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Abstract

a-helices within proteins are often terminated (capped) by distinctive configurations of the polypeptide
chain. Two common arrangements are the Schellman motif and the alter@atinetif. Rose and cowork-

ers developed stereochemical rules to identify the locations of such motifs in proteins of unknown structure
based only on their amino acid sequences. To check the effectiveness of these rules, they made specific
predictions regarding the structural and thermodynamic consequences of certain mutations in T4 lysozyme.
We have constructed these mutants and show here that they have neither the structure nor the stability that
was predicted. The results show the complexity of the protein-folding problem. Comparison of known
protein structures may show that a characteristic sequence of amino acids (a sequence motif) corresponds
to a conserved structural motif. In any particular protein, however, changes in other parts of the sequence
may result in a different conformation. The structure is determined by sequence as a whole, not by parts
considered in isolation.
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Deciphering the code of amino acid sequences of proteins tand Sander 1993; Zhang and Zhang 2001). Also helix-stop
predict their structures remains one of the prime challengesr capping sequences that mark the boundarieslutlices
in biology. Much interest has focused on possible rules thatan be identified to a large extent from the amino acid
might be used to predict from the amino acid sequence theequence only (Schellman 1980; Presta and Rose 1988;
structure of parts of a given protein. Such rules could be afRichardson and Richardson 1988; Dasgupta and Bell 1993;
important first step in predicting the overall structure of theAurora et al. 1994; Aurora and Rose 1998).
protein. The existence of such rules would also imply that Capping interactions satisfy the hydrogen-bonding poten-
the folding of these regions of the protein must proceedial of the otherwise unsatisfied backbone amide and car-
locally (i.e., independent of tertiary contacts). As possiblebonyl groups that occur at the beginning and end of an
examples, statistical investigation of protein sequences has-helix. Different types of capping interactions can be dis-
revealed that the positions and lengths of secondary struginguished for the amino- and carboxy-termini. Whereas the
tures can usually be predicted with a 70% accuracy (Rostmino-terminal cap is usually formed by side-chain inter-
actions with the helix backbone atoms of the first helical
turn, the C-terminal cap is formed by interactions between
Reprint requests to: Brian W. Matthews, Institute of Molecular Biology, the backbone of the final helical turn and the backbone
Howard Hughes Medical Institute and Department of Physics, 1229 Uni-gtoms of a subsequent loop (Aurora et al. 1994; Aurora and
versity of Oregon, Eugene, OR 97403-1229; e-mail: brian@uoxray. . .
uoregon.edu: fax: (541) 346-5870. Rose 1998). Two very common conformations of this sort
These authors contributed equally to this work. are the Schellman motif (named for its discoverer, Charlotte
zPresent_ address: IFM-Department of Chemistry, Linkoping University,SChe”man) and they, motif (Schellman 1980; Milner-
S-58183 Linkoping, Sweden. White 1988; Aurora et al. 1994; Viguera and Serrano 1995;
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10.1110/ps.39802. Sukumar and Gierasch 1997; Kallenbach and Gong 1999).
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These are shown in Figure 1, which also defines the nolizes the protein (Alber et al. 1987). Using their rules for
menclature that is used. A typical Schellman motif has ahelix capping, Aurora et al. (1994) argued that apolar sub-
glycine at the Cposition, a polar residue or alanine at C1, stitutions at Thr 157 would be expected to switch the con-
and a stabilizing apolar interaction between a nonpolar sidéormation froma, to a Schellman motif but that this was
chain at C and a nonpolar side chain at C3 (Aurora et al.prevented in T4 lysozyme by the presence of the bulky side
1994; Aurora and Rose 1998). In contrastegrcap retains  chain of Trp 158. They went on to predict that mutation of
the glycine at the Cposition but the following residue is Trp 158 to a nonaromatic residue would permit formation of
polar. In both capping conformations, ttheandys values of  a Schellman motif and, as well, that the Thr157lle mu-

the C residue have positive values that can most easily béant would then lose its observed temperature-sensitive phe-
adopted by glycine (Schellman 1980; Aurora et al. 1994). Itnotype. We test these predictions here.

has been suggested that glycine also permits maximal sol-

vation of the peptide backbone, which could enhance Iocaﬁesults

capping interactions (Serrano et al. 1992; Aurora et al.

1998; Thomas et al. 2001).

In T4 lysozyme, residues Thr 152-Gly 156 form a typical
o, helix cap at the C terminus of helix J (residues 143-155Mutant T157I crystallized isomorphously with wild-type.
Nicholson et al. 1991). It is known that the replacement ofDifference maps and electron density maps phased on the
Thr 157 at the Cposition with nonpolar residues destabi- wild-type structure (Eriksson et al. 1993) both indicated that

the structure of the mutant was very similar to WT* (see
a Cc4 Materials and Methods; data not shown). Following refine-
Ceap ment, the coordinates of T1571 and WT* could be super-
imposed with a root-mean-square discrepancy of 0.19 A for
all atoms. Within the capping region, the backbone atoms of
C1 residues 152-157 differed from wild-type by 0.1 A, indi-
cating that the capping geometry in the native structure is
retained in the mutant.
Mutant W158L crystallized nonisomorphously with wild-
type in space group R2,2, with four molecules per asym-
c metric unit. The four molecules display large-scale changes
(Apolar) C2 in structure. Most notably, the size of the active-site cleft
c widens and, in comparison to the wild-type enzyme (or to
mutant T157L), the hinge-bending angle (Zhang et al. 1995)
varies from +14.3° to +22.3° (Fig. 2a ). Within the carboxy-
terminal and amino-terminal domains, however, the
changes in structure are much more modest. In particular,
no distinctive changes are seen in the conformation of the
R154 helix cap at the site of the mutation (Fig. 2b). Based on the
c superposition of carboxy-terminal domains, the atoms of
residues Arg 145-Lys 162 of the mutant superimpose on
wild-type with a discrepancy of0.49 A. Essentially, the
same value (0.34 A-0.60 A) is obtained if the C-terminal
domains of the four mutant molecules are compared among
c themselves. If just the capping residues themselves are su-
c*” Gly Elz‘ perimposed (i.e., residues 152—-157) the discrepancy for the
" backbone atoms ranges from 0.19 A to 0.42 A. This shows

hat th ing motif presen his site in wild-
Fig. 1. (@) Schematic illustration of the hydrogen-bonding interactionst at theay capping motif present at this site d type

(red lines) in a Schellman motif. As noted by Aurora et al. (1994) suchlysozyme IS rEtamed_m the m_Utant W158L.
motifs have a preference for glycine at &nd an apolar residue at.Gb) The thermodynamic analysis of the mutants reveals that

Schematic illustration showing the backbone hydrogen-bonding interacat pH 5.42 the unfolding behavior can be modeled as a
tions (red lines) in a typicak, capping motif, as well as the sequence of two-state transition. The stability of mutant T1571 de-
the subject motif in T4 lysozyme (in blue). Such motifs commonly have acreased by 2.05 kcal/mole relative to the wild-type enzyme;
glycine at the @ position and a polar residue at.@In her original article, . -

Schellman [1980] proposed the namg for the conformation shown in whereas, mutant W158L '? deStab.'hzed b}’ 1.75 k_C‘anOIG'
panela. Aurora et al. [1994] renamed this the Schellman motif and used E@ch of these values is typical for single-site substitutions of

to designate the conformation shown in pabgl the enzyme (Grutter et al. 1987; Matthews 1993). The

Structure and stability of the mutant lysozymes
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Arg14.‘§

Fig. 2. (a) Backbone of wild-type T4 lysozyme (yellow) with the four molecules in the asymmetric unit of mutant W158L (red, light
purple, purple, and blue) overlaid. The structures were superimposed based on the long helix between residues 60 and 80 that connects
the N- and C-terminal domains. Compared to wild-type T4 lysozyme, the active site of the mutant proteins has widened by 14° to 22°.
Figures prepared using MOLSCRIPT (Kraulis 1991; Merritt and Bacon 198y Sperposition of the backbone traces of residues
145-162 of T4 lysozyme mutant T1571 (yellow) and the four independent molecules of mutant W158L (red, light purple, purple, and
blue). This segment includes helix J (residues 143-155) and,tteapping motif (residues 152-157). Only minor rearrangements

occur within the segmentc). Comparison of the backbone structure of wild-type and W158L lysozyme in the vicinity of the
substitution. Wild-type (backbone, yellow; Trp158 side chain, black) and the four copies of mutant W158L (red, light purple, purple,
and blue) were superimposed as in pagelThe substitution of the indole ring results in an increased separation between the amino
terminus of helix A (residues 1-6) and the residues in the vicinity of the C terminus of helix J (residues 155-162).

double-mutant T1571/W158L is destabilized by 3.55 kcal/This is essentially the same as the amount by which the
mole. mutation Thr157- lle destabilizes the native protein (2.05
kcal/mole).

Discussion
Predictions of structure

Predictions of stability It was previously shown in the context of the cysteine-

The mutation Thr157- lle was one of the earliest tempera- containing protein that the mutation T1571 causes small
ture-sensitive mutants of T4 lysozyme to be characterize@djustments in side chains at the site of the substitution and
and the apparent reasons for its destabilization have beefgry little change in the backbone (Alber et al. 1987; Griitter
discussed (Alber et al. 1987; Griitter et al. 1987). The earlyt al. 1987). The present analysis, based on the pseudo-wild-
work was with the true wild-type (i.e., cysteine-containing) type protein, confirms this result.

protein; whereas, the present study utilizes the structurally

aqd thermodyna_mically simila_r pseudo-wild-type (i.e., Cys-Tapje 1. Thermodynamic data

teine-free) protein (see Materials and Methods).

As shown in Table 1 the thermodynamic analysis con- AT, AH AAG
firms that T157! is indeed a temperature-sensitive mutant, " 0 (keal/mole) (keal/mole)
with melting temperature 5.7°C less than wild-type. ThewT* 0.00 130 0.00
mutation W158L also destabilizes the protein by roughlyT157! -5.7 118 -2.05
the same amount. W158L 4.6 115 ~L75

T1571/W158L -10.3 98 -3.55

According to the prediction of Aurora et al. (1994), when
the mUt"’.‘t'on Thrl57. _”e is introduced 'mo_ .the W1s8L T, is the melting temperature anr ,, the change in T, relative to wild
protein, it should lose its temperature-sensitive phenotypeype (WT*; see Materials and Methods), thg, ®f which is 65.3°C in this
This is not the case. When T157I is combined with W158Lbuffer. AH is the enthalpy of unfolding at T and AAG the change in

. . . tability relative to wild type, evaluated at an isotherm of 60°C. The un-
to achieve the double mutant there is an additional loss g

- ) - ertainty of AAG was estimated from the standard deviatiomA@® for
stability of 1.8 kcal/mole (i.e., 3.55 minus 1.75 kcal/mole). WT* to be +0.15 kcal/mole.
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Aurora et al. (1994) predicted that the mutation W158L Inferences for protein design
would allow the switch from ai,_ to a Schellman motif at
this site, but as shown in Figure 2b, this does not occurTo illustrate the structural rearrangements that would be
Although the W158L substitution does result in some large+equired to permit the introduction of the predicted Schell-
scale changes in the structure of the protein, the backbormaan conformation in T4 lysozyme, 20 representative
conformation in the immediate vicinity of the mutation, and Schellman motifs derived from the Protein Data Bank were
including the helix-capping region, changes very little. superimposed on the, conformation at the end of helix J.

Aurora et al. (1994) reasoned that presence of the bulkyrhe result is shown in Figure 3. As can be seen, the de-
side chain of Trp 158 prevented the formation of a Schell-signed structural change would require a movement of Gly
man motif by mutant T1571. The side chain of Trp 158 is 156 toward that occupied by the glycine residue in a typical
wedged between Val 94, a loop that includes residues 152Schellman conformation. To permit such a change, the loop
162 and residues 1-6 of the amino-termiahelix. As  that includes residues 157, 158, and 159 would have to
shown in Figure 2c, when Trp 158 is replaced by leucinemove toward Val 94. This would cause steric clashes be-
the surrounding residues actually move farther apart antiveen the loop backbone and the valine side chain even if
expose a hydrophobic cleft on the surface of the proteinthe conformational variability seen in the superimposed
presumably contributing to the loss in stability. Schellman conformations is taken into account. A possible

We were not able to obtain the crystal structure of theway to relieve these steric clashes would be via a rotation of
double-mutant T1571/W158L. It may be noted, however,helix J, but this would require the disruption of other favor-
that the loss of stability of the double mutant (3.55 kcal/able interactions. It might also be noted that the carbonyl
mole) is close to the sum of the stability losses of the congroups in the last turn at the C terminus of helix J interact
stituent single mutants (3.80 kcal/mole). Such additivity iswith the guanidinium group of Arg 95 (Fig. 3). The N atom
the hallmark of, and is most simply explained by, noninter-of this residue forms a hydrogen bond to the carbonyl oxy-
action between the two sites. Therefore, although the posgen of residue 154 and the NH atom forms another hydro-
sibility cannot be excluded, it seems unlikely that the struc-gen bond to the carbonyl oxygen of residue 154. Substitu-
ture containing both mutations would undergo a structuration of Arg 95 with alanine substantially destabilizes the
rearrangement to form a Schellman motif. In this context itprotein (Baldwin et al. 1998), suggesting that the interac-
might be noted that the mutant lysozyme G156D has beetions of the guanidinium are important for stability. These
analyzed (Gray and Matthews 1987) and shown to maintaistabilizing interactions would be interrupted most likely if a
the o, motif. Consideration of sequence alone would sug-Schellman cap were to be introduced.
gest that Gly 156 (Fig. 1) is essential for formation of either To the extent that these results apply to proteins in gen-
anqo, or a Schellman motif, but the mutant structure showseral, they strongly suggest that the and Schellman helix-
that the surrounding interactions are sufficient to maintaincapping motifs cannot be routinely interchanged by altering
o, motif even when an aspartic acid is substituted at the Cthe amino acid sequence within the motif itself. Changes
position. from one motif to another require shifts in the protein back-

Asn2 ) Asn2
\ Vato %_/ \ varos /(§

~ f\( } Argss ‘(Y

I Metl
\ fetl \
ity jIyl5
Ghlso Tipl58 Girkse Trpl58
- -/
L / Lysia2 £ / Lysi62
Arglds Arglds

Fig. 3. Stereo diagram showing the backbone structure of 20 Schellman conformations (green) superimposed capiiiag motif

at the C terminus of helix J of T4 lysozyme. The superpositions were based on the helix residues only and had an average
root-mean-square discrepancy of <0.2 A. The Protein Data Bank codes and residue ranges (in parentheses) for the selected Schellman
motifs are 351c (1-8), 2act (70-78), 5cpa (51-59), 2cts (33-41), 2cts (150-159), 2cts (282—-290), 2cts (301-309), 2cts (351-362), 2cts
(405-413), 1gd1 (101-109), 3grs (32-40), 3grs (231-239), 3grs (281-289), 3grs (443-451), 1lz1 (5-13), 3lzm (40-48), 1mbo
(139-147), 9pap (68-76), 4pep (133-141), 4pep (96—104). Trp 158 and the residues it contacts—Met 1, Asn 2, Val 94, Arg 95, and
Gly 156—are displayed in a ball-and-stick representation.
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bone of up toB.5 A (typically (1.5 A for the Gx atom at  Table 2. X-ray data collection and refinement statistics
C' and 3.5 A for that at C[Fig. 1]). These may perturb

LT ) . .~ Mutant W158L T157I
stabilizing interactions that exist in the reference protein or
introduce unfavorable interactions. The presence of suchpace group R2,2, P3,21
favorable or unfavorable interactions cannot be inferred-ell dimensions

from the amino acid sequence alone; it requires knowledge E(A) ;‘712 gi'g
of the three-dimensional structure. Studies of peptide frag- ¢ () 138.2 97.4
ments that include helix-capping motifs suggest that capNumber of molecules per asymmetric unit 4 1
ping interactions can occur in solution (Sukumar and Gi-Resolution (A) 2.6 1.8
erasch 1997; Das et al. 2001) although they do not appear f&vm (%) 57 4.0
be strong determinants of structure (Viguera and SerranﬁompIEteneSS (%) 8 87
factor (%) 23.5 19.6
1995; Wang and Shortle 1997; Kallenbach and Gong 1999k free (%) 315 24.5
In terms of the use of rules to predict helix-capping Mo-A,,.4 iengindA) 0.022 0.012
tifs, the approach suggested by Aurora et al. (1994) is @uond angied”) 2.2 16
useful first step. In common with related approaches, howPDB" code 1Qu 1joz

ever, such as the prediction of the locationsédielices, the :
2(PDB) Protein Data Bank.

rules are not perfect. It strongly suggests that the structureé

of proteins are determined by a hierarchy of interactions.

The amino acid sequence within a short segment of the

[ ti hain can stronalv influence its structur ure of W158L was solved by molecular replacement using the
polypeptide chain can strongly uence its structure, bu rograms AMore (Navaza 1994) and the direct-rotation search

the conformation of the segment in the folded protein can b‘ingction of CNS (DeLano and Briinger 1995: Briinger et al. 1998).

dictated by interactions with residues in other parts of thesyccessful searches for three of the molecules in the asymmetric

polypeptide chain. unit were carried out with different T4 lysozyme mutants that have
been shown to adopt different hinge-bending angles between the
amino- and carboxy-terminal domains (Zhang et al. 1995). The

Materials and methods fourth molecule was localized using difference-Fourier electron
density maps.

Mutagenesis

Mutants were derived from a cysteine-free version of T4 lysozymeRefinement

(WT* Matsumura a_nd Matthews 1989) using the method OfThe refinement of all mutants was carried out with TNT (Tronrud
Kunkel (1985) on a single-stranded M13 phage DNA T4 Iysozymeecf al. 1987; Tronrud 1997). Model building was performed with

template plasmid (Poteete et al. 1991). The mutants constructe . h
werg Thr1p57_, lle £T157|) and Trpls&) Leu (W158L), as well program O (Jones and Kjeldgaard 1997). The accuracy of the final

as the double-mutant T157I/W158L. The mutated T4 lysoz me_mo_del was assessed With the programs .WHATIF a_nd PROCHECK
containing fragment of the M13 plasmid was excised \ﬂém_”y (Vriend 1990; Laskowski et al. 1993). Hinge-bending angles were

andHindlIl and ligated into the pHS1403 expression vector. Plas_determined with EDPDB (Zhang and Matthews 1995).
mids were subsequently transformed ifEecherichia coliRR1
cells. All mutants were expressed and purified as described (PQI-_
teete et al. 1991). Protein activities were monitored using a halo-
ahssay (Matsum_llJJa and Matthews 1989) and found to be essentialiy, e rmodynamic measurements were made in 0.1 M NaCl, 1.4 mM
the same as wild-type. HOAc, 8.6 mM NaOAc at pH 5.42. In this buffer, all mutant
proteins appeared to melt in a two-state manner at protein concen-
. trations between 0.01 and 0.03 mg/mIAG, the free energy of
Crystallization unfolding of the mutant relative to wild-type, was estimated at
Protein concentrations used for crystallization wet& mg/mlin ~ 60°C, assuming the change in the heat capacity on unfoldiGg,

20 mM HEPES buffer at pH 7.0. Initial crystallization conditions t0 be 2.5 kcal/mole-K.

were screened using the Hampton Crystal Screen II. Crystals were

obtained for mutants T1571 and W158L. T157I crystallized iso- )

morphously to wild-type T4 lysozyme in space groug®Bin 1.8  Coordinates

M phosphate at pH 7.8. Mutant W158L tallized using 30% . o . )
polse?hs)ﬁeiee g;ycpol 4000 gan PIPES Cgspf_l' |§eo ;ﬁén% 2 N?Coordlnates have been deposited in the Protein Data Bank with
Li,SO, in space group P2,2, with four molecules in the asym- access codes 1JQU and 1JOZ (Table 2).

metric unit. No crystals were obtained for the double mutant.

hermodynamic analysis
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