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Abstract

We describe here a systematic investigation into the role of postiarthe hydrophobic core of a model coiled-coil
protein in determining coiled-coil stability and oligomerization state. We employed a model coiled coil that allowed the
formation of an extended three-stranded trimeric oligomerization state for some of the analogs; however, due to the
presence of a Cys-Gly-Gly linker, unfolding occurred from the same two-stranded monomeric oligomerization state for
all of the analogs. Denaturation from a two-stranded state allowed us to measure the relative contribution of 20 different
amino acid side chains to coiled-coil stability from chemical denaturation profiles. In addition, the relative hydropho-
bicity of the substituted amino acid side chains was assessed by reversed-phase high-performance liquid chromatog-
raphy and found to correlate very highlg = 0.95 with coiled-coil stability. We also determined the effect of position

a in specifying the oligomerization state using ultracentrifugation as well as high-performance size-exclusion chroma-
tography. We found that nine of the analogs populated one oligomerization state exclusively at peptide concentrations
of 50 uM under benign buffer conditions. The Leu-, Tyr-, GIn-, and His-substituted analogs were found to be exclusively
three-stranded trimers, while the Asn-, Lys-, Orn-, Arg-, and Trp-substituted analogs formed exclusively two-stranded
monomers. Modeling results for the Leu-substituted analog showed that a three-stranded oligomerization state is
preferred due to increased side-chain burial, while a two-stranded oligomerization state was observed for the Trp analog
due to unfavorable cavity formation in the three-stranded state.
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The a-helical coiled coil, a left-handed superhelix of two or more e andg positions on adjacent helices are often involved in inter-
right-handed-helices first proposed by Criold 953, consists of  helical salt bridges with interactiondo i’ + 5 orgto e'.
a regularly repeating heptad unit designatdztdefg in which In nature, the coiled-coil motif is employed to perform a diverse
positionsa and d are occupied predominately by hydrophobic array of functions, including structural roles, for example, in cy-
amino acids and positions and g by charged residues. The re- toskeletal proteins and DNA transcription factors, and dynamic
peating pattern of hydrophobic residues in thandd positions  roles such as pH sensitive hinges that control the release of viral
creates an amphipathic face where the helices pack together at garticles into cellgfor recent reviews, see Cohen & Parry, 1990;
angle of~20° with interactionsato @’ andd tod’. Residues inthe  Alber, 1992; Hodges, 1992; Adamson et al., 1993; Baxevanis &
Vinson, 1993; Betz et al., 1995; Hodges, 1996; Lupas, 1996; Ka-
mmerer, 1997; Kohn et al., 1997; Kohn & Hodges, 1p%irther,
coiled coils have been predicted to occur in well over 200 proteins
Reprint requests to: Robert S. Hodges, Department of Biochemistryand will certainly be found in as-yet undiscovered protein struc-
University of Alberta, Edmonton, Alberta T6G 2H7, Canada; e-mail: tures. Recent inspection of the Brookhaven Protein Data Bank
robert.hodges@ualberta.ca. (PDB) has revealed that over 50 unique high-resolution structures

Abbreviations: CD, circular dichroism; GdnHCI, guanidine hydro- - . - .
chloride; HPSEC, high-performance size-exclusion chromatography; RP(—)f coiled-coil domains have been solved. It is clear, then, that

HPLC, reversed-phase high-performance liquid chromatography; TFEidentifying the occurrence of the coiled-coil motif and the struc-
trifluoroethanol. tural features that modulate its overall stability, oligomerization
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state, and specificity of heterodimerization is vital to our under-the de novo design of a model coiled-coil protein termed &19
standing of a diverse array of phenomena in both normal andWagschal et al., 1999which consists of two identical 38-residue
diseased cells, as well as being important for de novo proteir{5 heptad amphipathic helices containing the three to four hydro-
design applications and our general understanding of protein foldphobic repeat characteristic of coiled coils connected by a flexible
ing and stability(Kohn & Hodges, 1998 Cys-Gly-Gly linker (Fig. 1). Our goal was the development of a

In either native sequence analysis or de novo protein design, theodel host—guest peptide sequence able to measure the relative
ability to predict the stability as well as the oligomerization state, contribution of 20 different amino acid substitutions at positon
orientation of polypeptide chaingarallel or antiparalle] and in the hydrophobic core toward overall coiled-coil stability and
preference for homodimerization or heterodimerization of coiledoligomerization state. Five strategically selected analogs of this
coils from naturally occurring or designed protein sequences isnodel peptide sequencie, Leu, Ala, Asn, and Glu analogwere
paramount. To this end, it has been established that while thprepared to determine all of the biophysical techniques that would
factors important for stabilizing coiled coils include thehelical be required to fully characterize the coiled coils. Preliminary re-
propensity of the residues and the presence or absence of intraults suggested that this peptide sequetitg. 1) could indeed
chain and interchain salt bridges, it is the nature of the hydrophobiaccept the full range of both stabilizing hydrophobic substitutions
corea and d positions that provides the greatest contribution toas well as potentially destabilizing hydrophilic substitutions that
overall stability, as well as being important in determining oligo- would be expected upon substitution with the naturally occurring
merization statéHodges et al., 1990; Zhou et al., 1992a, 1992b; amino acid{Wagschal et al., 1999
Harbury et al.,, 1993; Thompson et al., 1993; Greenfield & In the present study we have substituted 14 additional naturally
Hitchcock-DeGregori, 1995 However, no systematic study has occurring amino acid¢cysteine was omitted and ornithine was
yet been carried out to determine the contribution toward stabilityincluded to obtain a complete data set for the effect on protein
and oligomerization state that each of the 20 naturally occurringstability of different amino acid side chains in the hydrophobic
side chains can make when in the hydrophobic core. Algorithmsore of two-stranded coiled coils. In addition, sedimentation equi-
designed to predict formation and oligomerization state of coileddibrium ultracentrifugation coupled with the results from HPSEC
coil sequences based on the frequency of residue occurrence inadlowed us to assess the effect on resultant oligomerization state of
coiled-coil sequence database have been develdpegzhs et al., amino acid substitution in positioa of the central heptad of a
1991; Berger et al., 1995; Woolfson & Alber, 1995; Lupas, 1997;coiled coil. Finally, we present initial modeling results that ratio-
Wolf et al., 1997. However, frequency of occurrence of a given nalize the observation of a unique oligomerization state for some
amino acid side chain in a hydrophobic core position of coiledanalogs in terms of side-chain packing in the hydrophobic core.
coils does not necessarily correlate with the thermodynamic stafhis is the first study to provide the effect of 20 different amino
bility imparted by the side chain, because a given residue can bacid side chains in the hydrophobic core of a coiled-coil protein on
preferred owing to the structural uniqueness engendered by th&tability and oligomerization state. These results will be extremely
substitution, often at the expense of overall thermodynamic stabilimportant in the de novo design of proteins and in predicting
ity (Harbury et al., 1993; Junius et al., 1995; Lumb & Kim, 1895 coiled-coil structure and stability in native proteins.
This clearly renders untenable a relative stability scale for amino
acid side chain §ubstltutlon in the hydrophobic core based on thE{esuItS and discussion
frequency of residue occurrence.

Hodges and coworkers designed the first model coiled-coil pro-Peptide design
tein and demonstrated its utility in studying de novo design prin-
ciples related to protein folding and stabilitiodges etal.,, 1991  The de novo design and complete biophysical characterization of
and this has been followed by extensive work on the use of coiledhe model peptide sequence termed X1%ig. 1) has been de-
coils to investigate principles of protein design and for biotech-scribed in a preliminary studgWagschal et al., 1999Briefly, the
nology applications, recently reviewédodges, 1996; Lupas, 1996; heptad sequences used in the design were based on the amino acid
Chao et al., 1998; Kohn & Hodges, 199&ecently, we reported sequence B/, GpAL KK used in heptads 4 and 5. In heptads 1

Heptad Number

1 * % 2 xx*x 3 *x 4 5
|l]gabcdef|lgabcde flgabcdef|gabcdef|gabcdef

Ac-CGG :EYVGAL7KA :QVGALQA :QXGALQK:EVGALKK:EVGALKK-amide
~ 7

~ b ~N 7
I >< I [ I > I ><
|7 TN | |47 "N | «7 TN
Ac-CGGIEVGALKA IQVGALQA QXGALQK|EVGALKK|EVGALKK-amide
12 3 4 910 11 1617 1819 23 25 30 32 3738

Sequence Number

Fig. 1. Amino acid sequence of the 76-residue disulfide bridged model coiled-coia.X#8ch polypeptide chain consists of five
heptads and the linker regid@ys-Gly-Gly). The site of amino acid substitution is denoted “X” at positiom;iius, the Leu analog

is denoted L18, the Val analog is denoted Va9etc. Vertical dashed lines separate the heptads, and dashed arrows denote interchain
salt bridges in heptads 1, 4, and 5. The model heptad sequence EVGALKK was employed for heptads 4 and 5, while changes were
made in the model heptad sequence in heptads 1, 2 and 3, noted by “*". To avoid intrachain and intahain3 ori toi + 4
charge—charge interactions with the site of substitution “X,” charged residues involeed isalt bridges in the standard heptad were
replaced by Glr(positions 11, 16, 18, and 23To adjust the overall charge at pH 7.0, Lys residues 10 and 17 in the standard heptad
were replaced with Ala.
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and 2, a Lys residue was changed to an Ala residue at po$iton 50 mM PQ,, pH 7.0, and also in 50% TFE for all analogs
control overall charge of the peptide at neutral pH. Heptads 1, 4(Table 1. The estimated maximal theoretical molar ellipticity at
and 5 provide a VatLeuy hydrophobic core as well as optimal 222 nm and 25C is —34,730 degcm?-dmol~? for the 76-residue
e-g’ salt bridges that help ensure parallel, in-regiatdrelix align- oxidized analoggChen et al., 1974; Chang et al., 1978he
ment (Monera et al., 1994 The site of substitution is at posi- analogs generally approached this maximal value under benign
tion 1% in the central heptad, denoted with a¥™in Figure 1. conditions except for Serd9Argl9a, Gly19, Ornl%, Asp 1%,
GIn residues replaced the Glu and Lys residues atetla@d g and Prol8, which were 94, 78, 79, 84, 18, and 5% helical, re-
positions in both heptads 2 and 3 to prevent interaction of chargedpectively. These lower values indicate that the peptide popula-
groups with the substituted amino acid side chain. Also, Cys-Gly-+ions of these analogs were either not completely in the folded state
Gly was added to the Nfterminus(O’Shea et al., 19830 permit (f; < 1), or in the case of the latter two peptides were essentially
disulfide bond formation and to provide a flexible linker that al- in the unfolded state under benign conditions at room temperature.
lowed unconstrained helical alignment. This flexible linker proved To investigate whether those analogs that were not completely
to be critical because it allowed an oxidized, three-stranded trifolded at 25C could, in fact, achieve a fully folded state, some of
meric state(Fig. 2b) to be observed in benign medium for some the analogs were also examined &C5Table 1. The molar el-
analogs. On the other hand, even though we observed a trimerlipticity generally did not appreciably change for those analogs
state for some of the analogs, during chemical denaturation th&ested, which were completely in the folded state at@%Asn,
Cys-Gly-Gly linker allowed conversion of oxidized trimers to two- Ala, GIn, His, Glu, and Lys Among those analogs that were not
stranded oxidized monome(Eig. 29 prior to denaturation to the completely in the folded statef; < 1) at 25°C, the molar ellip-
unfolded state and any loss of helicity as judged by (@&gschal ticity increased by-10% for the Ser and Arg analogs, while Glyl9
etal.,, 1999. As a result, the stability data for the entire analog setand Orn1@ showed a marked increase in molar ellipticity, indi-
described herein can be compared, because each Xi&log is  cating that these analogs were completely in the folded state at the
unfolding from the same disulfide-bridged two-stranded mono-lower temperature. It was especially interesting to note that Asp19
meric state, to similar unfolded monomeric states. which was essentially unfolded at 25 (— 6,200 degcm?-dmol 1),
became highly helical at & (—32,300 degcm?-dmol™?). Thus,
at 5°C all analogs except Pro&9were highly a-helical, which
indicates that decreasing the temperature increases the free energy
The CD spectrum of each oxidized analog was measured und@f unfolding (AG,) for at least some of the analogs, thereby al-
physiologically relevant, benign buffer conditiofts00 mM KCl, lowing coiled-coil formation even when the most destabilizing
amino acid side chains are incorporated.
Under benign conditions the ratio of ellipticiti€822/208 nm
was greater than 1.0 for all of the peptides that exhibited molar
Oxidized B %—J ellipticities comparable to the theoretical maximum -684,700
deg-.cm?.dmol~! (Chen et al., 1974; Chang et al., 197%able 1),
which is indicative of the presence of interactiaghelices(Lau
et al., 1984; Cooper & Woody, 1990This ratio of ellipticities for
Arg19a, Glyl9a, and Ornl@ ranged between 0.96 to 1.00, which
is consistent with the observation that for these peptfdes 1
under benign conditions. However, when 2288 nm was mea-

CD spectroscopy

A S—S sured at 8C, the ratio was 1.03 or greater for Argd,9Gly19a,
@@ Ornl%, and Aspl8, indicating interactingr-helices at the lower
\é\r/sr/ temperature, which corroborates the observation that these pep-
S tides have the ability to populate the folded state completely. It was
é | é observed that the molar ellipticity in 50% TFE at 222 nm generally
S decreased by about 10 to 20%. This decrease in helicity in TFE
%—j may reflect the loss of synergism in tiner* transition (222 nm
CD band from interactinga-helices in the coiled-coil structure
(Lau et al., 198%because TFE has been shown to disrupt tertiary
and quaternary structure and to promote secondary strudtace

~— et al., 1984; Cooper & Woody, 1990; Sonnichsen et al., 1992
Interestingly, the ellipticity observed in 50% TFE at 5 de-
monomer creased significantly for GluEfrom —35,000 degcm?-dmol~*
in benign buffer to—25,300 degcm?-dmol~* (Table 1), which
o | J suggests that charged residues are especially disruptivéelical
— structure in the form of monomerie-helices in the nonpolar en-
trimer vironment of TFE, compared to disruption efhelices involved
in coiled-coil structures in benign medium that are stabilized by
Fig. 2. Proposed models of the interchain disulfide-bridged peptides. Axialinterhelical hydrophobic interactions. The ratio of ellipticities
ratios obtained from sedimentation velocity experiméhtagschal et al., (222/208 nm decreased to 0.8 to 0.9 for all of the analdgs-

1999 indicated(A) the disulfide-bridged monomer is a two-stranded coiled L - . . .
coil, and (B) the disulfide-bridged trimer is an extended three-strandedceDt Pro18), which is characteristic of noninteractinghelices.

coiled coil. The cylinders represent the 35-residue polypeptide chain folde®0 had a devastating effect on coiled-coil structtret, 900
as ana-helix. deg-cm?-dmol~1) compared to the monomerie-helix in 50%
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Table 1. CD spectroscopy data

[0]2 % a-Helix® [0]222° [0]225° [0]222/208° [0]222/208° [0]222/208°

Substituted 25°C 25°C 5°C 25°C 25°C 5°C 25°C
amino acid benign benign benign 50% TFE benign benign 50% TFE
lle* —36,100 104 — —30,800 1.06 — 0.90
Val —38,200 110 — —33,100 1.03 — 0.90
Met —34,800 100 — —33,600 1.06 — 0.89
Leu* —36,600 105 — —33,300 1.03 — 0.89
Phe —34,300 99 — —30,200 1.04 — 0.88
Tyr —36,700 106 — —33,200 1.05 — 0.89
Trp —39,900 115 — —32,400 1.04 — 0.84
Asn* —34,500 99 —33,500 —33,600 1.03 1.07 0.91
Thr —39,300 116 — —28,900 1.06 — 0.85
Ala* —34,800 100 —36,400 —30,200 1.08 1.11 0.85
GIn —35,300 102 —33,500 —29,300 1.04 1.08 0.85
His —37,200 107 —36,700 —32,800 1.04 1.08 0.85
Lys —37,600 108 —36,800 —28,400 1.02 1.06 0.83
Ser —32,800 94 —36,700 —29,300 1.03 1.07 0.84
Arg —27,100 78 —30,300 —22,600 1.00 1.03 0.82
Gly —27600 79 —35,800 —28,300 1.00 1.09 0.82
Oorn —29,100 84 —36,300 —31,000 0.96 1.05 0.83
Glu* —35,900 103 —38,000 —25,300 1.07 1.10 0.83
Asp —6,200 18 —32,300 —24,500 0.56 1.05 0.80
Pro —1,900 5 —1,900 —20,300 0.24 0.24 0.77

aSubstituted amino acid at positiond8enotes the corresponding disulfide bridged coiled coil. See Figure 1 for peptide amino acid
sequence. The asteri¢k) indicates previously reported in Wagschal et(aB99.

bMean residue molar ellipticities at 222 nfueg cm?-dmol~!). Measurements were performed o550 uM samples of disulfide-
bridged peptide in benign buff¢i00 mM KCI, 50 mM PQ, pH 7.0 at the indicated temperature.

°The %a-helix at 25°C was calculated based on an ellipticity value-e84,730 degcm?-dmol™ for a 100% helical 35-residue
peptide derived from the equatioff} = X7 (1 — k/n) whereHg is —39,500 degcm?-dmol~? for a helix of infinite lengthn is the
residue number per helix, ardis a wavelength dependent consté6 at 222 nm (Chen et al., 1974; Chang et al., 1978

dMean residue molar ellipticities at 222 nfdegcm?-dmol™ 1) in 50% TFE. Measurements were performed~&&0 uM on
oxidized peptide in benign buffer diluted 1¢t/v) with TFE.

€A ratio of [©]220208 greater than 1.0 is a measure of interactingelices in benign media, and a ratio 690.90 represents
noninteractingx-helices in 50% TFELau et al., 1984

TFE (—20,300 degcm?-dmol~1). This is in excellent agreement sequence employed in the present study. The peptidesSramox-

with previous studies on monomerichelices where essentially amidomethylated to preclude re-oxidation of the cysteine residues
0% a-helix was observed in benign buffer and 5@@elix was  during analysis, and RP-HPLC was performed atG® prevent
observed in 50% TFEZhou et al., 199% aggregatiorfwhich causes peak broadening and multiple pgaks

the lle analog on the HPLC column observed at room temperature.
The separation was also performed at’'@5the temperature at
which the chemical denaturation experiments were performed, and
Intuitively it is thought that the more hydrophobic the amino acid the same elution order was observed except for BeThe RP-
side chain substituted in the hydrophobic core, the more stable thePLC method used to determine side-chain hydrophobicity re-
resultant coiled coil. This suggestion has been supported by mwsulted in all of the analogs being well resolved under the elution
tational studies in globular proteif#atthews, 1993; Richards & conditions employedFig. 3; Table 2, with a 17.4 min difference
Lim, 1994 and coiled coil§Hodges et al., 1990; Zhu et al., 1993; in retention times between the most hydrophilic analagpl%,
Moitra et al., 1997. In the present study we investigated this tg = 47.2 min and the most hydrophobic analdbeul%, tr =
relationship, and reversed-phase HPRP-HPLQ was used to  64.6 min. RP-HPLC separation of the analogs was performed
measure the hydrophobicity of the substituted amino acid sidéndividually as well as in three sets, with the common peptide
chains because interaction of the amphipathic faces afdhelices  Al9a in each set as a retention time refereEay. 3).

to form the coiled coil in benign buffer is analogous to the inter- A summary of the side-chain hydrophobicity results is shown in
action of the amphipathic fadg@referred binding domajrof the Table 2. Comparison of these retention times with the relative
a-helices with the reversed-phase C8 stationary phélseu et al.,  order of hydrophobicity previously observed in a monomesieelix
1990. Moreover, while the relative hydrophobicity of the amino model system where the hydrophobic face consists of Ala residues
acid side chains has been determined previously in other modeaixcept at the substitution sit®lonera et al., 1996reveals an ex-
systemg Fauchére & Pliska, 1983; Guo et al., 1986; Monera et al.,cellent correlatiofR = 0.98) of relative hydrophobicityFig. 4A).
1995, it was necessary to assess whether the relative hydrcFhis indicates that the hydrophobicity of the amino acid side chains
phobicity remained the same in the context of the amino acidsubstituted at position E9s model independent under RP-HPLC

Side-chain hydrophobicity
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Set 1 chains measured by Fauchére and Pligg83, whereAG(trans-

fer) is the free energy of transfer of the acetylated amino acid amide
between an aqueous medium and octéRa. 4C). Thus, these re-
sults, taken together, reveal that the differences in hydrophobicity
between analogs is due solely to the change in the hydrophobicity
of the substituted amino acid side chain. An exception is the analog
Pro1%, which had a much lower retention tini€ig. 4B, than
would be indicated by either theG(transfej value or from its hy-
drophobicity measured in random-coil peptides where the Pro- and
Ala-substituted analogs had identical hydrophobicities. This can be

understood, because itis known that the carboxamidomethylated an-

alogs partition as monomerichelices during RP-HPL(Blondelle

et al., 1995. The extremely helix-disrupting nature of the proline

F| Set?2 residue, in fact, int_roc_iuces ran_dom-coil cha_rac_ter, thereby di;rupt-
ing the preferred binding domain, and resulting in a decrease in RP-

Q HPLC relative retention time for this analog.

E Protein stability

L A major goal of this study was to develop a relative stability scale,
and because it was not possible to denature thermally all of the
T analogs(vide infra), it was necessary to employ chemical dena-
turation to determine relative stability. Thus, each peptide was
denatured at pH 7.0 using both GdnHCI and urea denaturant in
, U separate experiments, and the change in molar ellipticity at 222 nm
was monitored using CD spectroscopy. Both GdnHCI and urea
Set 3 were used in the present study because the specific contribution to
protein stability of the ionic interactions can be unmasked in urea
(Monera et al., 1993; Kohn et al., 1998 oreover, it has also been
s L shown that using more than one method of denaturation can reveal
the presence of potentially stablpopulated folding intermedi-
K ates (Morjana et al., 1998 It is important to note that it has
M previously been shown that the oxidized analogs that form three-
stranded species under benign conditiGeither exclusively or in
conjunction with two-stranded specjasdergo a transition to an
exclusively two-stranded monomeric state prior to a loss of helic-
ity as measured by CD spectroscdjagschal et al., 1999This
LJW characteristic of model peptide sequence Xi9crucial because
it allows comparison of the effect on stability of side-chain sub-
| . . | | | stitution on a two-stranded oxidized monomer for all the analogs
45 50 55 60 65 70 regardless of the oligomerization sta_lte observed in t:_)enign medium.
Retention time (min) The urea and GdnHCI denaturation curves obtained are shown
in Figure 5. The relative order of stability was generally the same
Fig. 3. RP-HPLC separation of each analog to determine relative sidein Poth denaturants, with the hydrophobic amino acid substituted
chain hydrophobicity at pH 7.0. The corresponding N-termBahrbox- analogs being the most stable, the charged residue substituted an-
amidomethyl cysteine derivatives of the peptides were prepared to preverflogs the least stable, and the polar side-chain substituted analogs

oxidation, and chromatography was performed atG@ prevent aggre- ; ; ; - e _
gation. Separation was carried out using a Zorbax 300 XDB C8 reversedl-)eIng of intermediate stabiliyTable 3. The transitions were mono

phase column as described in Materials and methods. Pepticewd®  Phasic using either GdnHCI or urea, with single inflection points
included in each analog set as an internal reference standard, and tgserved for all analogs, consistent with a monomolecular two-
resulting retention times are shown in Table 2. state unfolding process in both denaturants with intermediate states
minimally populated. The transition midpoints were between 0.3
and 3.3 M in GdnHCI, and between 0.6 and 7.6 M in urea
(Table 3. Comparison of the midpoints obtained in the two dena-
conditions. Comparison of the retention times with those obtainedurants revealed an excellent correlatidgh = 0.99 between de-
from random coil peptided-ig. 4B) (Guo et al., 198plikewise re- naturant midpointgFig. 6A), with the more chaotropic reagent,
vealed a very high correlatiofR = 0.95), indicating the hydro-  GdnHCI, being about twice as effective a denaturant as urea.
phobicity of a substituted side chain measured when in-tielix The change in free energy of unfolding for each of the analogs
(Fig. 4A) is not perturbed by the structural context in which it oc- relative to the Ala substituted peptid®AG,(Ala), was measured
curs. Finally, the relative hydrophobicity values also correlated wellusing the GdnHCI and urea denaturation data as described in Ma-
(R = 0.97) with AG(transfej values calculated by Eisenberg and terials and methodgrable 3. The importance of the hydrophobic
McLachlan(1986 from hydrophobic parameters of amino acids side core in modulating overall protein stability was reflected in the

Absorbance 210 nm
=l
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Table 2. Side-chain hydrophobicity data determined from amphipathitelical peptides,
random-coil peptides and Nacetyl amino acids

Leu/Val face analogs Ala face Random-coil
(this study analogs analogs

Substituted teP Atg(Gly)© Atg(Gly)d Atg(Gly)® Atr(Gly)" AG(trang?
amino acid (min) (min) (normalized (normalized (normalized (kcal/mol)
Leu* 64.6 13.1 100 100 100 2.32
lle* 64.3 12.8 98 101 92 2.46
Phe 62.8 11.3 86 103 100 2.44
Trp 62.2 10.7 82 100 105 3.07
Val 61.2 9.7 74 78 64 1.66
Met 61.1 9.6 73 76 67 1.68
Tyr 56.9 5.4 41 64 52 1.31
Ala* 56.7 5.2 40 42 26 0.42
Thr 54.2 2.7 21 13 5 0.35
Ser 52.3 0.8 6 ) -3 —0.05
Gly 51.5 0 0 0 0 0.00
His 51.4 -0.1 -1 8 26 0.18
Arg 51.2 -0.3 -2 —14 12 —-1.37
Lys 51.2 -0.3 -2 —24 0 —-1.35
GIn 51.0 -0.5 -4 -11 2 -0.30
Pro 50.5 -1.0 -8 -29 26 0.98
Orn 50.2 —-1.3 —-10 — — —
Asn* 49.9 —-1.6 —-12 —29 -7 —-0.82
Glu* 47.8 —-3.7 —28 —-32 —-12 —-0.87
Asp 47.2 -4.3 -33 —57 —26 —-1.05

aSubstituted amino acid at positiond&enotes the corresponding disulfide bridged coiled coil. See
Figure 1 for peptide amino acid sequence. The astéfiskndicates previously reported in Wagschal

et al. (1999.
bt is the RP-HPLC retention timgH 7.0 running buffer of the X1% analogs(Fig. 3), where the
cysteine residue in each peptide was derivatize&-tarboxamidomethyl cysteine. See Materials and

methods for derivatization and separation conditions.
CAtr(Gly) is the difference in the RP-HPLC retention time of analog X16lative to the Gly-
substituted analog. The nonpolar face of this coiled-coil sequence consists of Val and Leu residues except

at the substitution site.
9The normalizedAtg(Gly) values from this study, where thetz value for Leu1@ = 100 and for

Glyl% = 0.
€The normalized\tr(Gly) values of a substituted 18-residue monomeric amphipaitttielix where
the nonpolar face consists of Ala residues except at the substitution site from Monerd @9%l.where
the Atg value for the Leu-substituted analeg100 and that for the Gly-substituted anaked).
fThe normalized\txr(Gly) values of a substituted eight-residue random-coil peptide from Guo et al.
(1986, where theAtg value for the Leu-substituted analeg 100 and that for the Gly-substituted

analog= 0.
9AG(trang is the free energy of transfer between octanol and water for the amino acid side chain

relative to glycine(from Eisenberg & McLachlan, 1986

observation that a single amino acid mutation in peptide sequendeibution of the hydrophobic interactions to coiled-coil stability,
X19a modulated the stability over a substantial 6 to 7 Koadl whereas urea denaturation studies allow the measurement of the
range (Table 3. The correlation ofAAG,(Ala) values obtained net stability conferred by a given amino acid side chain to overall
using the two denaturants was also excell@ 0.97) (Fig. 6B). protein stability(hydrophobic and charged interactigri$lonera
These results indicate that the relative stabilities of the analogs tet al., 1994. Thus, while comparable results were obtained using
chemical denaturation is nearly the same for each denaturant. Hoveither GdnHCI or urea, the stability values obtained using urea
ever, theAAG,(Ala) value obtained using urea as a denaturant forprovided the best measure of the effect of charged amino acid
the charged side-chain analog GlaMas significantly lower than  side-chain substitution on overall stability.

that obtained from the corresponding GdnHCI denaturation exper- As described previously, the model Xd @oiled-coil scaffold
iment(AAGy(Ala) = —3.64 kcaymol in urea and-1.98 kca)mol was designed to accept even the most destabilizing substitutions
in GdnHCI; Table 3, Fig. 6B This observation is consistent with and still fold into a coiled-coil structuréWNagschal et al., 1999
some shielding of ionic interactions of the negatively charged GluEven so, we observed that Asgl@as essentially denatured at
carboxylate group at pH 7.0 due to ion pairing with the guanidi-room temperature and was fully folded only when the temperature
nium ion(Kohn et al., 199h As reported previously, the GdnHCI was lowered to 8C (Table 2. Due to the high inherent stability of
derived stabilities may provide a better value for the relative conthe coiled-coil scaffold, it was possible to obtain thermal denatur-
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Fig. 4. Correlation of side-chain hydrophobicity dats. Correlation ofAtz(Gly) data obtained in a previous study by Monera et al.
(1995 using an Ala-facea-helical peptide withAtz(Gly) obtained in the present study using the Alau-face peptide X1

B: Correlation ofAtr(Gly) data obtained in a previous study by Guo e{ 8886 using a random coil peptide withtz(Gly) from this
study.C: Correlation ofAG(transfej, the free energy of partitioning N-acetyl amino acid amides between a polar aqueous environment
and octanolfrom Eisenberg & McLachlan, 198@&nd Atgr(Gly) (from this study.
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Fig. 5. Chemical denaturation profile#,, B: Urea denaturation profile<C, D: GdnHCI denaturation profilesA and C show the
denaturation profiles for the Val, lle, Leu, Asn, GIn, His, Lys, Arg, and Orn analogsBaawd D show the denaturation profiles for

the Met, Phe, Tyr, Trp, Thr, Ala, Ser, Gly, and Glu analogs. A fraction-folded value of 1.0 corresponds to a negative molar ellipticity
of 34,300 or greater in benign medium at°g25

ation profiles for only the less stable analogs. Figure 7 shows théatedT,, values for the more stable analod&ble 3 were calcu-
relationship between the thermal and chemical denaturation midated using the best-fit linear relationship from FigureTg, =
points for those analogs that folded at room temperature and fot1.325ured;,, + 26.336, and these ranged from 7 for Trp1%
which it was possible to obtain thermal denaturation profiles into 112°C for Vall%.

benign buffer. Th&, values obtained for the less stable analogs in

benign buffer are shown in Table 3, and they varied front@.fbr Comparison of side-chain hydrophobicity

Aspl® to 65.3°C for Thrl%. It has previously been show(iSu and protein stability

et al.,, 1994 that theT,, values for a series of especially stable

coiled coils measured in the presence of increasing concentrationihe effect on overall stability of mutating residues in the hydro-
of denaturant resulted in a linear relationship between the concerphobic core of a coiled coil or other protein is dependent on the
tration of denaturant andl,, for each peptide, thus allowing cal- difference in hydrophobicity of the amino acid side chains, termed
culation of an extrapolated, in the absence of denaturant in each the hydrophobic effect, and the difference in the van der Waals
case. Thus, while it was not possible to denature the lle analognteractions upon mutation, termed the packing efféaiksson
thermally in the absence of denaturant, in this study TRheof et al., 1992. When the urea stability dataAG, (Urea, Alg) and
lle19a was measured in the presence of 3, 4 &nM urea(data  the side-chain hydrophobicity dafat,(Ala)] were compared, it
not shown, and an extrapolated,, value of 108C in benign  was found that, in general, the stability of the X18nalogs di-
buffer was obtainedFig. 7). Using both this extrapolate®, for rectly correlated with hydrophobicity of the substituted side chain
llel9% and theT,, values for the less stable analogs measured inR = 0.94, Fig. 83 with Asn1% and Trp1% being clear outliers
benign buffer, an excellent correlation was obtairigd= 0.99 (vide infra). Thus, four of the six most hydrophobic side chains in
betweenT,, and[ured,,, though Asn 18 is a clear outlier and the present study are also the four most stableaXitalogs, which
was not used in calculating the correlation coefficient. Extrapo-in order of descending stability are V, |, M, and(Table 3. In a



2320 K. Wagschal et al.

Table 3. Stability and oligomerization state data

Urea GdnHCI Oligomerization ddta
Substituted  [Ured;,° Slop€  AAG,(Ala)®  [GdnHCly.°  Slop€  AAGu(Ala)®  Trimer  Monomer T,
amino acid (M) (m) (kcal/mol) (M) (m) (kcal/mol (%) (%) (°C)
lle* 7.40 0.58 3.29 3.26 1.18 3.88 39 61  [110]
Val 7.56 0.62 3.51 3.17 1.58 4.10 57 43 [122]
Met 6.94 0.77 3.31 2.85 1.53 3.43 90 10 [105]
Leu*d 6.39 0.60 2.97 2.90 1.49 3.48 100 0 [99]
Phe 6.15 0.83 2.76 2.57 1.74 3.01 65 35 [96]
Tyr 5.02 0.93 1.89 2.07 2.09 2.08 100 0 [87]
Trp 3.91 1.01 0.90 1.54 1.65 0.78 0 100 [71]
Asn* 3.73 0.96 0.71 1.54 1.94 0.85 0 100 53.6
Thr 3.18 0.86 0.18 1.25 2.13 0.20 76 24 65.3
Ala* 2.97 0.91 0 1.17 2.53 0 38 62 62.3
GIn 2.74 0.94 -0.21 1.11 2.20 -0.13 100 0 59.1
His 2.64 1.11 —0.33 0.77 3.24 -1.15 100 0 58.0
Lys 2.05 1.13 -0.93 0.98 1.84 —0.40 0 100 44.7
Ser 1.80 1.11 -1.17 0.67 2.66 —-1.28 25 75 49.3
Arg 1.51 1.00 —-1.39 0.81 1.81 -0.77 0 100 41.7
Gly 1.08 1.01 -1.81 0.27 3.03 —2.49 35 65 38.3
Orn 0.68 1.31 —2.53 0.34 2.00 —1.88 0 100 30.9
Glu* 0.60 2.17 —-3.64 0.52 3.61 —-1.98 46 54 33.9
Asp — — — — — — — — 8.4
Pro — — — — — — — — —

aSubstituted amino acid at positiond@enotes the corresponding disulfide bridged coiled coil. See Figure 1 for peptide amino acid
sequence. The asteri¢k) indicates previously reported in Wagschal et(aP99.

b[denaturant, is the denaturation profile transition midpoint.

°mis the slope in the equatiohG, = AGy,o + m[denaturarit(Pace, 198pwith units kcatmol™-M %,

9AAG,(Ala) is the free energy of unfolding of the analog relative to the Ala-substituted analog and is calculated from the equation
AAG,(Ala) = {(maja + Mp)/2H([denaturantt2)pepide — ([denaturant )i} (Sali et al., 1991 Denaturation occurred from the same
two-stranded monomeric state for each andM@gschal et al., 1999and theAAG,(Ala) values reported are for two substitutions
(one in eachr-helix). Positive values indicate stabilities greater than that of the Ala-substituted analog.

¢Percentages of monomer and trimer observed by analyzing an aliquot il p@ptide in benign buffer by HPSEC as described
in Materials and methods. Those analogs that populate exclusively either monomeric or trimeric association states in benign media are
bold.

T is the midpoint of the thermal denaturation profiles in benign buérmM KH,HPO,, 100 mM KCI pH 7.0 for the oxidized
analogs. Values in brackelts] are extrapolated values obtained from meas{ueed; , values using the best-fit linear equation from
the data in Figure 7T, [extrapolatedi= 11.325ured;,, + 26.336.

9Denaturation of L18 was performed at peptide concentrations of s for the urea denaturation experiment and 218 for
the GdnHCI denaturation experiment to ensure unfolding from a monomeric oligomerization state. Denaturation of all other analogs
was performed at peptide concentrations of 8Q.

two-stranded coiled coil, the positi@side chains display packing six different amino acids in the hydrophobic cateposition of a
geometries with the &-CB bond pointing out of the hydrophobic dimeric leucine zipper coiled coil, and they found that the order of
core, while the positiol amino acid @—Cg bond points directly  descending stability as determined by thermal denaturation exper-
at the adjacent-helix (Harbury et al., 1998As a resultB-branched  imentswas L, M, |, V, C, AMoitra et al., 1997. Thus, their results
amino acid side chains can be more stable imgosition than ~ demonstrated that Leu is the most stabilizing amino acid irdthe
residues of similar or even greater hydrophobicity that are noposition, in agreement with previous studies by Hodges and co-
B-branched and also more stable than the sgrheanched amino  workers (Zhu et al., 1998 which is consistent with side-chain
acid in ad position. We in fact observed that lled®vas more  packing at & position favoring Leu rather thgB-branched amino
stable than Leul®due to this favorable packing effect, even though acids in two-stranded coiled coils.

Leu is more hydrophobi€Table 2. These results are in agreement It is generally accepted that the hydrophobic effect is the main
with previous studies, in which it was shown that mutating Leu tofactor in stabilizing the folded structure of globular proteins. Ex-
lle at positiona in coiled coils showed a significant packing effect periments designed to address this hypothesis have been per-
in stabilizing coiled coils, witl\AG,, values ranging from 0.59to  formed in which Leu has been changed to Ala, with resultant
1.03 kcaymol (Zhu et al., 1998 These results lend credence to decreases in stability that ranged from 1.7 to 6.2 keall (Mat-

the hostguest strategy employed because the model system wabews, 1998 The lower value is comparable to the difference in
able to probe these differences fiabranched amino acid side- the solvent transfer free ener@ixAG(transfej] of 1.9 kcafmol
chain packing. Vinson and coworkers have recently reported detween the methyl anttbutyl side chains of Ala and Leu
study designed to measure the energetic contribution to stability ofTable 2, which is solely due to differences in hydrophobicity of
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Fig. 7. Comparison of thermal and chemical denaturation midpoihts,

B and [uredy . The Ty, value in benign buffer for the lle analoglosed

at v = 021 + 0.96x R=0.97 square, 10&) was obtained by extrapolating tAg values measured in 3,

4, and 5 M urea to zero denaturant concentrati®m et al., 1994 TheT,,
values for the other analogs used in calculating the best line&ldised
circles were obtained in benign media. The Asn analopgen circle was

a clear outlier and was not used in calculating the correlation coefficient,
R = 0.99.

suggests that this is due to nonoptimized burial of the hydrophobic
moiety of the side chain. As seen in Figure 11B, the benzyl moiety
of the side chain is exposed to the solvent, whilel Nf the indole
ring is buried in the two-stranded coiled-caiFig. 11B). Thus,

AAG (Urea, Ala) (kcal/mol)

SRR S while contributing greatly to the hydrophobicity of the side chain
-3 -2 -1 0 1 2 3 4 5 as measured by RP-HPLC, the six-membered ring of the indole
AAG,(GdnHCl, Ala) (kcal/mol) moiety is not appreciably desolvated in the coiled-coil structure. In

contrast, Tyr, GIn, and His substitutions result in coiled coils that
Fig. 6. Comparison of chemical denaturation midpoints and relative sta-are more stablédenoted by %" signs in Fig. 8B than would be

bilities obtained using GdnHCl and ure&. Correlation of urea and GAnHCI  aynacted based on side-chain hvdrophobititdrophilicity alone
chemical denaturation profile midpoing. Correlation ofAAG,(Ala) mea- P ydrop itigrrop y )

sured in GdnHCI and urea. The free energy of unfolding relative to the'\/lc’de'"_ﬁg of these residues in a two-stranded CO'Ied_'CO'I s_tructure
Ala-substituted analog was measured using the equatia,(Ala) = (modeling not shownreveals that only the hydrophobic regions of
{(maja + M)/ 2H{([denaturarlt ), — ([denaturant,)aia} (Sali et al., 1991 these side chains are buried, while the polar hydroxyl moiety of

Tyr, the imidazole nitrogens of His, and the GIn carboxamide

group can remain at least partly solvated. However, the hydropho-

bicity measured by RP-HPLC for these side chains entails desol-
the Leu and Ala side chain$auchére & Pliska, 1983The wide  vation of both the nonpolar and polar regions of the Tyr, GIn and
range between this lower value and the upper value has beedis side chains in the reversed-phase matrix. Thus, side-chain
ascribed to differences in the size of the cavity created when théurial in the isotropic reversed-phase matrix and in the coiled-coil
Leu side chain is replaced with a methyl group, with the loss inhydrophobic core are not equivalent for the polar side chains where
stability correlating with the increase in cavity volume caused byselective desolvation of the more nonpolar region of the side chain
the mutation(Eriksson et al., 1992In the present study, the value can occur in the protein fold. The Asn-substituted coiled coil was
of 1.6 kcal/mol/mutation observed for Les» Ala substitution is  also significantly more stable than indicated by its low relative
comparable to the\AG(transfej. This loss of stability is also hydrophobicity(denoted by a +” sign in Fig. 8B. This can be
comparable to that observed previously by Zhou et(#092, understood, because the carboxamide moiety of Asn can H-bond at
where mutation of two leucine residues at the corresponding pothe hydrophobic interface of the coiled c6®’'Shea et al., 1991;
sition of a similar model coiled-coil protein resulted in a 1.8 Kcal Harbury et al., 1993; Lumb & Kim, 1995; Lavigne et al., 1997,
mol/mutation loss in stability. This suggests that the differences in1998; Greenfield et al., 1998unlike in the C8 RP-HPLC matrix
stability between the Leu and Ala analogs is mainly due to differ-where these H-bonds do not form.

ences in side-chain hydrophobicity, and that the two poséiata Lysine at thea position of coiled coils has been seen to occur in
side chains can pack in a two-stranded coiled coil without formingleucine zipperg$Glover & Harrison, 1995; Gonzalez et al., 1996¢c
a cavity. Modeling shows that the side chain bearing the positively charged

The Trpl@ analog was observed to be2.3 kcafmol less  e-amino group of Lys18 in a two-stranded coiled coil is long
stable than would be predicted by relative hydrophobicity enough to extend out of the hydrophobic core and allow at least
(Fig. 8A), indicated by the 4" sign in Figure 8B. Modeling partial solvation. The ornithine anal¢@rn1%), the homologue of
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that expected due solely to decreased hydrophobicity. This obser-

y = 081 + 0.03x R=0.94 vation is consistent with thé-amino group of Orn being less
I solvated due to its closer proximity to the hydrophobic core.
.1 Although Glu was the most destabilizing amino acid substitu-

tion that still allowed coiled-coil formation under benign condition
at room temperature, and AsEl&chieved a fully folded state only
when the temperature was lowered t8C5(Table 1), the acidic
residues Glu and Asp do indeed occur in coiled cdilspas et al.,
1991). Destabilizing residues such as Asp and Glu can play an
important role in controlling the preferential formation of hetero-
dimeric species over homodimeric species in vivo because the

L tCmw ] presence of acidic side chains at the dimerization interface is an
| 1 B 1 1 effective mechanism to destabilize the incipient homodimer. For
00 50 o 50 100 example, the basic region helix-loop-helix leucine zipfeHLH-

LZ) oncoprotein c-Myc must preferentially heterodimerize with
the b-HLH-LZ Max protein to bind DNA and activate transcrip-
tion. Homodimerization of the c-Myc protein is preventehd
heterodimerization thus promoted by mass agtiby two Glu
residues af positions(Muhle-Goll et al., 1994; Lavigne et al.,
1995, and, in fact, the leucine zipper domains of all the proteins
known to date that interact with Max have a conserved acidic
residue(either Glu or Asp in the dimerization interface. In addi-
tion to disfavoring homodimer formation, these conserved acidic
residue side chains are also part of a molecular recognition mech-
anism that actively promotes specific heterodimer formation. Thus,
recent NMR solution structure work by Lavigne and coworkers on
the DNA binding c-Myc-Max heterodimeiLavigne et al., 1998
showed conclusively that the previously postulated electrostatic
interactiongLavigne et al., 1996between the two positioa Glu

side chains in the c-Myc leucine zipper and a positioHis side
chain in the Max leucine zipper are indeed responsible for the
specificity of heterodimer formation. Glu is also seen in the hy-
drophobic core of kinesin molecules where it occurs in close prox-
imity to Lys or Arg residues. The local environment is, therefore,

_ ‘ _ ‘ - _ ~ more favorable than if substituted into the context of a strictly
Fig. 8. Correlation of side-chain hydrophobicity and relative stability. gliphatic hydrophobic core, and this context dependent modulation
A: Correlation of relative free energy of unfolding obtained from the urea ¢ stability has been suggested to be important in conferring upon

denaturation experiment8AG,(Urea, Ala, with the RP-HPLC retention . = ;
time of the analogs relative to the Ala-substituted analdig(Ala). The the motor protein the ability to carry out selectively a movement

analogs used for linear extrapolation and calculation of the correlatiorsignal (Tripet et al., 1997.

coefficient are shown as closed circles, while the analogs substituted with  Examination of them values(Table 3, which are a measure of
Asn and Trp were outliers and were not used in the calculations, and arlgenaturant effectiveness for a given protein, revealed that the an-
shown as open circle®: Histogram representation of relative stability | fell into th “th tai Ny hvdronhobi
obtained from urea denaturation experiments, normalized such that th@ ogs. e. Into three groups; those con a'n'r.]g very nydrophobic
stability of lle = 100 and Ala= 0, and the relative hydrophobicity obtained Substitutions had the lowest values, those with the most hydro-
from RP-HPLC retention time data, normalized such that the hydrophophilic substitutions had the highestvalues, and the remainder of
bicity of lle = 100 and Ala= 0. Analogs having a stability greater than the analogs displayed intermediate values. Them values in

twofold of that indicated by apparent side-chain hydrophobicity are de- ; : ;
noted “+” (Y, N, Q, T, H, and K, while the analogW) having a stability GdnHCI were in general about twice those measured in urea. In a

less than twofold of that indicated by apparent side-chain hydrophobicity iStUdy in which denaturambvalues from a large set of proteins was
denoted “-". *The coiled coil with Asp at position 1®was fully folded in ~ examined, it was found than correlated(R = 0.87 for GdnHCJ
benign medium at 5 but unfolded at room temperatugable 1 with T, with the change in solvent accessible surface @A) upon
of 8.4°C (Table 3. The star denotes that the Aspl€oiled coil is con-  nfolding (Myers et al., 1995 The variation inm values can
siderably less stable than Glug,%nd its ureg, value could not be deter- . . .
mined at 25C. therefore be ascribed to differences in the unfolded states of the
analogs, which is relevant because the denatured states of the
analogs are equal in importance to the native states in determining
protein stability(Mufioz & Serrano, 1996 Thus, highem values
Lys1% in which the substituted side chain bearing the positivelyobserved with the hydrophilic residues could be associated with
charged amino group is shortened by one methylene group, serveahfolded states possessing relatively greater ASA and less residual
to probe the effect of bringing the charged amino group closer testructure, while the lowem values observed with the hydrophobic
the peptide backbone. As seen in Figure 8A and in Table 3, @rn19side-chain—substituted analogs are associated with unfolded states
was 1.5 kcal less stable than Lysl& measured in urea denatur- having relatively less ASA and more residual structure. In sum-
ation experiments. While Orna9s slightly less hydrophobic than mary, it appears that hydrophobic amino acid substitution may lead
Lys1%, there is an additional decrease in stability observed abovéo increased residual structure in the unfolded state.
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Protein stability vs. natural occurrence of amino study are the examples of single amino acid replacement of the
acids at positiora hydrophobic core positioa wild-type Asn residue in the exclu-
ively two-stranded GCN4 coiled coflGonzalez et al., 19964,
996b, 1996¢; Hodges, 19960 date the Ala, Abyaminobutyric
acid), GIn, Nrl (norleucing and Lys mutants have been character-
ized structurally(X-ray crystal structureand hydrodynamically
foligomerization state Only the wild-type Asn and the Lys mutant
are known to populate exclusively the two-stranded state in that
system(Gonzalez et al., 1996cwhile all the other mutants are

Comparing the frequency of occurrence of amino acid residues
positiona in naturally occurring coiled coilLupas et al., 1991
with their relative stability in model X1®from this study shows
that the amino acid side chains of the four most stable analog
(119a, V19a, M19a, and L1%) also occur frequently at positicn
(Fig. 9. Thus, the stability of naturally occurring coiled coils is
predominately provided by highly hydrophobic side chains in theknown to populate both the two- and three-stranded st@@es-
hydrophobic core. Also, Gly and Glu, which give rise to the two )

. . L zalez et al., 1996a, 1996b; Hodges, 1996
least stable analogs, occur relatively infrequently at posgioim The oligomeric states) populated by the different analogs from
contrast to the highly hydrophobic amino acid side chains, Figure Zpe present study under benign conditions are presented in Table 3
shows that there is no clear relationship between stability an '

. . . . he oligomerization state of the analogs under benign conditions
frequency of occurrence for the side chains of intermediate hydro- : .

L : -2~ "was determined by HPSEC, and the molecular weights of the
phob|C|ty_. For_example, Phe, Trp_, Thr, GIn,_ _and His substltuyons|_|PSEC peaks assigned as monom@o-strandedl or trimers
resulted in coiled coils of appreciable stability, yet these reSIdue%three-strande)dNas confirmed by sedimentation equilibrium ultra-
are not used to a great extent in naturally occurring coiled coils.

This may be partly due to some amine acids being not as prevalen?tenmfugatlon' Representative sedimentation equilibrium results

in nature owing to the metabolic cost associated with their bio- or Ly§19a(ox) .and .Tyr191(o.x),. which populate e.xcluswely mo-
. . . .~ nomeric and trimeric association states, respectively, are shown in
synthesis, and the use of some amino acids to control the olig

merization state rather than stability. Thus, we found that with tthlgure 10. These results corroborated the HPSEC data by showing

exception of Phe and Trp, nature has preferentially chosen hydr%fét dLl\z|51791ég)A(,) v;g:el?\?;&/fllt 7&1 Z?;"gigg:e 15(; zﬁlgsthrgfq;rrfl[;f;
phobic amino acids for positioa, thus providing maximal stabil- o ro ’

ity. The lack of a clear correlation between stability and frequencyWas best fit as a smgle species triniealculatedM, 23’1.12’ ob
. servedM, 20,840, Fig. 10 throughout the concentration range
of occurrence for some of the analogs underscores the importance . . S
- ) . - .Imposed by the sedimentation equilibrium P50 to~500uM ).
of the stability data obtained using our model peptide sequence i . .
g C he quaternary structure of the oligomers was previously assessed
the present study for de novo design applications and for the cre-

. . . . - In sedimentation velocity experiments that showed the oxidized
ation of algorithms designed to predict the occurrence and smb'“%eptides employed throughout this study formed two-stranded mono-
of coiled coils in naturally occurring peptides and proteins.

mers (Fig. 2A) and elongated three-stranded triméFsg. 2B)
(Wagschal et al., 1999We found that amino acid substitution at

a single hydrophobic corea" position in the 5-heptad model
coiled coil could switch the oligomerization state from exclusively
The structural polymorphisntoligomerization of coiled-coil-  monomeric to exclusively trimeric, with 9 of the 19 substitutions
forming peptides has been documented previou§lpnzalez  directing the oligomerization state to a unique two- or three-
et al., 1996a, 1996b, 1996¢; Hodges, 19%6ore relevant to this  stranded conformatioriTable 3. This clearly demonstrates the
importance of the effect of packing in the hydrophobic core on
oligomerization state. Thus, at protein concentrations equivalent to
those under which the chemical denaturation experiments were
carried oui50 uM) and under benign conditions, Lewd Tyr19a,

B Relative occurrence GIn19%, and His1@ were found to be exclusively three stranded
(trimeric), while Asnl%, Lys19, Ornl%, Argl9%, and Trpl@
were exclusively two strandg@dnonomerig. These results are es-
pecially relevant for our understanding of the polymorphism of
coiled coils and its prediction because they increase the database to
all proteogenic amino acids except Cys at positoim a model
peptide.

Although it is clear from these results that the hydrophobic core
is very important in determining the oligomerization state of the
coiled coils, it should be noted that the observed oligomerization
states may be modulated, because positmasdg are also in-
volved in the hydrophobic interface and have been shown to play
a role in determining oligomerization statalberti et al., 1993;
Beck et al., 1997; Zeng et al., 1997; Kammerer et al., 1998; Kohn
et al., 1998. On the other hand, it is of particular interest to note
Fig. 9. Comparison of side-chain occurrence with relative side-chain stathat we also observe two-stranded specificity for the Asn and Lys
bility. The relative stability obtained from urea denaturation experimentsanalogs, which supports the general applicability of the oligomer-
(Table 1 are normalized, with the stability of the lle analog equal to 100, jzation state results from this study. This structural specificity im-

and that of the Glu analog equal to 0. The relative occurrence of the . e
substituted amino acids in the hydrophobic caeposition of coiled coils parted by Asn and Lys has been ascribed to the destabilization of

(Lupas et al., 1991are also normalized, with the occurrence of Leu equal the three-stranded state by unoptimized buried H-boAds) and
to 100 and that of Glu equal to 0. unfavorable desolvation of the charge@ Bmino group of Lys
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Fig. 10. Sedimentation equilibrium analysis of Lysi®a&) and Tyr194ox). Sample loading concentration was 20M. The middle
panels(absorbance vs. radiushow the best fits for a single-species monomeric curve fit for L9 (28K rpm) and a single-
species trimeric curve fit for Tyriox) (24K rpm). The upper panels show the residuals from the curve fits, and the lower panels show
In absorbance vg.2 of the data(open circles compared to theoretical monomen), dimer (d), and trimer(t) single-species plots
(broken lines.

(Gonzalez et al., 1996cThese unfavorable events are relieved in that the Leu side chains pack asymmetrically in the two-stranded
the two-stranded state where the Asn can form an interhelicastate( y1 = gauchet , y2 = trans andyl1 = trans y2 = gauche-)
side-chain H-bond, and theeNamino group of Lys is more favor- to satisfy good van der Waals interacti@void the formation of a
ably solvatedGonzalez et al., 1996cThis selective destabiliza- cavity). In the three-stranded state, it is also possible to avoid
tion of one state can be seen as a general mechanism for tleavity formation and optimize the packing of side chains that adopt
structural specificity imparted by some of the side chains. Hencean asymmetric arrangeme(ivo side chains withyl = gaucher,

it could be predictedand as proposed by otheiGonzalez et al., x2 = trans and one withyl = trans y2 = gauche-). Interest-
19960 ] that the Arg analog should show the same specificity foringly, the Leu side chains in the two-stranded state are on average
a two-stranded state, and, in fact, this is observed here for both th&2% buried, while they are 96% buried in the three-stranded state,
Arg and Orn analogs. Although it is tempting to suggest that all thesuggesting in part why this analog selectively folds as a three-
analogs that are potentially charged at pH 7.0 should show spestranded coiled coil. The calculation of the accessible surface area
ificity for a two-stranded structure, it is interesting to note the Glu of lle side chains at position in two- and three-stranded states
analog is an exception in that both the two- and three-strandeceveals similar extents of side-chain burial as observed for the Leu
states are populated. However, th€, mf Glu side-chain carbox- analog. Nevertheless, the lle analog is observed to populate both
ylate group at this position may be perturbed and must be detethe two- and three-stranded states. This can be rationalized, how-
mined before an explanation for this observation can be propose@ver, because the conformational entropy penalty for lle side-chain
burial is significantly larger than that incurred for Leu side-chain
burial (Lee et al., 1994 This should destabilize the three-stranded
state of the lle analogmaking it relatively less populatedo the
advantage of the two-stranded state.

Our current efforts on the modeling of the Leu analog in both two-  Side-chain packing in relation to cavity formation is also an
and three-stranded oligomerization stat€$g. 11A,0 indicate  important consideration in determining the oligomerization state.

Modeling of Trp and Leu in two- and
three-stranded coiled coils
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Fig. 11. Modeling of the Leu and Trp analogs as two- and three-stranded coiled coils. Good side-chain packing was obtained for both
the two- and three-stranded conformations of the Leu an&o@nd C, respectively. However, an exclusively three-stranded
conformation is observed in benign media due to increased side-chain burial in the three-strand@gPsthteial in the three-stranded

fold compared to 82% burial in the two-stranded staltéodeling of the Trp analog in two- and three-stranded conformatiBrend

D, respectively shows that the three-stranded state is highly disfavored due to the formation of a large th4iff), resulting in

an exclusively two-stranded oligomerization state.

Previously, Hodges et al. showed that the oligomerization state ofnd three-stranded conformatigfsg. 11B,D shows that packing
coiled coils can be modulated by the relative positioning of Ala of the bulky indole ring side chain in a three-stranded conforma-
residues in the hydrophobic cai®lonera et al., 1996 They found  tion is highly unfavorable due to the formation of a large cavity
that the small Ala side-chain methyl group controls the formation(114 A3), and this is likely the driving force causing the formation
of two- or four-stranded-helical coiled coils by creating a large of exclusively two-stranded molecules for this analog. In agree-
cavity if four Ala residues are on the same plane, which disfavorament with this proposal is the observation that in the synthetic
tetramer formation and results in a two-stranded coiled coil. Gonpeptide coil Ser, the antiparallel orientation of one of the three
zalez et al(1996b used the principle of cavity formation leading helices in the bundle was due to the inability to pack three Trp
to lowered stability to engineer an allosteric switch in GCN-4. residue side chains in the same core laj@vejoy et al., 1998
They changed the position 4&sn residue to Ala, and the result- However, while Trp does not pack well and is, in fact, somewhat
ing coiled coil was found to populate both two- and three-strandedlestabilizing relative to its hydrophobicity, Trp does, in fact, occur
oligomerization states. A nearly exclusively three-stranded strucin the hydrophobic core of natural coiled cojlsupas et al., 1991
ture was formed upon addition of benzene or cyclohexane, whickand has been shown to affect, for example, inter-helix spacing in
was shown in high-resolution structures to fill a cavity created ingp41 trimergWeissenhorn et al., 199.7Thus, the presence of the
the three-stranded structure by substitution of the smaller Ala sidéarge Trp side chain in the core contributes to helix orientation and
chain. Similarly, the packing effect of placing the large indole ring protein function, as well as to oligomerization state.

of Trp in the hydrophobic core is also important in controlling  Mixtures of two- and three-stranded coiled coils were observed
resultant oligomerization state. Modeling of Tr@l@ both two-  for nine of the analogs under benign conditidfiable 3, and the
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observation of multiple conformations from a single sequence impeptide in 50 mM NHHCO; buffer, pH 7.8, with a 10-fold excess
plies that the two- and three-stranded structures have comparabté iodoacetamide as previously descritt€thong & Hodges, 1982
stabilities (Dill et al., 1995. The mixture of two- and three- The disulfide-bridged coiled coils were formed by overnight air
stranded oligomerization states observed for the Asn16Ala GCN4#xidation at room temperature 6f10 mg/mL peptide in 2700 mM
mutant of Gonzalez et a(1996 mentioned previously was also NH4HCOs, pH 8.5. All peptides were characterized by analytical
observed for the Ala analog in this studyable 3. It has been HPLC and electrospray mass spectrometry, and protein concentra-
reported that a GCN4 leucine zipper mutant in which Asnl6 wasions as well as amino acid composition were determined by amino
changed to Abu could exist in either both two- or three-strandedhcid analysis.

coiled-coil conformations, and high-resolution structures showed

that the mutant was accommodated in the two distinct structures by

utilizing different residues in each conformation to form similarly CD spectroscopy

shaped packing surfac¢Sonzalez et al.,, 1996alt seems likely  cjrcyiar dichroism(CD) spectroscopy was performed using a Jasco
that a smylar phenomenon is responsible for the polymorphismy_gqoc spectropolarimetédasco, Easton, MarylandA 10-fold
obsgr\_/ed n the present StUdY'_ _ dilution of an ~500 uM stock solution of the disulfide-linked
Distinctive residue propensitigérequencies of occurrenpéor  pentige was loaded into a 0.02 cm fused silica cell and ellipticity
oligomerization states agreed with our experimentally measured.snned from 190 to 250 nm. Each disulfide-bridged analog was
effects of amino acid substitution on our model coiled-coil pmteinanalyzed by CD spectroscopy under benign condititGts mM
for only some of the analogs that exhibited unique oIigomerizatiorbhOSphate 100 mM KCI, pH 7\@nd also in the presence of 50%
states. Thus, Asn, Lys, and Arg occur 246.9x, and 12.%,  TEE in the same buffer. Also, some analogs were also similarly
respectively, more often at tha™position of wo-stranded coiled  scanneq at 8 under benign conditions. For temperature denatur-
coils than three-stranded coiled coils, while Gln occurs 11.8 timesyjiq, studies, the stock peptide solutions were diluted with appro-
more in three-stranded coiled coils than in two-stranded Co'le‘briate volumes of buffer and denaturafired when required.
coils (Woolfson & Alber, 1995. However, for the L_eul@qnalog Wavelength and time scans were recorded after 10 min of equili-
there was a nearly equal occurrence of the residues in two- angation of the sample at different temperatures. The molar ellip-

three-stranded coiled coi($.5r in preference for the dimgwhile ety 4t 222 nm was used to monitor unfolding over the temperature
Trp occurred only once in the database and was actually found iBange from 4 to 85C.

a parallel three-stranded molecule. Thus, as shown earlier in rela-
tion to overall coiled-coil stability, differences in the statistical
occurrence of a given residue at positianof two- and three- HpLC

stranded coiled coils does not necessarily predict the actual oligo- ) . ) )
merization state. Side-chain hydrophobicity was determined using RP-HPLC at

pH 7.0. The corresponding N-terminal cysteiS&arboxamido-

methyl derivatives of the peptides were analyzed &iCMDeriv-
Conclusion atization of the free cysteine thiol group in conjunction with HPLC

- ) . . analysis at elevated temperature served to prevent both oxidation

These findings are the first comprehensive quantitative assessmeg, q aggregation. The elution buffers contained 100 mM NaHCIO
of the effect on the stability of two-stranded coiled coils of side- , minimize nonspecific interaction with deprotonated silanol spe-
chain substitution in the hydrophobic core, and also provide inforjes on the column. Chromatography was carried out using a Zor-
mation on the effect of side-chain hydrophobicity and packing iny 4y 300 XDB-C8 columii4.6 x 150 mm and a linear AB gradient
the hydrophobic core on oligomerization state. This study will beof 1% B/min, where buffer A was aqueous 100 mM NaGJO
invaluable for the development of coiled-coil predictive algorithms 5 1y KH,PO,, pH 7.0, and buffer B was a 1:1 mixture of

and may also find use in estimating the stability of heterodimers,.eatonitrile and agueous 200 mM NaGIQL00 mM KH,PO,
The effects on stability and oligomerization state of amino acid, 7.0.

substitution observed in our model coiled coil in general corrob-
orate results previously made using natural protein sequences, which
shows that the data obtained using this [igeest system will be  Chemical denaturation studies

generally applicable. Side-chain packing as a determinant of the . .
relative stability of alternative oligomerization states appears to bd 1€ Stability of each model XE0analog was determined at 25

crucial, as illustrated by the molecular modeling of the Leu- andUSiNg CD spectroscopy by monitoring ellipticity at 222 nm during
Trp-substituted analogs in the present study. Efforts to model all 2§1€mical denaturation using either GdnHCI or urea. A 10 M stock
analogs in both two- and three-stranded oligomerization states afPution of urea at a 8 M stock solution of GdnHCI were pre-

in progress, and these results will be presented in detail elsewherBared in 50 mM phosphate, 100 mM KCI buffer, pH 7.0, and
aliquots were used to prepare a series of peptide solutions that

were~50 uM in different concentrations of denaturant. The pep-
Materials and methods tide was incubated overnight in the GdnHCI denaturation experi-
ments, and for at least 30 min in the urea denaturation experiments.
The ellipticities of the peptides at the different denaturation con-
centrations were recorded at 222 nm. The fraction of peptide in the
The peptide analogs were synthesized by solid phase peptide syfelded state( f;) was calculated from the equatidn= ([6]ops —
thesis methodology and purified by RP-HPLC, as described elsg4],)/([0], — [0].), where[f]ops is the observed mean residue
where(Wagschal et al., 1999The cysteiné&S-carboxamidomethyl  ellipticity at any given denaturant concentration aé¢, and[6],
derivatives were prepared by tregian 1 mg'mL solution of the  are the mean residue ellipticities for the natifelded) and un-

Peptide synthesis and purification
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folded states, respectively. TS, for the unfolding of a mono-  mers (trans gaucher, and gauche-) for the replacement and

meric two-stranded coiled coil, surrounding side chains were selected on the basis of the absence

of interatomic clashes and cavities as verified using the program
F=U, GRASP(Nicholls et al., 1991

was calculated using
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