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Abstract: Residual dipolar couplings (RDCs) observed by NMR in solution under weak alignment conditions
can monitor average net orientations and order parameters of individual bonds. By their simple geometrical
dependence, RDCs bear particular promise for the quantitative characterization of conformations in partially
folded or unfolded proteins. We have systematically investigated the influence of amino acid substitutions
X on the conformation of unfolded model peptides EGAAXAASS as monitored by their HN—15N and *H*—
13C* RDCs detected at natural abundance of *N and 3C in strained polyacrylamide gels. In total, 14 single
amino acid substitutions were investigated. The RDCs show a specific dependence on the substitution X
that correlates to steric or hydrophobic interactions with adjacent amino acids. In particular, the RDCs for
the glycine and proline substitutions indicate less or more order, respectively, than the other amino acids.
The RDCs for aromatic substitutions tryptophane and tyrosine give evidence of a kink in the peptide
backbone. This effect is also observable for orientation by Pfl phages and corroborated by variations in
13Ca secondary shifts and 3Junna Scalar couplings in isotropic samples. RDCs for a substitution with the
B-turn sequence KNGE differ from single amino acid substitutions. Terminal effects and next neighbor
effects could be demonstrated by further specific substitutions. The results were compared to statistical
models of unfolded peptide conformations derived from PDB coil subsets, which reproduce overall trends
for tHN—15N RDCs for most substitutions, but deviate more strongly for *H*—13C* RDCs. The outlined
approach opens the possibility to obtain a systematic experimental characterization of the influence of
individual amino acid/amino acid interactions on orientational preferences in polypeptides.

Introduction guantitative characterization of conformations in partially folded
or unfolded proteins.

Thus RDCs have revealed residual structure in urea-denatured
forms of staphylococcal nucledsand natively unfolded alpha-
synuclein? a-helix propensities in the unfolded S-peptfihe
acyl-coenzyme A binding protéirand myoglobirt, and3-turn
propensities above the melting transition of the T4 fibritin foldon
B-hairpin® For shorter peptides, modest RDCs have been

chemistry? [3 co$(@) — 1112 can be interpreted as a local order observed and interpreted as a local stiffness of the backbone.
parametelS of the internuclear vector relative to an external RDCs of unfolded polypeptides have been described theoret-

12
director.S adopts a value of 1, if there is perfect alignment of cally by polymer random flight mode#s*2 and more recently

the bond along the magnetic field;1/, if there is perfect -
. . . . . (3) Shortle, D.; Ackerman, M. SScience2001, 293 487—-489.
alignment perpendicular to the magnetic field, and 0 if for (4) Bertoncini, C. W.; Jung, Y. S.; Fernandez, C. O.; Hoyer, W.; Griesinger,

example all orientations are equally probable or if there is perfect (1:43J00—V1|23g M.; Zweckstetter, MProc. Natl. Acad. Sci. U.S.R005 102,

Weak alignment of molecules dissolved in anisotropic liquid
phaseshas become a powerful tool to directly monitor average
net orientations and order parameters of individual bonds by
residual dipolar couplings (RDCs). RDCs are proportional to
the ensemble averag@ cog(®) — 112, where® is the angle
between the internuclear vector and the magnetic field in the
laboratory frame. Similar to other applications in physical

alignment along the magic ang= 54.7. By this geometrical (5) Alexandrescu, A. T.; Kammerer, R. Rrotein Sci.2003 12, 2132-2140.
dependence and because usually many different RDCs can be(6) 1':'1%b16fi 1\1‘9/9? Kristjansdottir, S.; Poulsen, F. NL Mol. Biol. 2004 339,

determined, RDCs bear particular promise for a detailed, (7) Mohana-Borges, R.; Goto, N. K.; Kroon, G. J.; Dyson, H. J.; Wright, P. E.
J. Mol. Biol. 2004 340, 1131-1142.
(8) Meier, S.; Guthe, S.; Kiefhaber, T.; Grzesiek,JJSMol. Biol. 2004 344,

T University of Basel. 1051-1069.

*Institut de Biologie Structurale Jean-Pierre Ebel. (9) Ohnishi, S.; Shortle, DProteins2003 50, 546-551.
(1) Tjandra, N.; Bax, ASciencel997 278 1111-1114. (10) Louhivuori, M.; Paakkonen, K.; Fredriksson, K.; Permi, P.; Lounila, J.;
(2) Doruker, P.; Mattice, W. LJ. Phys. Chem. B999 103 178-183. Annila, A. J. Am. Chem. So@003 125 15647 15650.
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Figure 1. Detection of amino acid specific order in peptides EGAAXAASS
from RDCs.'Dny and'Dcana RDCs are obtained from the difference in
doublet splittings of nondecoupled natural abundatite N (left) and
IH—13C HSQCs (right) of peptides EGAAXAASS (% |, G, W) under
isotropic (black) and anisotropic (red) conditions in mechanically strained
polyacrylamide gelstH (13C) decoupling was omitted during theN (*H®)
evolution period.

by statistical models derived from coil subsets of the Protein
Data Banki314 At present, a systematic experimental charac-
terization of the influence of individual amino acids on the RDC-
derived local and global order of polypeptides is lacking.

Here, we have systematically investigated the effect of various
single and multiple amino acid substitutions on the conformation
of short peptides as monitored HyN—15N and'H*—13C* RDCs
detected at natural abundance BN and °C in strained
polyacrylamide gel$>The RDCs show specific dependencies
on the amino acid substitutions that for the investigated cases
correlate to steric or hydrophobic interactions with adjacent
amino acids. The determination of RDC-derived order param-
eters in conjunction with a systematic variation of the amino
sequence opens the possibility for a rigorous experimental
characterization of individual amino acid/amino acid interactions
in polypeptides.

Results

The peptides used in this study were all derived from the
sequence EGAAXAASS where X is the amino acid under
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Figure 2. Sequential'Dyy (left) and Dcana (right) RDCs in oriented
peptides EGAAXAASS. Experimental RDCs are given for aliphatic (A),
hydrophilic (B), charged (C), G and P (D), and aromatic (E) substitutions
of the residue X. The specific amino acid substitutions are marked. For
comparison, the behavior of the X | substitution is shown in all panels.
For G2, the separately observabRcaia RDCs of both!H® protons are
shown. For the X= G substitution (D) only onéH® resonance is observable.
The corresponding averagBcana is shown (see text). Error bars indicate
statistical errors from repeated experiments.

Sequential RDCs.SequentialDyy and Deapa RDCs for

investigation. This sequence was based on the rationale ofthe 14 investigated peptides EGAAXAASS are shown in Figure
providing neutral next neighbor alanine residues for X and 2. It is evident that the aliphatic side chains of the amino acids
making the peptides water-soluble by hydrophilic residues at |, V, and L at position X5 (Figure 2A) all lead to very similar
their N- and C-terminal ends. In total, 14 amino acids X were RDC profiles and thus indicate similar average orientations of
investigated; they comprise G, V, L, |, P as aliphatic; T, N, Q the!H*—13C* and'HN—15N internuclear vectors. The absolute
as polar; K, D, E as charged; and Y, W, H as aromatic residues.values of'Dyy show a bell-shaped, almost 2-fold increase in
1Dy and Deapa RDCs of amidetH—15N and 1He—13Cx the center of the peptide (A4, X5, A6). This increase is

internuclear vectors were determined as the difference of the €quivalent to an increase in the averaBeco$(©) — 1012 for
respective doublet splittings in nondecouplet-15N andH— the respective NH bond vectors, which may be caused by a
13C HSQCs of anisotropic and isotropic samples. Figure 1 shows Stiffening and/or a kink of the backbone due to the larger side
typical examples for the peptidesX I, G, W. Despite a very  chain at position X5. Toward both peptide termini tH2yn
similar overall alignment (see below), the RDCs of the three RDCs decrease. However, the penultimate residues G2 and S8
peptides vary significantly in the vicinity of amino acid X, e.g., Show increase&Dyy RDCs, which are analyzed in more detail
1Deana equals 16 Hz for 15 but-11 Hz for W5. below. The increase for these residues deviates from the
expected profile for a random chain polyméryhere terminal
fraying causes a continuous bell-shaped decrease of RDCs from
the peptide center toward the termini.

In comparison to théDyy RDCs, the variation ofDcana
RDCs along the peptide chain is less pronounced. A weak (about
20%) increase ifDcana is also observed at position X5 for
the case of X= | and L, but it is undetectable for X V.

It is remarkable that in all investigated cases the twol@2
nuclei showed distinguishable resonances and strongly differing
1Dcana values. This indicates that the averages of thetdfo-

(11) Louhivuori, M.; Fredriksson, K.; Paakkonen, K.; Permi, P.; AnnilaJA.
Biomol. NMR2004 29, 517-524.

(12) Fredriksson, K.; Louhivuori, M.; Permi, P.; Annila, A. Am. Chem. Soc.
2004 126, 12646-12650.

(13) Jha, A. K.; Colubri, A.; Freed, K. F.; Sosnick, T. Rroc. Natl. Acad. Sci.
U.S.A.2005 102 13099-13104.

(14) Bernado, P.; Blanchard, L.; Timmins, P.; Marion, D.; Ruigrok, R. W.;
Blackledge, M.Proc. Natl. Acad. Sci. U.S.£2005 102 17002-17007.
Epub 12005 Nov 17011.

(15) Tycko, R.; Blanco, F. J.; Ishii, YJ. Am. Chem. SoQ00Q 122 9340-
9341.

(16) Sass, H. J.; Musco, G.; Stahl, S. J.; Windfield, P. T.; Grzesiek,EBomol.
NMR 200Q 18, 303-309.
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13C* directions are not identical on the time scale of the inverse A Xl V.
of the RDC value (hundreds of milliseconds) and hence that 0.5r 18
backbone flexibility at the position of G2 is restricted. Unfor- 0 NJ N -
tunately, an experimental stereoassignment oftité andH3 " ]
nuclei (H*2 corresponds to Hin nonglycine amino acids) was 05 h ®
not possible, since both showed very similar ROEs #Haghq FB) X=LN.O.T
coupling constants. 05r 18
The substitution of residue X by polar residues N, Q, and T ol 17
(Figure 2B) or by the charged residues D, E, and K (Figure o5k ls
2C) does not alter the observed profile of sequeAbgly and L ‘

1Dcana RDCs in a significant way. For all of these substitutions, _ - C) ;(=|_D,t_K _

there is a very similar increase #dyy RDCs in the center of £ 05p 18 £

the peptide as well as at G2 and S8. Likewise, less pronounced t,& of 17 %

variations are observed for th®cana RDCs. & sk — 1s _?
A significantly different profile is observed for the substitu- R T IS e S “

tions X = G, P (Figure 2D). When the side chain at position L D) X=1,G,P

X5 is replaced by the hydrogen of a glycine, the (absolute) or 18

increase of'Dyy RDC values for residues 5, 6, and 8 is I / 17

abolished and théDcana RDC profile becomes even flatter. '1_' ‘/ 16

Due to averaging or symmetry, the t&d® resonances of G5 PN S I

are completely indistinguishable even at 800 MHZArequency, E) X=I,W,Y,H

and Figure 2D shows only their averag@cana. In strong 05r 18

contrast to glycine, the proline substitution induces markedly of 417

elevated (absolute’Dny RDCs for the preceding residue A4 05) 1e

and for residue A7. In addition, there is a significant increase N S D

of Dcana RDCs for A3 and A7. The observed behavior is Ey Go Ag Ag X5 Ag Ay Sg Sg Ag Ag X5 Ag Ay Sg So

consistent with the expectation that substitution by the least . 5 13w g hifts 4319C%) and backbondJ |

; : : igure 3. secondary shifts and backbon&Junna scalar
sterically hlndergd Q'YC'”e Sho”'q lead to a .Io.ss of "?Ca' order, couplings in peptides EGAAXAASSAHLC* values (left) are calculated
whereas the proline ring should induce additional orientational as the difference of the observed shift and the random coil Shifime
order by a stiffening of the polypeptide chdhA comparable values (right) were determined from resolved splittings of tferesonances

. . in 1HN_15
increase of local RDCs around prolines has also been observed? *H"~**N HSQCs at natural abundance BN. Data are shown for

. - g aliphatic (A), hydrophilic (B), charged (C), G and P (D), and aromatic (E)
in the case of the thermally unfoldgtihairpin of foldon® substitutions of the residue X. For comparison, data of tie D§ubstitution

The most significant variations in RDC profile were observed are shown in all panels.
for the aromatic substitutions X W, Y (Figure 2E). As
compared to the adjacent amino acids, X5 andBg as well
as X5'Dcana RDCs are strongly reduced and even change sign

to slightly [X5 =Y: *Dnu(A6)] or even pronounced [X5= feature is that thé3C* secondary shifts of A6 are reduced to
W Dcana(WS), 'Dnu(A6)] negative values. The abrupt  ah6,t—0.3 ppm for the aromatic substitutions X5 W, Y
chapges of RQCS along the polypeptide chain indicatQ astrong(Figure 3E). No such shift is observed for any of the other
kinking o bulging of the peptide backbone around residues X5 hovides. Thus, these aromatic substitutions entail a specific
and A6:* No such pronounced behavior was observed for the jieraction on the €position of the next residue, which can be
substitution of X5 by histidine (Figure 2E), which displays & gijther g conformational preference or a ring current shift.
profile similar to that of isoleucine albeit with a reduc®bana Similarly, the observed variations of the X5C® secondary

RDC. Unfortupately, it Wa§ not ppssible to test th.e.substitution shifts for X5= H or N must be related to specific interactions
by phenylalanine, since this peptide was not sufficiently water- ¢ 1,4 respective side chains.

15 1
soluble for natural abundanééC and!SN detection. In addition to 13C® shifts also three-bondHN—1H® J-

13(_:(1 Secondary Shifts an_dsJHNHa Scalar Couplings.To couplings $Junre) Were analyzed as an independent indication
obtain additional |r_1$|ght§ into the _|ntr|nS|c conformational o, phi angle preferences (Figure 3, right side). Consistent with
preferences of the investigated peptides, th¥r secondary  earlier studies and a random coil sampling of conformational
shifts were also analyzed (Figure 3, left side). In general, the space8 the observedJunua values are in the range from 6 to
13C* secondary shifts for all peptides are very similar and close g Hz for residue X5, whereas the adjacent alanine residues A3,
to random coil values. In all cases, N- and C-termis@f shifts A4, A6, and A7 have smaller values<{6 Hz) for all

are altered by-0.6 ppm andt2 ppm, respectively, due to the  gypstitutions of X5 with the exception of tyrosine and trypto-

presence of the proline ring for the substitution X3P shifts indicates that these alanines have less extended phi angles than
the3C resonance of the preceding A4 b2 ppm (Figure 3D). x5 |n contrast, alanine residues A6 for the aromatic substitu-

It seems remarkable that, in most cases (with the exception of
G, N, H), the X5 residues have moderately negativ@.b ppm) (17) Spera, S.; Bax, Al. Am. Chem. S0d.991, 113 5490-5492,

13Ca Secondary shifts, whereas their A4 and A6 neighbors have (18) Schwalbe, H.; Fiebig, K. M.; Buck, M.; Jones, J. A.; Grimshaw, S. B;

i oL . Spencer, A,; Glaser, S. J.; Smith, L. J.; Dobson, CBlchemistryl997,
13Cx secondary shifts that are zero or moderately positive. This 36, 8977-8991.

may indicate that the X5 residues adopt a slightly more extended
conformation than their neighbot$.A further remarkable
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Figure 4. Next neighbor (A) and terminal effects (B) on sequential peptide
ROCs. () Vaatonof e cenial sequence A o ECANANSS 0 Al NP N RNDUE. DU
%]At’oagrdni(d;;(t;éd( (Z—tearlminus [D-CA], acetylated NF—)teprminus [AN-D], and E1'Gohg Ay X5 A6A7.80 80 E1.B28a A X5 e A7 8o Bg
substitution E1G [@D]. Figure 5. Comparison of experimental RDCs in oriented peptides
EGAAXAASS and the predictions from the statistical coil model. Experi-
mental'Dny (left) and!Dcana (right) RDCs are indicated as filled circles,
tions X5=Y and W have largetJynnq Values 6.5 Hz) than and predicted RDCs, as open squares: [ Single amino acid substitutions
X5 (Figure 3E). This signifies that the phi angle of A6 is more X = . G, P, and W, respectively. For G2 and G5, prediction3Mfariaz
. . Lo andDcanas are shown as open and gray squares, respectively. For each
extended than in the case of the nonaromatic substitutions. More,eyige. RDCs of the coil model were scaled by eye such thatDhg
extended conformations cause negatfi@* secondary shift$; RDCs best fitted the experimental data. The same scaling factor was used
consistent with the observed values of abe@3 ppm. Thus for 'Dnw and*Dcaqa RDCs.
both 13C% shifts and3Jynno values for X5=Y and W show
that the backbone conformation differs from the nonaromatic the large N-terminal residue glutamic acid by glycine (E1G)
substitutions. did not cause any reduction either (Figure 4B). Hence the reason
Next Neighbor Effects. The continuous increase of RDCs for the increased G2Dyy RDC is less obvious. However,
around the peptide center for most investigated peptides indicatesogether with the strongly differingDcaqa RDCs for the two
that orientational preferences are transmitted between neighboriH® protons, it indicates a particular dynamic behavior or
ing residues. To test the effect of the neighbors next to residue conformational preference for G2. This may be caused either
X5, we have replaced alanine residues 4 and 6 by glycines.by an uncharged N-terminal effect or by an interaction with
Figure 4A shows a comparison of the sequentialy RDCs the following two alanines (see next paragraph).
of the peptide EGAIAASS and variations of the form Comparison to Random Coil Models.Recently, trends in
EGAGIAASS, EGAAIG ASS, and EGASIGASS. Whereas the  sequential RDCs of chemically denatured proteins have been
overall alignment is still very similar for the GIA, AIG, and  reproduced by statistical models derived from backbone con-
GIG substitutions, it is evident that both a preceding or a formational frequencies in coil subsets of the Protein Data
following glycine strongly reduce th#Dyy RDC of 15 in the Bank!34 This implies that local preferences in denatured
peptide center. In addition, the substitutions A6G (AIG and GIG) proteins are closely related to the torsion angle distribution of
reduce théDyy RDC of A7. These observations show that the non-a, nonJ structures in folded proteins. Predictions according
next neighbors have a profound influence on the local backboneto such a statistical modélare shown in Figure 5 for the cases
propensities and that the larger side chain of alanine inducesX5 =1, G, P, W. For |, G, and P, th¥byy RDCs are reproduced
larger RDCs for the neighboring residues as compared to thequite well from residue G2 to A7. Apparently, the statistical
smaller glycine. When interpreted as a dynamic effect, this model also predicts an increase®fyy RDCs at residue G2.
indicates that alanine restricts the neighboring residue more thanin the model calculations, the termini were represented by
glycine. truncated peptide bonds. Therefore the increase at G2 can only
Terminal Effects. To gain insight into the reason for the be caused by normal sequential interactions. The coil model
elevated RDCs at the penultimate residues G2 and S8, we havdails to predict the increase of th®wy RDC at residue S8.
replaced the C-terminal carboxylate by carboxamid€Q— This is not surprising, since the C-terminal carboxylate group
NH,, —CA) and the N-terminal ammonium by acetamidgGH is not represented properly in the calculations. When the van
CO—NH-—, AN-). Figure 4B shows a comparison of the X5 der Waals radius of the C-terminal carbonyl carbon atom was
= D peptide with unmodified termini and its AN and —CA artificially increased to 2.0 A, an increase of tigyy RDC of
substitutions. The C-terminal carboxamide abolishes the in- S8 relative to the values at A7 and S9 was observed (data not
creased'Dyy RDC for residue S8. Therefore the increased shown). This corroborates the experimental result that the
orientation of the S8 NH vector can be clearly related to stronger'Dyy andDcana RDCs at residue S8 are caused by
interactions between residue S8 and the C-terminal carboxylateinteractions with the C-terminal carboxylate group.
group. For the N-terminal AN substitution only a minor For the X5= 1, G, P substitutions, the agreement between
reduction of the G2Dyy RDC is observed. A replacement of the coil model and the experimental values f@capa is

J. AM. CHEM. SOC. = VOL. 128, NO. 41, 2006 13511
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Figure 6. SequentialDyy RDCs of the peptide EGAAXAASS observed
in Pf1 phages. Data for substitutions=XI are shown as solid circles, and ok, . L L L

those for X= W, as open rectangles.
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considerably worse than that féDy (Figure 5). The reason Figure 7. SequentialDny RDCs in the oriented peptide EGAAKNGEAASS
containing the foldon KNGEB-turn sequence. Black, experimental data;

IS currently_ unclear _bUt mgy be related to the S'mp"f'e_o_' green, prediction from unbiased coil PDB subset; blue, prediction from a
representation of the side chains by a pseudoatom at the positiorPDB subset biased by 20% toward KN@GEurns. Predictions fotDcaraz

of the B-carbon. Indeed, variations in the radius of this and 'Dcanas of G2 and G5 are shown as closed and open circles,
pseudoatom in the calculations lead to significant variations of "esPectively.

th dictedD I M. Blackledge i tion). . . . .
e predictedDeana values ( ackledge in preparation) followed by an increase at residue A7. Since this abrupt change

o e o Siane a7 "Dy RDC3 between Aé and W5 s obsered for o
yptop y H alignment media, it is implausible that the evident kink or bulge

1 . X :
Dcaria RDCs around residue X5 (Figure 5D). Apparently, this 5o poinone at this position is caused by specific interactions
discrepancy indicates genuine differences between the ensemble

. . . . . with the medium.
of conformations in the gel-oriented peptide solution and the - o o . .
L . . . Hairpin Substitution. The characterization of orientational
statistical coil ensemble derived from folded proteins.

. . . . . preferences in designed peptides by RDCs may ultimately make
o e i s st . possble o ol the papice fing roces dependng o
variations of the RDCs for tﬁe aromatic substitutions, the Xg sequence and conditions from slight local preferences to more

: . : ! extended stable local structures sucludgelices ors-hairpins.
=1 and W peptides were also oriented in a suspension of Pfl

. . X . Indeed recently, the gradual loss in local order during thermal
phage® (Figure 6). Orientation by the phages is caused by both denaturation o¥ the f%ldoyj?-hairpin could be followedg from
electrostatic and steric interactions with the highly negatively RDCs® To test whether the foldof-turn sequence KNGE
charged phage surface. Therefore the alignment tensor and the X 4

RDCs obtained in phage suspensions usually differ from strainedmduces more extended changes in local order within the peptide
gels or DMPC/DHPC bicelled,which predominantly induce EGAAXAASS, the sequence KNGE was substituted at position

teric alianment. Due t reqation problems of the oh tX (Figure 7). The resulting pattern dDyy RDCs shows a
steric alignment. Due 1o aggregation probiems of the phages a pronounced maximum at the first two hairpin residues K5 and
the pH of 4.5 used in the gel experiment, the pH had to be N6 and a fl file f h id ith th .
raised to 6.0. This rendered tHe\ resonances of G2 unobserv- anda at profile for most other residues Wl.t the exception
able becalsle of chemical exchanae with water protons of the increased values at the penultimate residues G2 and S11
u : X ge with w P ' that are also observed for the other peptides. Also similar to

The sequenti_a}DNH_ RDCs f‘?f the X5= 1 peptide in the the other peptides, the variations iDcapa RDCs are much
phage suspension (Figure 6) differ to some extent from the gel |, pronounced.

orientation in Figure 2A. The profile appears shifted by one
residue toward the C-terminus, such that the maximum is located
around residues A6 and A7 and the initial decrease occurs from
residue A3 to A4 instead of from G2 to A3. The different RDC
pattern may indicate either true conformational differences of
the peptide in the two different media caused by specific
interactions or a changed orientation tensor from the additional
electrostatic interactions with the phage. We prefer the latter
explanation since (1) the gel yields very similar RDC pro-
files for almost all peptides (besides G,P,Y,W), which makes
specific interactions of the isoleucine peptide with the gel
unlikely and (2) the highly negatively charged phages are not
expected to interact strongly with the rather hydrophobic
isoleucine peptide.

For the X5= W peptide the'Dyy RDCs in phages (Figure
6) closely resemble thDyy RDCs in the strained gels (Figure
2E). Specifically there is also a very sharp decrease of the RDCsConclusion
after residue A4 to very small values at residues W5 and A6

The behavior of théDyy RDCs is well reproduced by the
statistical coil model and even better when the coil model is
biased by 20% toward KNGE-turn configurations (Figure 7).

In contrast and again similar to the single amino acid substitu-
tions, the coil model deviates significantly for tHecaya RDCs.

The model considerably overestimaf@cana and predicts a
more varied pattern with a dip around residue N6. As mentioned,
a possible cause for these deviations is the improper modeling
of the side chains by the/(seudoatoms.

At the present, the limited number of experimental observa-
tions (two RDCs per residue) precludes a more quantitative
interpretation of theS-turn data. However, the reasonable
agreement betweéByy RDCs and thg8-turn-biased coil model
is compatible with a significant population gfturn conforma-
tions in the experimental ensemble.

In summary, the reportedDyy and Dcana RDCs give
(19) Hansen, M. R.: Mueller, L Pardi, AVat. Struct. Biol.1998 5, 1065- evidence that single (or multiple) amino acid substitutions alter
1074. significantly local structural preferences in short polypeptide
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chains. The observed changes for certain substitutions can beAnisotropic conditions were achieved as describbg introducing the

rationalized by specific interactions with neighboring amino
acids or terminal groups. For most substitutions besides=X5
W and Y, the observedDyy RDCs can be reproduced to a

buffered peptide solutions (final concentration 3 mM) into acrylamide
gels (10% w/v) and horizontal compression (aspect ratio 2.9) in NEW-
ERA sample tubes. Residual alignment by Pfl phtigeas achieved

reasonable extent by the statistical coil model. The coil model at 20 mg/mL. phage concentration, pH 6.0.

fails to reproducéDcana RDCs in a satisfactory way. This may
be related to the imperfect modeling of the side chains.

NMR Experiments. All NMR experiments were carried out at 25
°C on a Bruker DMX800 MHz spectrometer equipped with a TCI
cryoprobe. Peptide resonances were assigned from a combination of

The observed strong variations of RDCs along the polypeptide RoEsY, TOCSY, and natural abundantig*—13C* and HN—15N

chain for the tryptophane and tyrosine substitutions must be HSQC spectralDy and!Dcy RDCs were obtained as the difference
the result of a kink or bulge of the peptide backbone between in *H—15N andH—3C doublet splittings observed under anisotropic

residues X5 and A&t Similar strong RDC variations are also

and isotropic conditions. The splittings were determined from natural

observed in phage suspensions used as a second orientingbundance'H—'N(*H-coupled) and'H(**C-coupled)}-'*C HSQCs

medium. Furthermore, the profiles BC* secondary shifts and

where!H or °C decoupling had been omitted during the respective

3JunHa Values obtained under isotropic conditions also deviate evolution periods. Total experimental times were 6/17 h (isotropic/

from the nonaromatic peptides and point to a more extende
conformation of the A6 phi angle. Therefore the observed kink
or bulge does not result from specific interactions with the

¢ @nisotropic) for the coupletH—°N and 1.5/5 h for the coupletH—

13C HSQCs. Each experiment was carried out at least twice, and the
reported values for the RDCs and the estimates for their statistical errors
refer to mean and standard deviations derived from such repeated

medium. Rather, it must be caused by local interactions of the gyperiments.

aromatic side chains with the neighboring alanine amino acids.

Indeed, an ROE can be observed between the'My3-and the

Generation of the Conformational Ensemble.A recently devel-
oped algorithmFlexibleMeccano, was used to sample conformational

AB-'H protons (data not shown). The statistical coil model does space efficiently. This uses conformational sampling based on amino
not reproduce these strong RDC variations for the aromatic acid propensity and side chain volume. Consecutive peptide planes and
substitutions. Thus there are genuine differences between theC* tetrahedral junctions are constructeih the inverse direction to

conformational ensemble of the unfolded peptides in solution
and the current statistical coil model. In contrast, preliminary
results from molecular dynamics simulations on fully hydrated

peptides are in closer agreement with the observed RDC patterr®

(N. Vajpai personal observations).

In principle, it should be possible to obtain strong bounds or
even entire probability distributions for the torsion angles of
an unfolded polypeptide chain from a sufficiently large number

the primary sequence, starting from the C-terminal residue to the
N-terminus for each peptide. The position of the peptide planis (
defined from the € and C atoms of planei(+ 1), the selecteg/vy
ombination, and the tetrahedral angle. Amino acid spedafip
combinations are randomly extracted from a database of loop structures,
built from 500 high-resolution X-ray structures (resolutionsl.8 A

and B factors < 30 A?)24 from which all residues iro-helices and
p-sheets were removed. Residues preceding prolines were considered
as an additional amino acid type due to their specific sampling

of measured RDCs. Currently, this problem is underdetermined propertieg> Amino acid specific volumes were represented by spheres

since only two parameters per amino aciBy andDcgHa)
were measured at natural abundanc®o6fand!>N. Previously,
we have shown that a very larger number{10 per residue)

of short-range and long-range RDCs can be detected by the

combined use of*C- and'*N-labeling and perdeuteratigh?*

The use of other orienting media with different alignment tensors

yields additional, independent RDCs of similar number. Such

placed at € (or C* for Gly).26 In the case of steric clash with another
amino acid of the chain, the/y pair is rejected and another set of
¢ly dihedral angles ia selected, until no overlap was found. All
ensembles comprise 100 000 conformers, and simulated properties are
averaged over all members.

In addition to random sampling of the residue specifity
distribution, additional conformational wells with a specific width and
center of thep/y distribution can also be sampled. Random conforma-

an enormous amount of information has previously yielded new (jons are then selected from these distributions at the specified rate

insights on collective slow motions in the folded structure of
protein G2 When applied to unfolded polypeptides, a similar
extensive collection of RDCs should make it possible to

(for example 1 in 5 conformers for 20% of the population). In the case
of the -turn, dihedral angles from the NMR-determined structure of
foldon were used to define the center of the distribution, and a standard

overcome the parameter underdetermination and derive distribu-deviation of4-20° was used to define the width. The presence of the

tions for a large number of torsion angles. This would allow a
high-resolution thermodynamic description of the structural
ensemble of an unfolded polypeptide chain. Current efforts in
our laboratories are directed to such a goal.

Experimental Section

Sample Preparation.HPLC-grade, chemically synthesized peptides
EGAAXAASS without isotopic enrichment were obtained from a
commercial source and used without further purification. Isotropic
samples were prepared as solutions of typicaly63mM peptide
dissolved in 10 mM sodium acetatly- pH 4.5, 95/5% HO/D,0.

(20) Meier, S.; Haussinger, D.; Jensen, P.; Rogowski, M.; Grzesiek, An.
Chem. Soc2003 125, 44—45.

(21) Jensen, P.; Sass, H. J.; Grzesiek].Biomol. NMR2004 30, 443-450.

(22) Bouvignies, G.; Bernado, P.; Meier, S.; Cho, K.; Grzesiek, S.; Bruschweiler,
R.; Blackledge, MProc. Natl. Acad. Sci. U.S.£005 102, 13885-13890.
Epub 12005 Sep 13819.

structural element is cooperative; that is to say if residue 5 adopts a
p-turn conformation, residues—® also adopt this conformation. The
remaining amino acids follow the standard residue specific sampling
described above. In 20% of the conformers residues3 Svere
constrained tg-turns, and 80% follow the residue specific sampling.

Prediction of RDCs from the Conformational Ensemble

The alignment tensor for each member of the ensemble was
calculated based on the assumption of steric alignment using
the program PALES’ RDCs were calculated with respect to

(23) Chou, J. J.; Gaemers, S.; Howder, B.; Louis, J. M.; BaxJ.ABiomol.
NMR 2001, 21, 377—382.

(24) Lovell, S. C.; Davis, I. W.; Arendall, W. B., IlI; de Bakker, P. I.; Word, J.
M.; Prisant, M. G.; Richardson, J. S.; Richardson, D.P@oteins2003
50, 437-450.

(25) MacArthur, M. W.; Thornton, J. MJ. Mol. Biol. 1991, 218 397-412.

(26) Levitt, M. J. Mol. Biol. 1976 104, 59-107.

(27) Zweckstetter, M.; Bax, AJ. Am. Chem. So200Q 122 3791-3792.
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this tensor using the relationship: of the vector with respect to the tensor principal axes. Effec-
_ tive RDCs were averaged over all values from the 100 000
Dii(0'¢) - conformers.
Vi)’jﬂoh 3, . .
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