as demonstrated in a recent

has concluded that their experimental data are compatiblepaper by Sreerama and WootyFigure 2 of that papét
with the presence of a single conformation,8POne issue ~ shows that the PCD spectrum derived by deconvoluting
in these experiments is whether LXNMR or related orienta- CD data from a reference set of globular proteins is
tion experiments oversample extended conformations relativeconsiderably different in magnitude for each band compared
to compact ones in flexible systerftsEor residual dipolar ~ With a reference PCD spectrum. The reference CD spectra
coupling constant measurements, there are concerns on th&r peptides composed of different amino acids (even the
local environment of oriented gels as the results rely heavily Same amino acid at different conditions such as differences
on the behavior of a small percentage (on the order of 1 outin capping ends, pH, and neighboring residue environments,
of 1000) of the whole population of studied molecules. €tc.) need not be identical in any case if they occupy slightly
Creamer and colleagues have recently examined the strucdifferent @, ) basins in the Ramachandran plot; that is,
tures of A, A,, and A, each of which is flanked by several ~CD is exceptionally sensitive to small deviations in dihedral

proline residues at both ends, by @DThey find that the angles from the canonical;Btructure. One line of potential
Py structure is present in each of the Ala residues in the evidence comes from a recent study by Schweitzer-Stenner

series, Contradicting theoretical predictions by Scheraga's and CO-WOfkel’g? which shows that cationic and zwitterionic

group that we discuss below. proline peptides have totally different CD spectra (Figure 6
of ref 89). We believe that the difference may represent
2.2. Simulations of Short Peptides distinctively different backbone dihedral angles (Table 2 of

ref 89), with neither being in classical, PThis point is
Short unfolded alanine peptides have offered minimal discussed further in section 6.4.

models for theoretical analysis of peptide conformation and  As further evidence to support their conclusion, Scheraga
solvation for many years. While there are significant differ- and colleagues pointed to an experimental study using
ences among the force fields and water models that are inisothermal titration calorimetry by Ferreon and Hilser that
use, a number of recent calculations offer support for the indicates the probability of Ala forming,RAn the denatured
experimental result that the,Phelix is the preferred  state of an SH3 domain binding peptide~80%:278 in
conformation in unfolded short alanine peptides. Garcia has agreement with their theoretical predictions from the ECEPP
used a reparametrized AMBER force field to conclude that force field8 However, there is some uncertainty regarding

alanine peptides of 8 or less have a dominanglgtRuctures® Ferreon and Hilser’s definition of,Pas those conformations
Mu et al. predict that solvated trialanine has a predominantly are binding-competent to the SH3 domain, regardless of
(~80%) extended conformation including bgthand R andy angles. It is possible that only a subset of existing P

using the GROMOS96 force fieff.However, using a new  conformations are detected by the method, a point noted by
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the authors themselvé&?® Furthermore, their experimental any measurable NOEs between successive amides in the
results are based on the assumption that the intrinsic bindingchain indicates that no measuralde helix or other a
energy for different peptides (wild type or Ala/Gly mutants) conformation is present.

is the same once the peptides adopt theedhformations, From Figure 5 of their paper, conformations calculated
which is not necessarily true. Strictly speaking, their results for XAO are most sensitive to restraints derived fréin
report the R bias of the peptide as a whole, rather than the coupling constants. As we pointed out in our paper, there is
position-specific P bias, as claimetf-**We expect thatthere  an intrinsic limitation on NMR data in that NMR alone
can be effects on the conformation of neighboring residues cannot resolve whether there is an averaging of different
of the peptide (in either the bound or unbound states) result-backbone conformations in XA®However, other spectro-
ing from the substitutions. Nevertheless, the study by Ferreonscopic techniques such as 2D ROA,"* and UVRR?

and Hilser is a fundamental step toward our deciphering the that are capable of resolving this issue consistently report
conformations of the backbone in unfolded proteins. that short Ala peptides sample predominantly thecBn-

Scheraga and colleagues have recently re-examined thdormation (see.sect|on 2.1). We believe Scheraga’s arguments
XAO peptide in detail, using a combination of NMR and concern the size of popu!anqns that are present more t_han
CD spectroscopy and theoretical calculati®hThey con- anything else, and there is still some uncertainty rega_rdmg
clude from this new study that XAO samples a diverse set these and how they change with temperature. Additional
of conformational states clustered about three vertical strips WOk Will be needed to settle all these questions. It is our
in the Ramachandran plot with angles of—160°, —70°, view that their new paper still supports our earlier interpreta-
and+60°, respectively, in disagreement with our previous ton that there is a preponderance qfdt low temperature
findings®23 This interesting study does not consider the N XAO and that, on heating, the population ®ftructure
strong temperature dependencébfoupling constants and ~ increases. Our data say nothing about the presence of a small
CD values as an indication of conformational transition. Population off turns in the molecule that may or may not
Instead they interpret the transition simply as a shift in the affect the overall dimensions.
populations among the differetptregions. Since the transi- ) )
tion might be broad and the one we observed is not complete,3. Py Propensity: Is the P Structure Present in
it is too early to dismiss this possibility, although the apparent Chains Composed of Non-alanine Non-proline
enthalpy seems high for such a redistribution. Another Residues?
fundamental difference concerns the interpretation of the CD
spectra. We consider a CD spectrum with a strong negative
band at~198 nm to correspond to a situation in which P
dominates, regardless of whether the value-ai8 nm is
below or above zero. This takes us back to an old argu-
ment: as Krimn¥ and Schellmai¥ and others asked long
ago, how can the CD spectra of unfolded proteins and XAO
be so intense, if a blend of random conformations is
; o 1 . :
conformational biend that includes sinfioah or ¢ o their CD speciraf In a much longer naturally unfolded
populations. Scheraga’s own CD spectra thus might be takenP€P1ide consisting of a chain of 52 amino acids, 20 of which
to support our view that there is a dominant conformation '€ &lanines, each alanine was shown to haveoRforma-
present in XAO, independently of NMR results. The tion at 40 °C.%° At lower temperatures, a shoat helix

complexity of the CD spectra at 220 nm can be explained Fuclfﬁt?sthnearrtheltc termm,:{;} ?[fl trr]us rmlci)lecr:J]Ier. Taﬁ;ar;n
by salt effects on the charges at the ends. ogetner, tnese results suggest that longer oligomers conta

) ) ) a significant amount of P Proteins unfolded by GuHCI or

cross-peaks: they detect weak ROE signals between thenoted in our earlier review? Indeed, high urea or GUHCI
amide protons of X+X2, A6—A7, and A9-010. The  concentrations favor #79 The evidence from ubiquitin
discrepancy might come from our difference in judgment fragments suggests further that the occurrence sticture

of cross-peak intensity; it is possible that there are some is general for nonrepeating sequences and amino acids other
very weak NOEs that we consider insignificant. There might {3 Ala%

also be differences between ROESY and NOESY, and be | jine with the results presented above, Schweitzer-
tween mixing times as well as solvent suppression pulses.stenner and his colleag&&have reported that 4Ds, and

At one point they argue that the observed ROEs suggestg, as well as pare predominantly P-or somewhat distorted
that “the XAO peptide cannot exist in the, Btructure Py—in D;O at acidic pD. However, they find that,\and S

As detailed in the above section, independent lines of
evidence indicate that oligomers of Ala in solution assume
a predominantly fPlocal conformation. Rucker and Crearher
have shown that Kis predominantly . Additional studies
on ubiquitin fragments by NMR and CD, and alanine-rich
peptides containing QQQ, SSS, FFF, and VVV (a series of
11-mers) by CD indicate that they all contain a significant
amount of R, in equilibrium with structures (see Figure 3

because no ft-Hf}, ROE signals should be obsed in adopt a predominantl§-like structure’3 Tamburro and his
the R structure; elsewhere they argue thathe ratio of grou® 19 have studied the solution structures of a series
the I—(\‘—Hi“il NOE intensity computed for an all;Rcon- of short exonic peptides dissected from human tropoelastin

formation to that computed for aa-helical conformation and elastin and find significant,Fstructure in all of them.

is 1:4, which suggests that NOEs should be obseéiif the These peptides consist mainly of G, A, and L amino acids
whole chain were to adopt thg Bonformation, een though (for example, the sequence of Exon 3 from human tropoelas-
such NOEs are weé&kThe interactions in the Ala region of  tin is GAGLGALGG). Following their structural character-
the chain are noncooperative and local, and therefore, theization of three short peptides corresponding to sequences
whole chain would never adopt,Rat a given time as we in titin,’%* Ma et all% have recently presented a detailed
anticipated. Observing the weak ROE cross-peaks is hardlyconformational analysis of these peptides and obtained results
decisive evidence for or against the presence of ad#x. confirming their previous finding&®* these peptides adopt
Admittedly, we have used the argument that the absence ofthree conformational state®, /5 turn, and unordered spacer
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Figure 3. UV CD spectra of short model peptides and ubiquitin fragments. CD spectra of QQQ (A), FFF (B), SSS (C), VVV (D), Ubi
(E), and Ubiz—76 (F) at ©) 4 °C, (a) 10°C, () 25°C, and [J) 50 °C. Parts G-L are the enlargements of the corresponding CD spectra:
QQQ (G), FFF (H), SSS (), VVV (J), Ubi;, (K), and Ubks-76 (L). (Reprinted with permission from ref 95. Copyright 2006 John Wiley

& Sons, Inc.)

regions; the relative content of fhcreases with decreasing

Given that the occurrence ofi Btructure is not exclusive

temperature and increasing the polarity of the solvent; the to Ala or Pro and may be general, an obvious question arises.
content off turn decreases with increasing temperature and Is there a reproducible;Roropensity scale for each amino
the polarity of the solvent, while the content of “unordered acid? Several groups have addressed this question recently.
coil” increases with increasing temperature and the polarity By combining results from a hosguest study of AXA
peptides with data from related molecules, Schweitzer-

of the solvent.
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Stenner and his colleagues conclude that amino acids cardihedral angles in short unfolded Ala-based peptides point
be grouped according to their structural preference in aqueougo B, as the major structure. As noted above, Ala is a

solution® They find that K, D, E, Y, and P share a strong
preference for | while G, M, L, and A sample Pandf
strand conformations about equally. On the other hand F,
V, H, W, and S strongly prefer # strand conformation.
These results contradict the prediction from random coil

reasonable representation of the backbone in all amino acids
excluding Gly and Pro. One might consider the preference
of conformations other than,Rj structure, for example) in
some amino acids as a deviation froqdRie to perturbation

by side chain specific solvation effects as in Baldwin's

models, although the charged ends may influence theanalysisi®” steric clashing, and/or specific side chain

assignment of polar or charged side chains in this series.

This scale agrees imperfectly with data from Creamer’'s
group* or AcCGGXGGNH: peptides?® as well as with the
results from the survey of coil librarié8s

backbone interaction$® Comparison of three Pscales
derived from totally different systems suggests that the P
scale is likely to be sequence and context dependent.

Creamer and his colleagues have determined a different4. Coil Library Surveys

scale of R-forming propensity for the amino acids, except
Tyr and Trp, in a longer proline-based peptide systéiheir

Py propensity scale is based on the relative intensity of the
positive CD band near 220 nm in a series of hapiest
peptides with the sequence AcPPPXPPRNE&reamer’s

4.1. Introduction to Coil Libraries and Early
Library Surveys

Despite its origin in the native states of proteins, the PDB

scale has some features in common with that of Schweitzer-Nas provided a valuable resource for analysis of protein
different ways from different model systems. Specifically, 2acids in the PDB suggest that each possesses its own intrinsic

in both scales P, D, E, and K have a high propensity to form
Pi; G, L, and M are intermediate; and V and H have a low
propensity. On the other hand, the side chains A, Y, F, and
S differ significantly in their propensity to form,Riccording

distribution in specifiep andy basins of the Ramachandran
plot. Chou and Fasman initiated the systematic use of a set
of protein X-ray structures (at first witkv20 proteins) for

helix and 8 strand secondary structure predictiéhThe

to the two scales. One obvious cause of differences stemsdSsumption underlying use of these libraries is that near-
from the steric constraint imposed on a guest side chain byneighbor effects and long range interactions should cancel
flanking proline residues in addition to the charged end 9iven sufficient sample size, so that intrinsic conformational

effects.

Kallenbach's grouff has studied 19 amino acids in the
context of the hostguest peptide model AcCGGXGGNH
with X = G excepted. The CD signals for all AcGGXG-
GNH; peptides except those with ring side chains shqw P

character as well as a progressive increase in the band aroun

190-200 nm and a decrease at the band around-220

nm with temperature. Assuming the unfolded model peptides
sample only two basins (Pand f5) in the Ramachandran
plot, the authors have derived a &ale for all amino acids
based on their measuréd}, coupling constants (Figure .

Plicontent scale of GGXGG at 293K

Amino acids

Pll contents.
Figure 4. Derived B content scale of GGXGG at 293 K.
(Reprinted with permission from ref 10. Copyright 2005 National
Academy of Sciences, U.S.A))

0.3

It is clear that not all amino acids (e.g. His) favar. Fhis
is still consistent with the conclusion tha§ Bredominates

preferences for individual side chains can emerge. Generally
speaking, “full” libraries sample all the residues in the protein
database, whereas “coil” libraries sample only residues that
lie outside recognizable secondary structure regions. Both
full and coil libraries have been used in efforts to predict

rotein structure from its sequence as well as to assess the
ﬁroperties of unfolded proteins and peptides.

In the early 1990s Garnier and co-workers investigated
the local effect on the conformation of a given residue by
surveying 61 Brookhaven proteifs.Thornton and co-
workers examined residues from 463 3D protein structures
to acquirep andy distribution data excluding Pro and G¥,
intending to evaluate the quality of protein X-ray structures
available at the time. Lee and co-workers attempted to study
neighbor effects in predicting peptide secondary structure
using a set of 55 high-resolution structufégvhile none of
these studies intended to fing,Bhe R region is nevertheless
densely occupied in their statistical Ramachandran plots
(Figure 1 in ref 38, Figure 2 in ref 40, and Figure 5 in ref
39). At the time, the PP structure was classified within the
extendedb region associated with “coil” and escaped special
attention.

Serrano and colleagues distinguished thedgion from
B in their statistical analysis ofx helix and § strand
probabilities* Their results derived from 279 protein
structures correlated well with the experimental scales of
andp propensities after excluding,PSerrano’s | basin is
centered atd, y) = (—72° £ 15°, +144° + 15°) (Figure 1
in ref 41).

4.2. Coil Libraries and P
4.2.1. Problems with the Full Libraries

To calibrate NMR parameters for unfolded proteins,

as a major backbone conformation in the unfolded states of Dobson and co-workers applied the PDB to random coll
proteins. Several spectroscopic probes of the backbonestructure analysis'® At least two problems affect the use of
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full libraries to predict properties of unfolded proteins: (i)
The cooperativity ofo. helix in folded structures will tend
to bias the prediction tax structure. (i) The dielectric

Chemical Reviews, 2006, Vol. 106, No. 5 1885

side chains in 109 proteirtd Their coil library distribution
includes three region$, oR, andal for all residues except
Gly. They find two minimal energy basins in tifearea, as

environmental difference between the folded core and the discussed in the paper (FiguresBin ref 45), one assigned
corresponding domain in a denatured protein might be as extended@ strand and the other as type/lturn. The

associated with a large enthalpy differene€lQ kcal/mol)
based on analysis of solvation of peptide bo#d&!Dobson
and co-workers noticed that thid,y coupling constants
predicted from the coil library are systematically larger by
0.4—0.5 Hz than those from the full library, reflecting the
over-representation oft helical conformation in the full
library compared to the coil library#?

4.2.2. Early Coil Libraries
Swindells, MacArthur, and Thornton distinguished the coil

formation of a standard type fl turn needs two continuous
residues with dihedral angleg y2) = (—60°, +120°) and
(93, w3) = (+90°, 0°).11¢ The first residue of thig3 turn
structure is close to R A survey of the coil database for
Asp revealed that one of the deepest minima inegion
of the Ramachandran plot is located &t () = (—70°,
+140), which is R.

Ohlson and co-workers reported the largest coil library
survey up to 2002, derived from analysis of 1042 protein
subunits. About 55% of the dihedral angles of the coil

region residues from other regions of regular secondary residues lie in the upper right corner of tifleregion?6
structures using a data set of 85 high-resolution protein corresponding to P This high R distribution is common

structures? They excluded residues from helix and j
strand but includeg turns. Their objective was to acquire
intrinsic probabilities foro. and 3 structures using the coll
library. In fact R emerged as the dominant structure. At
least one-third of the coil residues clustered into their “p”
basin ¢, y) = (—71° £ 15°, +144 + 15°) (Figure 1 in ref
42).

for all natural amino acids except Gly (Figure 9 in ref 46).
A still larger and more comprehensive library has been
constructed by Jhat al.%® Their final coil library is based

on over 100000 residues excluding potential capping
residues withire andf structures, as well as turns. The result
based on these extremely stringent selection rules is quite
striking: R, dominates the coil library relative to all other

Thornton, Dobson, and co-workers calculated residue conformations. While Pro is most represented by default,

specific3J,n coupling constants from the distribution ¢f
angles in both a full library, “All”, and a “COIL" version.

Ala is next, followed by Leu.

They compared the results with experimentally determined 4.3, Potential Limitations of Coil Libraries

3Jun coupling constants derived from a series of-20
residue peptides. Their COIL datas® = 0.92) correlates
better than the All dataseR(= 0.81)*3 In both datasets
residues were classified into two groups, carand coreg,

the distributions of which are 45% and 40% in the All
dataset and 28% and 44%p in the COIL dataset. In fact,
a large number of Presidues in the COIL dataset were
classified into the corg area. The coil library was successful
in explaining the®J, coupling constants of a 17 residue
peptide corresponding to the C-helix of hen lysozyme
dissolved in water (Figure 2 in ref 112). Interestingly, the
fact that R structure dominates the coil library was not
pointed out or widely accepted at that time.

Almost at the same time as the work of Swindells and
Thornton, Serrano studied tigeangle distribution from 279
protein structure$! He noticed the relatively large increase
in P, population and the dramatic decreasecdfelix in the
coll library and the possibility of Pconformation contribut-
ing to the random coil state. In his view, random coil
structure should include Pas well asg.

We should emphasize here that an earlier andfysis
by Adzhubei and Sternberg has crucial implications for the
role of B, conformation in unfolded proteins. They observed
that short segments of, Fhelices commonly occur in the

A conclusion that emerges from using colil libraries to
decipher the major backbone conformation of unfolded
polypeptide is that Pis a major structure in the unfolded
state (at least 55%) while there is lower but significant
presence of other structures, includiagand 5. There are
still several cautions in applying coll libraries to predict the
structure of unfolded polypeptides. First of all, the long range
interactions present in folded protein structures may not
cancel completely as assumed. For example, tertiary con-
straints in globular proteins might tend to favor turn
conformations in the coil library. Use of coil libraries from
which all turns are excluded might or might not improve
the accuracy, as seen in Jtzal’s study!® The question is
how much structural information in the PDB should be
retained or thrown out in constructing a coil library. Second,
the partial hydration of coil residues may not correspond to
that in highly solvated peptides and unfolded proteins. This
is the same concern we pointed out in section 4.2.1 in
comparing use of full libraries vs call libraries. The side
chains of hydrophobic residues tend to be buried inside the
protein rather than exposed, while hydrophilic side chains
tend to populate the protein surface. Indeed éhal 1%
interpret their coil library data to imply that hydration is not

crystal structures of a set of 80 globular proteins while many involved in stabilizing R, in contrast to data we discuss
of these segments contain no Pro residue. Moreover, theybelow. In unfolded proteins, more residues would obviously
noted that P helices tend to lie on the surface of the proteins b€ expected to be solvent exposed than in any regions within

with few main-chain hydrogen bonds to the rest of the
residues. They suggested that these sRle chains are

native proteins.
As pointed out by a reviewer, one basic argument in favor

possibly stabilized by solvation, as revealed by the H-bonding of using a coil library to estimate the likelihood of identifying

of water molecules to the peptide NH and=O groups.

backbone conformations in unfolded proteins is that proteins

These observations have been confirmed in a more recen@re assembled from low-energy components according to

survey by Stapley and Creani@?.
4.2.3. More Recent Coil Libraries

Butterfoss and Hermanis] implying that the backbone
dihedral angles found in the coil library should correspond
to those found in unfolded proteins. A problem is that

Hermans and co-workers compared dipeptide simulationsbackbone conformational propensities derived from X-ray

with database statistics for the Ala, Asn, Asp, Gly, and Val

structures are weighted differently in different libraries,
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including those reviewed above. Thus, probabilities should
be quoted as argued by Shortlé Shortle also pointed out
that propensities might be useful in recognizing the native
structure in studies of threading peptide fragments, whereas
probabilities cannot be used in the same Waye makes

the distinction that edge backbone conformations cannot be
substituted by core conformations in threading approaches
to protein structure prediction. In many coil library surveys,
there is no discrimination between the residues from edge
and core regions, particularly for those in, Rnd g
conformations.

5. Why Is P, a Dominant Conformation in
Unfolded States of Proteins?

5.1. Generally Accepted Views

It is not easy in principle to account for a strong preference
of protein backbone for any one conformation within the
upper left-hand corner of the Ramachandran plot. Regarding
the bias of backbone conformation tp, Pecent studies have
emphasized the roles of solvent hydratféd,>* steric
effects?> 57 side chain-backbone interactio??;>*or a com-
bination of thes&® One line of evidence from coil libraries
suggested that residues ip&tcur in highly hydrated regions
of native proteingd!3114115Thijs evidence could be circum-
stantial, as the most extensive library analyzed to date fails
to detect any such effet® On the experimental side, most
conclusions concerning why; s favored are derivative or
based on speculation.

In a recent study, Ekeet al. report that acetyl-Ala-Ala
samples both Pandf structure in RO, whereas it adopts
a singlep-like structure in DMSO* This is consistent with
the idea that hydration plays an important role in the
stabilization of R structure. In another report, Eket al.
have characterized structures of tripeptides in boi® End
D,0 by CD and find that there is an isotope effect in the P
population in aqueous solutih.They conclude that a
hydrogen-bonding network involving the peptide and water
molecules plays a major role in stabilization gf édnforma-
tion. However, detailed interpretation of such an isotope
effect is far from simple, as we have demonstratedxin
helical peptide®° and protein¥* although their conclusion
may be correct. Based on their experimental design, the
isotope effect they observe reflects not only the difference
in a peptide-water hydrogen-bonding network but also that
in the water-water (O vs HO) hydrogen-bonding network
as well as other watetwater interactions such as van der
Waals effects (BO vs H0).

Kallenbach’s group has investigated the solvent effect on
a small neutral model peptide AcCGGAGGRM!nd report
that the conformation of AcCGGAGGNH:hanges from P
to Crequpon switching the solvent from water to neat TFE.
These results are consistent with a direct role for solvent
hydration in stabilizing P conformation. The effect on,P
of simple alcohols correlates best with empirical scales of
solvent polarity, rather than dielectric constpat se(Figure
5). This is consistent with a role for water in hydrating the
backbone rather than acting as a bulk solvent, although this

Shi et al.
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Figure 5. Correlations between the CD signal (absolute value of
the minimum CD signal of the peaks) of AcGGAGGHnd
measures of solvent polarity. The subscriptgtdenote 2-propanol,
ethanol, methanol, and water, respectively. The black line shows a
linear fit to the E¥ scale, and the blue one corresponds toRhe
scale. The correlation coefficients are 0.93?)( and 0.88 P').

Both TFE and MeCN deviate strongly from the linear correlation
for aliphatic alcohols. (Reprinted with permission from ref 97.
Copyright 2004 American Chemical Society.)

T

4

D,0 stabilizes P relative to HO, consistent with a role for
hydration in maintaining P structure. It is interesting that
the stabilizing effect of BO is more dramatic for Val-
containing peptides than for Ala-containing peptiéek.is
worth noting that Creamer’s group also studied the effect of
salt bridge¥?? on the stability of R helices and find that
saltbridges do not stabilize, Pin contrast to their role in
stabilizing o heliced?*-1%5 and proteing26.127

5.2. Thermodynamics and Kinetics

The thermodynamics of,Hormation has been investigated
by Hilser's group, using isothermal titration calorimetry to
measure the interaction between peptides and an SH3 domain
that selects the,;Rconformationt’#8 As the first careful calor-
imetric characterization of the thermodynamic origins of the
P, preference in the unfolded states of proteins and peptides,
they have found that,Pformation is favored enthalpically
by 1.7 kcal/mol per residue and is opposed by an entropy
change of 0.7 kcal/mol per residue. Transition profiles in
short alanine peptides were used to derive a van't Hoff en-
thalpy of about 3.3 kcal/mé&i for P, formation. This value
and the one cited above are within the range we derive from
the model peptide series AcCGGXGGMH The analysis of
electrostatic solvation free energy (ESF)y Avbelj and
Baldwin points to potentially large enthalpic contributions
that are associated with hydration of peptide bonds.

Recent theoretical research has concentrated on the roles
of solvation and steric effectd® Simulation studies by Mezei
et al®” and Kentsiset al®® indicate that the solvation free
energy of it is more favorable relative to other conforma-
tions because of an entropic effect, reminiscent of the
hydrophobic effect. Garcia’'s wotkemphasizes the forma-

is by no means proven. Tamburro and his colleagues havetion of a delocalized water channel surrounding the groove

also reported solvent effects on short exonic peptides from
human tropoelastin by CD and NMRL1%3They suggest that
changing the solvent from water to TFE results in an
increased presence ¢f turns, which might rapidly inter-
convert with R structure. Chellgren and Crearfidind that

of the Ry helix. He further suggests that a segment at least
four residues long may be particularly conducive to water
channel formation and may help to stabilize thesBucture.

By calculating the ESF, Avbelj and Baldwf conclude that
the preference of alanine foy lBonformation arises largely
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from electrostatic interactions between peptide NH and CO
dipoles and screening of these interactions by water. The
screening interactions are shielded only slightly by the

Chemical Reviews, 2006, Vol. 106, No. 5 1887

leading to delocalization of charge and thereby additional
resonance stabilizatid®>°In many organic chemistry texts,
ethane is presented as the classical example of a sinusoidally

alanine methyl side chain but more strongly by bulky side varying potential energy profile accompanying rotation

chains. Further, they find a correlation between the calculated
ESF and the observed neighboring residue effect on the
backbone conformation as revealed by a coil library survey
as well as the NH hydrogen exchange protection factors of
Bai et al!?® Avbelj and Baldwin conclude that ESF alone
accounts for many aspects of backbone conformation prefer-
ence. A more recent analysis of coupling constants in the
series of blocked amino acids Ac-X¥-methylamides shows
that these peptides already exhibit strong conformational
preferenced3® which correlate well with those from coil
libraries as well as the GGXGG series. More interestingly,
the intrinsic backbone preference in these “dipeptides” can
be predicted accurately using the electrostatic screening
model of Avbelj and Baldwin.

Pappu and Ro8&point out that steric effects are critical
by demonstrating that minimization of chain packing (using
only a repulsive model potential) is sufficient to favar. P
However, Pappu and his colleagbfefind that peptide-
solvent interactions stabilize,Relative to conformation
if the sampling space is limited only to the extended
conformation region. Another interesting finding by Fitzkee
and Ros® indirectly justifies a major role for steric effects;
they demonstrate that aw helix cannot be followed by a
contiguousp strand due to steric collisions alone.

An estimate of the kinetics of jPformation has been
published®! in a time-resolved FTIR analysis of the helix
“coil” transition in PHPG (polyN®-(3-hydroxypropyl)t-
glutamine), the host peptide used in Scheraga’s original
determination of helix formation parameters of guest amino
acids. While the rate af helix formation in PHPG following
a rapid laser-induced temperature jump is of the order of
hundreds of nanoseconds, typicabofielix formation rates,
Petty and Volk®! detect a much faster process on a time
scale of about 10 ns (close to the limit of resolution of their
instrument). They attribute this to a transition betwegn P
and some more random state in the unfolded peptide. By
analogy with the 1645 cn amide | band seen in poly (Glu),
they assign the band at 1648 chin PHPG to R. This band
is present at all temperatures in the spectrum of PHP
gradually decreasing in intensity with temperature. A more
recent temperature-jump/UV resonance Raman study on
poly(L-lysine) by Spiro and colleagu®s reports that the
melting ofa helices to R is on the order 0f~250 ns, similar
to the time constant reported for the melting of short Ala
helices by Asher and co-worket®; they suggest that there
is a rapid equilibrium between,Rand 3 strand on a time
scale within their~40 ns instrument resolution. These studies
suggest that the rate of transitions betwegnaRd other

around the central carbeitarbon bond (Figure 6a); the
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Figure 6. Energetics in ethane. (a) Ethane staggered (S) and
eclipsed (E) conformers. (b) Vicinal hyperconjugative stabilization
by overlap between an occupied and an unoccupied orbital on two
methyl groups. (Reprinted by permission from Macmillan Publishers
Ltd: Nature (http://www.nature.com), ref 58. Copyright 2001.)

eclipsed conformation is the unfavored high-energy state

G While the staggered conformation is the preferred low-energy

state>®5° Counterintuitively, according to hyperconjugation,
the staggered conformation is attributed to favoralkle—
ocy* orbital interactions (Figure 6b) rather than simple steric
repulsion between hard-sphere-like atof.

It is known from quantum mechanics that each construc-
tive (in-phase or bonding) orbital is accompanied by a
corresponding destructive (out-of-phase or antibonding)
orbital®® In ethane, each methyl group has three bonding
ocy Orbitals, accompanied by three antibondirg* orbitals.

extended conformations is on the 10 ns time scale, consistenf’igure 7 shows that a more favorable orbital overlap occurs
with a highly dynamic manifold. Rates this fast should be " the staggered conformation and a less favorable orbital

accessible to theoretical simulations, and they offer an
additional test of models.

5.3. Hyperconjugation

At the orbital level, the theory of hyperconjugation
connects a variety of seemingly unrelated phenomena,
including the stability of the staggered structure of etHafe,
the gaucheeffect, and the anomeric effe€t Hyperconju-
gation arises from partial electron transfer from an occupied
(bonding) orbital to an unoccupied (antibonding) orbital,

overlap occurs in the eclipsed conformation. This results in
a stronger stabilizing interaction for the staggered conforma-
tion (the favored low-energy state) and a weaker interaction
for the eclipsed conformation (high-energy state).

How might hyperconjugation be related tg7PWe start
with a brief introduction of a study on collagen peptides car-
ried out several years ago. Raines and his colleagues incor-
porated 4R)-fluoro-L-proline (FIp) into a collagen model
system and found that (ProFIpGly)s dramatically more
stable than either (ProProGlypr (ProHypGly)o (Hyp, 4R)-
hydroxy-.-proline¥° (see Figure 8). It has been known for a
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a Staggered conformation b Eclipsed conformation

Figure 7. Contour plots (two-dimensional, 2D) and surface plots (3D) of adjacent catiairogen bond orbitalsoty and ocy*) of

ethane. (a) In the staggered conformation the more favorable orbital overlap leads to a stronger (more stabilizing) interaction. (b) There is
a less favorable interaction in the eclipsed conformation, leading to a higher-energy state. (Reprinted by permission from Macmillan Publishers
Ltd: Nature (http://www.nature.com), ref 59. Copyright 2001.)
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Figure 8. Thermal denaturation of collagen-related triple helices: (a) raw data; (b) transformed data. The valp€X)f which is the
temperature at the midpoint of the thermal transition curve, are as follows: (ProPio@®lye), 41+ 1; (ProHypGly)o (red), 69+ 1;
(ProFIpGly), (black), 91+ 1. (Reprinted by permission from Macmillan Publishers Lithture(http://www.nature.com), ref 60. Copyright
1998.)

long time that (ProHypGly) is more stable than (ProPro- (10.8)> Hyp (9.68)> Flp (9.23), which correlates with the
Gly)1o, an effect that had been attributed to stabilization of prolyl peptide bond isomerization equilibrium constants and
a network of hydrogen bonds mediated by bridging water the equilibrium concentrations of thieans isomers: Pro
molecules in (ProHypGly).*3® The fluorine in Flp is more  derivative < Hyp derivative< Flp derivative. At the time,
electronegative than the hydroxyl group in Hyp, and both they hypothesized that the stability of the collagen triple helix
are more electronegative than the corresponding Pro residueis enhanced through inductive effééfsthat favor the
However, the fluorine in Flp does not form hydrogen bonds. requisitetrans conformation of the peptide bond.

Raines and colleagu@s%argued that it must be a previously However, if the inductive effect accounts for the increase
unappreciated inductive effect of the electron-withdrawing in collagen stability by favoring th&rans conformation of
group rather than water bridges that enhances the stabilitythe peptide bond, then an equal stabilization of collagen
of (ProFIpGly)o and (ProHypGly) relative to (ProProGly). should result if the Hyp is located at either the Y or X
The thermal stability increases in the order (ProProfgly) positions (X and Y here refer to the repetitive collagen
(ProHypGly)o < (ProFIpGly)e with Flp having the stron- peptide sequence X-Y-Gly), which contradicts the experi-
gest, Hyp the next strongest, and Pro the weakest inductivemental observation that Hypt & Y position stabilizes,
effect. Raines and his colleagues repottéthat the fXy's whereas Hyp at an X position destabilizes, the triple helix.
(reflecting inductive effects) of the nitrogen atom in the Zagari and co-workers have recently determined a high-
corresponding parent amino acids decrease in the order Praesolution (1.3 A) collagen-type structure with the (ProPro-



Conformation of the Backbone in Unfolded Proteins Chemical Reviews, 2006, Vol. 106, No. 5 1889

X X that Hyp residues at Y positions preorganize the main chain
Y“'Z_R Yo K torsion angle to the requisite puckered conformation and
K _ stabilize the collagen triple helix, whereas Hyp residues at
N O —_— N0 ——» 'nplehelical X positions prevent the main chain from forming the desired
OJ\, /Eo conformation and therefore destabilize collagen triple helices.
: Following this line of reasoning, Raines and his colleagues
cis (E) trans (Z) reconsidered their hypothesis and invoke hyperconjugation

A as an explanation both for thgaucheeffect and n— =*

interactions?141.142The gaucheeffect determines the pyr-
rolidine ring pucker, which in turn preorganizes the main
H chain torsion angleg and vy; furthermore, the n— z*
c interaction stabilizes not only the ideplangle but also the
requisitetransconformation ¢ = 180°) of the peptide bond.
The resulting effect is then an interplay of the pyrrolidine
ring pucker and the/y torsion angles and peptideanscis
isomerization equilibrium of substituted proline residues (see
Figure 9).
B Recently, Raines and his group have analyzed the n

Figure 9. (A) Relationship betweecis—trans prolyl peptide bond mr* interaction as a function of different regions in the
isomerization and the formation of a collagen triple helix, which Ramachandran plot and find that optimatnrz* interactions

contains onlytrans peptide bonds. Pro: % H, Y = H. Hyp: X can exist in R, or, and aw but not g (Figure 10)*
=H,Y=O0H. hyp: X=0H,Y=H.Flp: X=H,Y =F.flp: Interestingly, they find that, for,Phelices, there is not only
X =F, Y = H. (B) (Left) Structure of crystalline AcFIpOMeq,* an n— xr* interaction from Q-1(n) to G' = Oy(r*) but also
-+Cy = 2.76 A; 0Og+-C;=0, = 98°. They dihedral angle (solid  one from Q_4(n) to G'=Nj;*(7*). Since the resonance
black bonds) is 1471 (Right) Newman projection depicting the  gtrcture G(O)=Nii1" can account for as much as 40%

gaucheeffect. The N—Cy%-Cy7-F%: dihedral angle is 85 As . . . . >
pointed out by a reviewer, the reader should note that substitutions®' the population of an amide, 1~ 77* interactions might

of different functional groups as denoted by X and Y in the chemical iNdeed play a role inPstructure. They estimate a stabiliza-
structures in this figure have nothing to do with the X and Y tion energy of about 0.7 kcal/mo=RT In 3) by comparing
positions discussed in the text throughout section 5.3, which refer the trang/cis equilibrium constants of the followingis <~

to the general repetitive sequence of collagen peptides, X-Y-Gly. transisomerization reactions (Scheme 1 for the formamide
(Reprinted with permission from ref 141. Copyright 2001 American erivative and Scheme 2 for the acetamide derivative).

Chemical Society.) . . .

In summary, hyperconjugation offers a novel explanation
Gly);0 sequencé® This high-resolution structure reveals that for why the backbone conformation in unfolded states of
Pro residues located at different positions (X or Y) have proteins is biased to,®' Hyperconjugation offers one more
clearly distinctive torsion angles and ring conformations. Pro explanation to add to previous ones, namely side chain
residues at X exhibit an average= —75° (+3°) and adopt backbone interactions, solvent hydration of the backbone,
a puckered down conformation whereas those at Y have ansterics, and dipolar interactions, for the prevalence ,of P
averagep = —60° (£2°) with the puckered up conformation. Quantitative tests of the relative magnitude of these effects
Polyproline peptidés® tend to adopt an average (up and involve substitutions in natural side chains, as well as
down) ring conformation, whereas polyhydroxyproline pep- variation of solventd?® In particular, determining how
tides0 prefer the puckered up conformation. This suggests hyperconjugation varies with dielectric constant might help

180 1

A B

0
o (%)

Figure 10. Some implications of hyperconjugation involving— sz* interactions between O, and C;. (A) Ramachandran plot showing
the two ‘n — z*” regions of thetransisomer of AcGlyNH. In these regions, the;Q---C'; distance i)gp < 3.2 A and the10;_;+--C'=0;
angle is 99 < 7gp < 119. The white dot indicates thg andy angles for an ideal polyproline Il helix (B). (B) Energy-minimized structure
of AcGly;NH; in the conformation of a polyproline Il helix with = —75° andy = +145°. The structure is depicted as a ball-and-stick
(left) or space-filling (right) model. The O;---C'; distance §gp = 3.2 A) andJO;_;++-C'i=0; angle ¢gp = 103) are indicated in the
ball-and-stick model. (Reprinted with permission from ref 61. Copyright 2003 Cold Spring Harbor Press.)



1890 Chemical Reviews, 2006, Vol. 106, No. 5

Scheme 1. Then — &#* Interaction Determined from a
Formamide Derivative as a Ratio of the above Two
Equilibrium Constants (~3) (Reprinted with Permission
from Ref 61. Copyright 2003 Cold Spring Harbor Press.)
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Scheme 2. Then — #* Interaction Determined from an
Acetamide Derivative as a Ratio of the above Two
Equilibrium Constants (~3) (Reprinted with Permission
from Ref 61. Copyright 2003 Cold Spring Harbor Press.)
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explain the strong solvent dependence observed for P
structure in short model peptides. It should be mentioned
that designing any unequivocal test of the hyperconjuation
model is not easy.

6. Significance of P  as a Major Backbone
Structure in Unfolded Proteins

6.1. Implication for Protein Folding

The presence of defined localized structure in the backbone

conformation of unfolded proteins has far-reaching implica-
tions for the protein folding problem. It suggests that the

structure of unfolded proteins is less heterogeneous than ha
been thought previously and that the backbone entropy in

unfolded states is much lower than that implied by the

random coil model, even for the cases where there is only a
weak bias to a certain structure in the unfolded ensemble of

protein conformations as emphasized by Hifgéf.As one
consequence, Levinthal's paradtxwith respect to the

Shi et al.

model. Today, experimental results from small-angle X-ray
scattering (SAXSY experiments have improved these mea-
surements enormously and confirm that it is rare for any
denatured protein to deviate from a power-law scaling
relationship connectinBy and chain length. Fitzkee and Rose
have recently demonstrated that consistency with this power
law behavior is remarkably insensitive to the presence of
well-defined local structure(s) in an otherwise flexible
chain!! They generated ensembles of segmentally rigid
chains from proteins with known structure from the PDB
by varying the backbone torsion angles at random~§8#%

of residues, maintaining the remainingd2% of residues
with their native torsion angles. Strikingly, they find that
ensembles generated by imposing these bizarre constraints
have characteristics (including end-to-end distance, mean
radii of gyration, and simulated Kratky plots) consistent with
random coil expectations in 30 cases among a set of 33
proteins.

Fitzkee and Rose cite one SAXS study that provides strong
support for their simulation results. In this study the
denatured state of hen lysozyme in 40% trifluoroethanol
(TFE) is found to have aRy value comparable to that of
the same protein denaturetd4 M GuHCI*® Another study
on cytochromee finds that the denatured state in methanol
has arR; of 31.7 A, which is very close to that for the acid
denatured state (30.1 A) as well as that for the urea denatured
state (32.1 A}# TFE and methanol both stabilize helical
structurel®” as revealed by their effect on the CD spectra of
these two protein¥5146Thus, the observation th& values
conform to the mean dimension of a random coil ensemble
does not provide evidence for the random coil models or
exclude well-defined local secondary structures in unfolded
proteins. This point has also been made by Sosnick and
colleagues on the basis of their recent SAXS stifdly.

Fitzkee and Rosé suggest that the random coil might
indeed be better considered as a conceptual obstacle that has
impeded alternative explanations than a useful concept. With
mounting evidence demonstrating the failure of the random
coil model, locally determined residue specific backbone
conformation preferences within a primary sequence might
be expected to influence early and subsequent events in
folding. Rose’s LINUS program among others postulates that
folding is locally determined and hierarchical. Thus, one may
approach the protein folding problem by trying to answer
the following question: how is the conformation of a residue
determined by its own chemical nature and its local environ-
ment, that is, the conformations of its nearest neighboring

éesidues?

Given that there is a distinct structural propensity for each
amino acid together with strong local context effects,
deciphering the intrinsic structural propensity for each amino
acid together with a set of rules governing local context
effects might allow one to improve the prediction of
structures of proteins, folded or unfolded, as well as provide

peptide backbone can be resolved by accepting the idea thaf1Sight into folding pathways.

unfolded proteins have well-defined local structures. The
immobilization of side chains upon folding still contributes
significantly, of course. Nevertheless, concébsuch as
folding funnels, kinetic traps, and frustration may prove to
be misleading?

Tanford relied on hydrodynamic data to demonstrate that

6.2. Impact on Force Field Development and
Refinement

6.2.1. Reliability of Force Fields

Molecular dynamic simulations provide an essential tool

the dimensions of most chemically denatured proteins scalein efforts to understand the high-resolution structure and

with the numbers of residues in the chain according to a
power-law relationship predicted from the random coll

dynamics of complex biological macromoleculé$.The
evidence showing that models such as AAMA and trialanine
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have well-defined [P structuré="72 invites re-examination
of some force fields in current u§&%.86
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short and long peptides quite well, simply by flattening the
torsion angle H-bond potential in AMBER $&5¢Duanet

At present, the most widely used molecular mechanics al. have recently reported development of a third generation

force fields include AMBERS° CHARMM, 5 GROMOS?52
and OPLS3 While these force fields share a common form
of empirical potential energy function, they differ in their

of AMBER relying on an increased level of QM calcula-
tions!%° They predict a favorable probability for, Rhat is
in better agreement with experimental data. Recently, Mac-

values of a large set of associated parameters. AccurateKerell and colleagué® have refined the treatment of protein
guantum mechanical calculations can only be carried out for backbones in CHARMM22 by introducing a grid-based

small systems with a limited amount of atoms presently. As
a result, empirical force fields are calibrated by fitting results
on small building blocks of biopolymers througitb initio

and density functional theory (DFT) calculations. Even for
short peptide fragments, it is impractical to conduct a high

correction to the fullp/yy two-dimensional conformational
energy surface. Their refined model also shows improved
consistency with recent experimental results.

Improved water models together with adjustment of
parameters of existing force fields can and should improve

level quantum mechanical calculation in the presence of the performance of predictions significantly, as demonstrated

water. As a compromise, most force fields are mainly

in a recent report from Met al® Using a new version of

developed through fitting to the results from gas-phase the OPLS force field combined with a TIP5 water model on

calculations.

trialanine, they predict population probabilities of 65% for

One essential test of a force field is to compare simulated Py, 12% for, and 18% foro. conformation, respectiveRy,

results with observable properties of a number of well-
characterized small biomolecular benchmarks including
AAMA and trialanine. A potential energy distribution
diagram, mapping the energy as a function of ¢ghand v

much closer to what is observed experimentally. With the
availability of more powerful computational resources,
another key may lie in carrying out additional quantum
mechanical calculations. For example, étwal. have recently

dihedral angles in the corresponding short peptides, is widely employed a fast combined QM/MM force field to simulate
used as a criterion. Almost all force fields identify a similar Ala and Gly dipeptide&’ They report that the combined QM/

geometry (Geg as the lowest energy structuie vacua

MM force field outperforms any existing MM force fields.

However, in the presence of water, each force field yields a Significantly, basin distribution results for both Ala and Gly

significantly different distribution of structures. Only
somé>5+ 157 reproduce the featured, Pstructure, although
there is confusion in the literature concerning the definition

dipeptides by the QM/MM simulation show closer agreement

with recently reported distributions in high-resolution protein

structure®! than those from any other simulations using MM

of A conformation and a number of publications include P  force fields. Their Ala result shows little;Phowever.

within the broades structure basin.

Theoretical analysis of the heliXcoil” transition in

Given this situation, several groups have undertaken asimple peptides has been based on different sampling

detailed analysis of current widely used force figl@l&8586

procedures, force fields, and solvent treatments. The results

Recently, three groups have independently compared thevary a great deal, and the extent to which the unfolded

performance of several of these force fiet@82Common
findings in these studies include the following:

(i) Accuracy is a major challenge for the development and
refinement of empirical force fields. Currently, the uncer-
tainty is still well aboveRT = 0.6 kcal/mol, a number that

is thought to be required to reproduce adequately experi-

conformation includes Pranges from negligible (Ohkubo
and Brook%%d) to substantial (Garct& and Durani®d).
Simulations by van Gunsteren's grdép revealed the
unexpected fact that the conformational manifold of short
unfolded peptides must be restricted, since they could see
transitions in both directions between helices and “coil”. This

mental observations on both small peptides and largerObservation is in complete accord with the presence of

polypeptides or proteins.

(i) Water models and the way they treat polarization
effects make a significant difference in calculating population
probabilities of different basins.

(iii) Prediction results from AMBER 94 and CHARMM
tend to oversamplew state; AMBER 96 and GROMOS
predict equal populations ¢f (~40%) and R (~40%) and
a small population ofig (~20%); thus, both oversampje
region and underestimate, Rs compared to experimental
results; OPLS predicts a majority of extended conformation
(>80%), without distinguishing Pfrom 3 basin in the
Ramachandran plot.

6.2.2. Refining Force Fields

Seemingly minor changes in parameters can exert signifi-

cant effects in terms of the population probabilities for

structure in the unfolded state. But how the effect varies with
chain length is puzzling: evidently, as the chain length
increases, one expects effects to scale with length.

6.3. Py Structure in Natively Unfolded Proteins
and Fibril Formation

Barron’s group has recently investigated a number of
amyloid forming proteins including human lysozyrité,
o-synuclein, and tau proteitfsas well as several natively
unfolded protein®*° using ROA. In all cases, they find a
significant amount of P structure suggesting a connection
between P and the fibril formation mechanism. A similar
analysis based on ultraviolet resonance Raman (UVRR)
spectroscopy finds Pin assembled tau proteif® The
structure ofa-synuclein also hasPstructure, based on a
Raman study®® This research has broad implications for

different basins, as demonstrated by the different results fromstructures of natively unfolded proteins as well, which may

two versions of AMBER. On the positive side, this means

account for about one-third of all proteifg-173 The prion

that force fields can be fine-tuned so they can duplicate protein PrP is found to have,Btructure at its N terminus?
experimental observations on both small peptides and longerand two groups have reported that unassembjegéptides
polypeptides and proteins. One demonstration is by Garciahave R conformationt’>1"The glycoprotein human salivary

and Sanbonmatsa® who find that a modification of the
AMBER force field replicates experimental results for both

mucin contains a tandem repeat that is bacteriocidally active
and also has Pconformationt’”” As we have mentioned,
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Figure 11. Calculated CD spectra of AcCGGAGGNEh y andf turn conformations: P (¢, ) = (—60°, +17C); y turn canonical ¢,
Y) = (=78, +65°); type | B turn canonical ¢, y) = (—60°, —30°); the type I3 turn canonical ¢, v) used in this paper are from
Venkatachalam’s conformations 8 and#®in which the first G, of the turn hasd, ) = (=60, +90°) vs (=60, +12C). (Reprinted with
permission from ref 97. Copyright 2004 American Chemical Society.)

Tamburro and his colleagues find that the Exon 5 peptide We have noticed that,RCD spectra for different types of
dissected from human tropoelastin hassfructure and, in ~ amino acids are slightly different in terms of band location
addition, is capable of self-assembly into fibrils, as revealed and magnitude because each amino acid probably samples
by transmission electron microscopy measureméhafe- slightly different basins within the Pregion, as well as
cently, Armenet al’® offered the provocative suggestion distinctive local minima in the broad¢t basin that flanks
that intermediate states in amyloid formation have a unique P,. Such preferences are likely to be sensitive also to local
o pleated sheet structure, originally proposed by Pauling andsequence context, different end charge states, and solution
Corey, in which alternating residues have dihedral angles conditions. Given the important role ofy Pstructure in
corresponding taxg and a.. In simulations of transitions  unfolded proteins, it is necessary to systematically and
between helix angd strand, they regularly detect a high carefully investigate these effects since they will make
occupancy of both Pand oy, despite the absence of the estimation of R contents from experimental CD data
latter structure in coil libraries and the additional problem uncertain though they may not affect the estimatioroof
that a significant presence af should lead to cancellation andf contents in native proteins as much.

of the CD and ROA signals from such intermediates. The  Assignments of CD spectra of other nonstandard confor-
possibility thata, conformations are involved in transition  mations are becoming an urgent, though challenging, task
states betweea andj basins is interesting, sineg is also  since other nonstandard conformations presumably also play

stabilized by hydration in AAMAY pivotal roles in the structure of unfolded proteins. Recent
: efforts by Woody have addressed this problem. Wa&e°

6.4. CD Assignments of P and Other has recently calculated the CD spectrayofurn, type 13

Nonstandard Conformations turn, and type 118 turn as well as P conformations, and

Available evidence summarized above indicates that therePresented the results in a recent sfli¢gee Figure 11). Itis
is a substantial amount of,Peonformation in unfolded ~ Worth noting that CD spectra can be evaluated through
proteins and peptides. These lines of evidence provide strongd-factor analysi§*-%2in which the CD and UV spectra are
support for assigning the reference CD spectrum,c2p’-23 converted to dimensionlessfactor spectra by dividing the
a very weak negative band near 235 nm, a weak positive CD by the UV signal at each wavelength. This has the ad-
band near 220 nm, and a very strong negative band neavantage that data can be analyzed without information on
195 nm (for non-proline and nonaromatic residues). the protein molecular weight, sample concentration, or sam-

The literature to date still assigns this spectrum as “random PI€ path length. It holds some promise for secondary structure
coil”. The CD spectrum of “random coils” was calculated deconvolution including nonstandard conformations, which
by Ronish and Krimm more than 30 years &4& They may occur in insoluble proteins such as prions or amyloid.
showed that the CD of a random polypeptide chain including
o andp structure should have a positive band around 196 7. Comparison of Different Models for the
nm and a negative band centered around 215 nm with aStrycture in Unfolded Proteins
crossover point at about 205 nm. While the results are
uncertain because of the unknown compositional coefficients In this review and a previous one, we have attempted to
and chain length dependence for each conformation in thesummarize the evidence that unfolded peptides and proteins
blend, the spectrum they predicted is clearly unrelated to have a strong tendency to bgBcally while still conforming
that of any unfolded peptides and proteins. At this stage, it to the overall dimensions of a statistical coil. We refer to
is our opinion that it is safer to say in many cases the CD of this as the P model, originally proposed by Tiffany and
unfolded proteins corresponds more closely to that pf P Krimm'?2%and supported by the extensive evidence discussed
rather than any blend of conformations. above. Several alternative models are in vogue for unfolded
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proteins. One that we refer to here as the native topology
model has been proposed by Shortle and his colleagties. 45°C
It is based on a series of results from studies of unfolded
SNase, including a truncated version of the protaih31A, /\ Y
which is unfolded under native conditions as well as the wild- Y y \’\‘/\ j
type SNase in a variety of denaturing conditions. A second BNV -
model we refer to as the long-range structured random coll [27x107
is advocated by Dobson, Schwalbe, and their colleatfaés.
Based on a mutational analysis of reduced hen lysozyme in ROA
denaturing conditions, they hypothesize that unfolded lysozyme
is an ensemble of random coils coexisting with some long-
range structures, most likely nativelike, that are stabilized
by extensive clusters of hydrophobic interactions. The third
is the diffusive statistical random coil model derived from 11 1x104
Tanford’s pioneering work,still the most widely accepted — T T T T T T
model today. This forms the basis for interpreting many 20°C
current experimental results, for example as in the publication /
we cited at the beginning of this review by Eaton and his /
colleagued? / \,ﬂ\ /\,

The major difference between thg Phodel and that of ——/\w-"ﬂ——/\”\’\« \'/\/
Shortle and his colleagu¥$is that they believe unfolded [2.9x107
proteins are random coils that retain a nativelike topology.
While unfolded proteins may indeed have some residual
long-range structure, native or non-native, in our view this
is imposed on a strong background gf lFackbone confor-
mation?® The R conformation makes the peptide backbone
locally ordered, although it must still be interspersed by many
types of turns or loops and other local structures. Thus, 11.0x104 1287
unfolded proteins are locally ordered, yet coil-like in —— Ty
structure, flexible in dynamics, as well as heterogeneous and 2°C
disordered in terms of long-range space occupancy.

The validity of Shortle’s model depends on how one
defines nativelike topology. They have reached the conclu- I
sion by characterizing the unfolded SNase using an impres- __/\.«"VMA/L“/\J\ \,/\ /\/
sive variety of spectroscopic probes including C%J, 12.9x107 ~ '
coupling constants, NOE, NMR chemical shifts, and residual
dipolar coupling constants (RDCs) as well as paramagnetic ROA 1300, 1315
relaxation enhancemelit:187 191 Very recently, they reported A
some surprising results from measurements of residual dipole —
coupling constants in several variants of SNase including !
the protein with 30 N-terminal residues deleted, a mutant
with the deletion of the final 30 C-terminal residues, and a s 1227 4
mutant with all 10 hydrophobic residues replaced by polar 11.1x10 1242
substitutiong®21%3Under denaturing conditions, they observe =00 | 900 1100 1300 1500 1700
a robust correlation in residual dipolar coupling constants Figure 12. Backscattered Raman and ROA spectra of reduced hen
among all these mutants as well as with those of the unfoldede(‘;gg white lysozyme in citrate buffer, pH 2.0,pat G (top pair),
wild-type enzyme?®? They also report a robust correlation  20™C (middle pair), and 2C (bottom pair). (Reprinted with
in residual dipolar coupling constants for corresponding permission from ref 18. Copyright 1996 American Chemical
residues of the protein denatured in different experimental Society.)
conditions, regardless of whether the protein unfolds by gifferent unfolded protein molecules with such dramatic
deletion in the sequence without denaturants, by different yogjfications in sequence may reflect the persistence of local
concentrations of urea, or by decreasing pH, which introducesp, strycture rather than the persistence of nativelike topology,
approximately 20 additional positive charges into the mol- \yhich can also explain why no correlation is found between

eculet® native and unfolded staté while the correlation among
Both urea and GuHCI have been found to favarif® all denatured states is stroHj.
proline-containing as well as non-proline peptide¥ An Dobson, Schwalbe, and their colleagues based their model

increase in extended, Btructure can explain the observation for denatured proteins on extensive NMR data including
that denatured proteins expand slightly at higher concentra-NOE, 3] coupling constants, ariéN relaxation measurements
tions of denaturants. One recent set of measurements suggestsh hen lysozyme and a variety of mutants denatured by urea
that changes iRy as a function of [GUHCI] are ming¥. At or by reducing and methylating all disulfide bond%!t
higher concentrations of urea or GUHCI, denatured proteins Their observations indicate that there are extensive clusters
might populate longer segments qf #hat occur in natively involving distinct regions of the sequence which can be
unfolded proteins or unstable mutants at lower denaturantdisrupted, for example, by a single point mutation that
concentrations. Thus, the robustness of the correlation amongeplaces Trp62 with Gly. They fit theifN relaxation rates
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for all measurable backbone residues with a random coil for the unfolded protein matches that observed for an
model that undergoes segmental motion and derive anextended P molecule such as (Prg)may not be surprising.
intrinsic relaxation rate for random coils with the number 7 There are two additional minor but nevertheless relevant
(in residues) for the persistence length of the chain for problems in these experimentdn Figure 2d of their paper,
different denatured proteins. It can be argued that this value Eaton and his colleagues reportBg, value slightly above
of the persistence length is not inconsistent with a locally 50% for (Pro)o. In theory, a value of 50% forEayp
ordered yet long-range disordered model of unfolded corresponds to a,Phelix length of 5.4 nm; the expected
proteins?® Furthermore, the ROA spectra for reduced hen length for (Pro)is 6.2 nm. TheEaypfor (Proke should thus
lysozyme (Figure 12) reported by Barron and his colleatfues be slightly less than 50%. They reconcile the discrepancy
several years ago show clear indications pEfucture with by arguing that long flexible linkers attached to the dyes
additional helix and turns based on their revised interpretation “allow the dyes to approach each other during the fluores-
of the 1320 cm® band®” These observations are more cence lifetime of the donbrHowever, the long flexible
consistent with the Pmodel than the model proposed by linkers of the dyes should also allow them to escape from
Dobson’s group. each other during the fluorescence lifetime of the donor. We
We have discussed the fact that a random coil is not have noticed that had they not attributed the additional
inconsistent with the presence of local order in unfolded maximum atEap,~ 0 as due to chemically altered or donor
proteins. We examine here some recent studies by Eaton andabeled chains, the distribution in (Pggwould shift to a
his colleagues, who have experimentally investigated the freevalue slightly below 50%, which is more consistent with what
energy surface for protein folding using single molecule would be expected. Another observation that is hard to ex-
fluorescence spectroscoffyThey report that there is no  plain is that, in Figure 2c of their paper, there is a negligible
excess broadening in tHe,, distribution for an unfolded  distribution atEqp,~ 0 for (Pro} whereas the corresponding
protein (hyperthermophilic CspTm) beyond that observed in distribution atE,,, =~ 0 for (Pro)e is comparable to that at
a reference oligomer (Pr@) Eqppdenotes the mean and width  E,pp & 0.5 although one finds no significant difference
of the measured FRET efficiency. They then assume abetween parts a and b of Figure 2 of the paper. Apparently,
Gaussian chain model and derive a reconfiguration time of chemically altered or donor labeled chains are present only
less than 25:s to explain the result. However, if unfolded in (Proko. In contrast to providing support for the diffusive
states of proteins have some kind of well-defined structure, statistical random coil model as they claim, it can be argued
there is no need to construatl hocmodels to explain the  that their experimental results actually support an opposing
experimental observation: the fact that g, distribution Py model.
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Tip 59 A direct measure of the chain dimension in the peptide
g containing seven alanines (XAO) reports that the radius of
%ﬁ gyrationRy in this molecule is 7.4t 0.5 A, about half of
R what is predicted for a fully extendeg Belix.1% While this
/ (\(m‘ result is claimed to be a discrepancy with the analysis of
Lptd om, the same peptide by Shi al. the original article empha-
¢ J sized that the probability of full,Poccupancy of all alanines
L sass in the peptide is low, since the formation of B nonco-

operative, as determined in the series AcGG&NH,. The

Ry value measured does not reflect an experimental discrep-
ancy if we assume that g, fhelix of XAO bends at two
positions (three segmented elices); such a structure could
have a radius of gyration within the value they have
measured. A different problem raised by Zagrostcal. is

that tests of simulations with six different force fields
uniformly failed to find R conformation in the peptid&*
Instead, the simulations tend to predict appreciable levels

&Ng“ of a helix. This is a serious discrepancy and confirms the
0 T problems encountered in previous calculations and evalua-
Sb}?m tions of force fields by other&.59:86
@, N o From the above comparison and analysis, we suggest that
N e the diffusive statistical random coil model is not applicable

to the structure of unfolded proteins and polypeptides on
Figure 14. Schematic of the effect of binding Lys 54/55 to the short length scales. The data can be reconciled if we assume
heme of denatured AcTM on the Trp SBeme distance. The  unfolded states of proteins have well-defined local structures

double-headed arrows show the TI’p—BﬁEme diStanCdR,_for the that are not as heterogeneous as preV|ously thought
low pH water bound state of the heme and for the high pH Lys

54/55 bound state of the heme. (Reprinted with permission from .
ref 31. Copyright 2003 American Chemical Society.) 8. Conclusion and Summary

Though the random coil model has a long history of

. interpreting experimental results on unfolded proteins, in
cytochromec by Bowler and his colleagues also addresses particular those from hydrodynamic and SAXS measure-

o & a1 X . . o
this issuet® 3! They introduced a series of His substitutions ments ofRy,’ it is inconsistent with older observations from
in cytochromec and determined the histidine/heme loop- Krimm’'s group as well as a wealth of spectroscopic
forming equilibrium constant by means of Hikgshifts (see techniques that demonstrate the presence of well-defined

. po X . e
F;ggirstiolr?%r a-;h?gn(;i?r?lct:iildn?gélagleofstlﬁgIggﬁg'ﬂ}/regosrtgte backbone structure within the unfolded states of proteins and
P y "peptides. It is then time to question prevailing views of

;pgiﬂgfggg I ggr dsigegg ntth\éarigntgr?ir:ry t?/g}j;:rsrﬁs\?v?]ng;ng unfolded proteins and consider alternativest has been
o difie oop ney report thetp ! known for a long time that each residue/peptide backbone
filled circles in Figure 138 Assuming a random coil model, 1", slightly different K. value*® as well as distinctive
they calculate thelf, values shown as filled squares in the inductive and blocking effect$?® This is consistent with the

figure. It is clear that the random coil model does not apply ; o :
. . . presence of residue-specific conformational preferences. Of
tFO ;:ases W\':/?{AOIOE S|rz|es of ?z 10, f1272§6agg 37mrje§gjutﬁs'course, important questions still remain to be answered: Why
or cases arger 1oop sizes of s/, 56, /<, a » N€is there a localized preference for certain backbone confor-

%t::st)ir:iigeﬁ?v\\llﬁw'?hseﬂrta%;t)rr%l?:gtillm(e)agrtvsuiecﬁlgﬁgté ISShOW mations for a given residue in a certain neighboring sequence
' context? What physical interactions are at work? How do

the expected StockmayeJacobson value nearl.5. these effects influence the overall chain conformation?

In a more recent report, Bowler and his Colleaéﬁlhave Fina”y’ how can we app|y the information gained by
studied the denatured state of iso-1-cytochromedy answering the above and related questions to improve
monitoring changes in TrpStheme fluorescence quenching  prediction of the native and unfolded structure of proteins
(Figure 14). They could derive a hem&rp59 distance ina  and to understand the mechanism of protein folding, includ-

denatured mutant of iso-1-cytochrorgAcH54152) from ing the mechanism of diseases relating to protein folding?
Forster energy transfer theory and find that the derived value

of ~26 A at pH 4 and 10, while His54 is not bound to the
heme, is much shorter than the 56 A that would be predicted
from the random coil model. Surprisingly, when His54 binds  Preparation of this manuscript and research carried out at
to the heme in the denatured state at neutral pH, the hreme NYU were supported by a grant from ONR (N.R.K.). We
Trp59 distance decreases only slightly,480.7 A. In this thank Bobby Arora, Buzz Baldwin, Trevor Creamer, Angel
case, the number of residues separating the heme and Trp5&arcia, Alex Kentsis, Ron Raines, George Rose, Tobin
is 6. The measured distance suggests that all residues betweefosnick, and Robert Woody for communicating results and
His54 and Trp59 adopt some kind of extended conformation. insightful discussions. Correspondence with Adam Liwo and
The distance they measure agrees very well with that Harold Scheraga helped clarify our ideas on the role of PII.
calculated by assuming the stretch of polypeptide chain in Z.S. thanks Professor Joshua Wand for helpful advice and
the denatured states occupiesasBucture (6x 3.2 A= support. Z.S. is a recipient of the Margaret and Herman Sokol
19.2 A as compared t6-20.7 A). Award for postdoctoral research from NYU.
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