Protein Sciencé2000, 9:2322—-2328. Cambridge University Press. Printed in the USA.
Copyright © 2000 The Protein Society

Thermodynamic and structural characterization of Asn
and Ala residues in the disallowed Hegion
of the Ramachandran plot

M. CRISTINA VEGA*® JOSE C. MARTINEZ* anp LUIS SERRANC

1EMBL, Meyerhofstrasse 1, 69117 Heidelberg, Germany
2Departamento de Quimica Fisica, Facultad de Ciencias, Universidad de Granada, 18071-Granada, Spain

(RECEIVED June 6, 2000FINAL REvVIsION September 22, 20005ccepTED September 22, 2000

Abstract

Residue Asn47 at position L1 of a typé B-turn of thea-spectrin SH3 domain is located in a disallowed region of the
Ramachandran pldgtp = 56 + 12, = —118+ 17). Therefore, it is expected that replacement of Asn47 by Gly should
result in a considerable stabilization of the protein. Thermodynamic analysis of the N47G and N47A mutants shows that
the change in free energy is sma#t0.7 kcaymol; ~3 kJmol) and comparable to that found when mutating a Gly to

Ala in a a-helix or B8-sheet. X-ray structural analysis of these mutants shows that the conformation@®fuhedoes

not change upon mutation and, therefore, that there is no relaxation of the structure, nor is there any gain or loss of
interactions that could explain the small energy change. Our results indicate that the energetic definitioegadnl

of the Ramachandran pld$ = 60 + 30, = —115 + 15) should be revised for at least Ala and Asn in structure
validation and protein design.

Keywords: B-turn; protein design, Ramachandran plot, SH3 domain

The Ramachandran ploRamachandran & Sasisekharan, 19688 this residue that occupies position L1 in typétlirns(Wilmot &
a representation of the conformation of the main chain of a proteinThornton, 1988 However, it is evident that non-Gly residues are
It provides a convenient method for the analysis of the stereoeccasionally found in this are@Vilmot & Thornton, 1988; Jia
chemistry of the polypeptide chain backbone in protein structureset al., 1993; Stites et al., 1994; Gunasekaran et al., 1996; Ohage
and it is an important guide of the overall correctness of a structuret al., 1997. An important question that remains to be answered is
(Laskowski et al., 1996 immediately revealing any gross error in to what extent the occurrence of non-Gly residues in theeldion
protein conformation. Additionally, the Ramachandran plot is keyresults in a large conformational strain paid by the rest of the
to the understanding of protein folding and stability and thereforeprotein(Jia et al., 1998 Mutagenesis experiments changing a Gly
provides guidance to protein design. Statistical studies on highinto a Ala in the Il region done irStaphylococcal nucleagStites
resolution structures show that there are still small but significanet al., 1994 and the murine immunoglobulin light chaifvk)
numbers of residues that remain in forbidden arf&@sasekaran (Ohage et al., 1997 resulted in small energy changés and
et al., 1996. Disallowed zones in the Ramachandran plot corre-2 kJ/mol, respectively. However, in these studies no three-
spond to conformation distributions where steric clashes make&imensional3D) structures for the mutants were provided; there-
protein folding energetically very expensive for all residues, or infore, the possibility of a conformational rearrangement releasing
some regions only for non-Gly residues. One of these areas is thiie putative strain cannot be discarded. Yang e{96, in a
so-called Il zone (¢ = 60 £ 30, ¢y = —115 + 30), which is recent theoretical study using blocked dipeptides, calculated the
occupied by residues that are forming part of position(flollow- difference in energy between Ala and Gly at position L1 of a type
ing the nomenclature of Sibanda et al., 1980a type Il beta-turn Il B-turn, and concluded that it should be of the order of around
(Hutchinson & Thornton, 1994 This region in classical Ram- ~5.4 k¥mol. Thus, these studies suggests that at least Ala could
achandran plots is only allowed for Gly, and, in fact, it is mainly be placed in the Ilregion of the Ramachandran without a large
energy penalty. To show that this is the case, we need to mutate a
non-Gly residue in the llregion by Ala and determine the 3D
Reprint requests to: Luis Serrano, EMBL Structural Biology Program, structure, as well as the effect on protein stability.
Me_)(/jerlrtl)ofstrglsse 1, Heidelberg 69117, Germany; e-mail: Serrano@EMBL- The a-spectrin-SH3 domail62 residuesfolds into an orthog-
H%Tﬁeseégéufhors have contributed equally to this work. onal B-sandwich .clonta}ining threg-hairpins(Fig. 1) and follows
Abbreviations:CD, circular dichroism; DSC, differential scanning cal- @ two-state transitiofiguera et al., 1994 Of the three turns that
orimetry; PCR, polymerase chain reaction; UV, ultraviolet; WT, wild-type. are found in these domain, the last ofkstal loop is a regular
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Fig. 1. Ribbon diagram of ther-spectrin SH3 domain. Position 47 is shown in green. The arrow points to ‘thedion of the
Ramachandran plot in which this residue is found in the different structures of the WT and mutant SH3 domains.

type I’ beta-turn(Fig. 1) with the sequence Asn47—Asp48 at po- by molecular replacement using the wild-typ&/T) a-spectrin
sitions L1 and L2. Thus, residue Asn47 is placed in thddibid- SH3 structurgViguera et al., 199bas template. The packing in
den region of the Ramachandran plot. The location of Asn47 is nothe crystals is similar to the packing of the WT domain. The
an artifact of the structure calculation, or due to crystal contactscrystals show one molecule by asymmetric unit with a Matthews
because it is found both in X-ray crystallography and NMR struc-coefficient of 2.4. Each molecule interacts with the symmetric
tures(Musacchio et al., 1992; Viguera et al., 199Zable ). related ones in the cell by hydrophobic contacts. The refined crys-

In this work, to assess the importance of the conformationakal structures of the N47G and N47A mutafit@ble 2; Fig. 2 are
strain for non-Gly residues in the ltone, we have replaced Asn47 similar to that of WT domain, and residues 47—48 adopt dihedral
by Ala and Gly. The changes in protein stability, the effects in theangles corresponding to a typé B-turn, as expecte@lable 1. In
kinetics of folding and unfolding, as well as the 3D structures ofall cases, the same number of main-chain hydrogen bonds and
the two mutants have been determined. contacts in thgg-turn are observed. Thus, any changes in stability

can be solely ascribed to the introduction, or deletion, of side-chain
) ) groups and their interaction with the turn and the solvent.

Results and discussion

Crystal structures Thermodynamic and kinetic analysis

The crystal structures of twa-spectrin SH3 mutants: N47A and The kinetic analysis of the N47A mutant has been done at pH 7.0
N47G have been solved at 2.0 and 1.8 A resolution, respectivelyand 3.0(Fig. 3). The results of the analysis of the unfolding and
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Table 1. Dihedral angles from different structures in the distal loopae$pectrin SH3 domain and free energy
of unfoldingAG at pH 7.0 for the WT and mutants at position 47 of the distal foop

Residue

45 46 a7 48 49 50

¢ U © ¢ b N w ¢ U © ¢ b © ¢ b ®

WwT1 -122 125 -169 -125 107 -15 43 —-90 -—171 -108 -10 -—175 -—108 148 176 —115 145 179
wT2 -—-117 153 -177 -114 104 -172 57 -101 -176 -—118 13 177 -129 147 174 —-172 145 179
WT3 —-104 112 179 -112 112 -177 67 —122 179 -118 42 —-177 -—-137 151 179 -119 133 -179
WT4 -86 115 -—-171 -—142 128 —-179 66 —-72 —175 -—150 11 —-162 -144 140 173 -97 92 -167
N47A  —121 118 -179 -109 112 -176 57 -—-122 -178 -110 34 -178 -—123 147 179 —-130 150 179
N47G —-124 119 -179 -—111 111 -179 67 -108 -—-177 -—119 22 -—177 -—-137 146 -—-177 -106 170 179

aDihedral angles of the backbone for the different distal loop conformations frespectrin SH3 domain structures available in literature: WT1
crystallographic structure at 1.8 #DB code 1shg(Musacchio et al., 1992WT2 crystallographic structure of a pseudo-wild-typepectrin SH3 at
1.77 A (PDB code 1pwt (Viguera et al., 1994 WT3 NMR structure(PDB code laey(Blanco et al., 1997 WT4 crystallographic structure of circular
permutant in the residues 19-2BDB code 1tug (Viguera et al., 1998

refolding reactions for this protein mutant are shown in Table 3. Tois almost fully folded in the transition state, as previously indicated
obtain the kinetic and free energy parameters, we have fitted thbased on other mutatioriartinez et al., 1998; Martinez & Ser-
folding and unfolding traces using a two-state mogele Materi-  rano, 1999. However, this result is more conclusive because we
als and methodsThe unfolding and refolding kinetic slopes; - show no conformational change upon mutation, and we are only
(related to the difference in solvent accessibility between the foldedleleting one methyl groupAla vs. Gly).
and transition stat¢sandmy, (between the unfolded and transi-  The destabilization Gibbs energy induced by a mutatlaYGr ;)
tion stateg are similar within the experimental error to that pre- has been calculated from the kinetic data and differential scanning
viously described for the WT domaifMusacchio et al., 1992  calorimetry(DSC) (Table 4. At pH 7.0, the mutant N47Ais 1.3
Protein engineering analysis allows obtaining an estimate of th@.2 kJ mol* more unstable than the WT domain, while the mutant
free energy contribution to the rate-limiting step in protein folding N47G is 1.7+ 0.2 kJ mol ! more stablé Table 4. At low pH, the
of the mutated grougFerst & Serrano, 1993 This analysis per- differences with the WT protein are somewhat different, probably
mits to determine the so-callegl,-U=° value. This parameter due to the disruption of a possible pH dependent interaction of
measured for a mutant enables us to quantify the extent of intetAsn47 with Asp48. However, the difference in energy between
action energy of the deleted group with the rest of the protein in theN47A and N47G(3.0 kJmofl?) is pH independentTable 4.
transition state ensemble, compared with the folded ¢Feest &  Similar results are obtained by differential DSC analysis of the
Serrano, 1998 A value of ¢;-U"2C = 1 indicates that the energy proteins at pH 3.5Table 4. The DSC analysis shows a significant
of a given interaction is the same in the transition state as in thentropic change when mutating Asn47 to Gly, in part, compensated
folded state, and a null value indicates the absence of this inteby the enthalpic component.
action in the transition state. Intermediate-U"2° values corre-
spond to partially formed interactions, or interactions fully formed Protein structures database analysis
within a fraction of the transition state ensemble. . .

In the case of the N47A protein and using the N47G protein asThe difference in free energy between the N47A and the N47G

. ) . roteins is small and similar, but opposite in sign to that found
a referencéMartinez & Serrano, 1999we find a very high value P . ; :
of ¢4-U"2C at both pHs, indicating that this region of the protein between Ala and Gly in a-helix (Martinez & Serrano, 19991n

agreement with this, statistical analysis of the protein structures
database reveals that the differences in relative frequency of Gly
and non-Gly residues in the’ltegion of the Ramachandran plot
(357 vs. 99 caseds similar to that between other amino acids
Table 2. Refinement statistics for NA7G and N47A mutants (excluding Pro in the left-helical region. The average dihedral
angle values for position L1 of the distal lodfmcated in the I

N47A N47G region in the SH3 protein domain structures used in our study is:

Resolution rangéA) 8.0-2.0 8.0-1.8 ¢ = 56 + 12,4 = —118 + 1_7 (sec_e Tr_:lble 1L Searching in the
Number of reflection$F, > 20 (Fo)] 3,485 5,796 protein structures database with this dihedral angle résegeMa-
Total number of atomgexcluding hydrogens 349 543 terials and methodgesults in a proportionally larger number of
Number of solvent molecules 44 70 non-Gly residues in this are@®8 out of 122 cas@sThe small

Reryst 18.0 22.8 number of cases found is probably more related to the fact that this

Reree 25.5 28.0 region is generally, although not always, associated to a type |l
RMS deviations from target values B-turn, and it is not compatible with other regular secondary struc-
Bond lengths(A) 0.008 0.013  tyre conformations. Interestingly enough, the number of non-Gly
Bond angleddeg 1.356 1.636

cases associated tgBaturn in the context of g8-hairpin is small
(19%).
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Fig. 2. Structure characterization of the mutamks.Electron density mag2F, — F;) of the N47A mutant at & level contour in the
distal-loop.B: Stick model representation of the distal-loop crystal structure in the N#irellow), N47G(in blue), and WT(in red,
code, 1shg spectrina-SH3 domain. The superimposition shows the conservation of the structure in the mutants attype I
beta-turn.

Conclusion (1996 using a model-blocked dipeptide. This small energy differ-
ence cannot be ascribed to a favorable contribution of the main-
The small changes in stability observed upon mutation of residuehain H-bond, because this interaction is present in the three proteins.
47 to Gly or Ala are consistent with the experimental results ob-Moreover, in the case of Ala, the side chain cannot make any
tained by other grouptStites et al., 1994; Ohage et al., 199@s  significant electrostatic interactions with the polypeptide chain.
well as close to the theoretical calculations done by Yang et alThus, the experimental values found in the spectrin-SH3 domain

Table 3. Kinetic analysis of the N47A mutant at pH 7.0 and®33.5

my.£° m° ke.g ksu® mey’ ¢ru"
pH (kJmol'*M 1) (kJmol*M 1) (s (s (kJmol*M~1) AGE.y9 (kJmol™1)
3.5 —2.51+ 0.09 52+ 0.1 0.027+ 0.002 3.3+ 0.2 7.7 11.9 1.3 0.2
7.0 —1.80+ 0.09 4.3+ 0.09 0.0055+ 0.0007 2.05t 0.0 86.1 14.6 0.8 0.2

aThe experimental conditions and analysis are described in Materials and methods. The errors shown correspond to the fitting errors.

bDependence of the natural logarithm of unfolding with urea.

°Dependence of the natural logarithm of refolding with urea.

9k, ¢, unfolding rate constant in water.

¢Refolding rate constant in water.

fDependence of the natural logarithm of the equilibrium constant with urea, obtained from the kinetic paramgetans m;_.

9Dependence of the Gibbs energy of unfolding with ui@ébs energy of unfolding of the mutants determined from the kinetic
parameters

"Phi values for refolding using the N47G mutant as in Martinez and Se(989.
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2 L S e s e B S e B Ala and Asn can be placed in the Hegion of the Ramachandran
. plot with a small energy cost. Similarly, they do not induce a high
1r increase in the energy barrier in the protein folding.
F In addition, on the basis of our results and taking into account
0r the earlier theoretical and experimental works, thedgion of the
i ; Ramachandran plot should be considered for some residues as an
c s allowed region from an energetic point of view. Our results do not
" c 3 change the topography of the Ramachandran Plot, but they high-
F | light the fact that the zone'lbn the Ramachandran Plot should be
sk % considered energetically allowed at least for Asn and Ala. The
r results presented here are important for protein structure calcula-
at tion and protein design g8-turns, and should be taken into ac-
0 10 count, for instance, during structure validation process.
5 Materials and methods
1.5 g Protein database search
tr E The database of 3D structures has been obtained following the
0.5 E principles described by Hobohm et &.992. This database has
~ F ] been filtered for quality of the data and consists of 279 proteins
c 0 3 E with less than 25% sequence homology for a total of 59,117 amino
-0.5 B acidic residuesthe list of proteins is shown in Munoz & Serrano,
p g E 1995, and it is currently included in the program WHAT(Friend,
b ] 1990. The search was conducted using the Scan3D option, and the
1.5 E search query was done using e} suboption.
-2 L Il 1 1 L 1 i I |

o]
e
o

‘[‘urea] (If/l) Mutagenesis and purification

The mutants, obtained by the polymerase chain readfRdR
Fig. 3. Kinetic analysis in folding and unfolding reaction of the mutants method (Higuchi et al., 1988 were expressed and purified as
N47G and N47A at pH= 3.5 and 7.0(Empty circleg N47A data,(filled previously indicated Viguera et al., 1994 Protein concentration
circles N47G data:iA) pH 3.5,(B) pH 7.0. The solid lines represent the (yvas determined using the method of Gill and von Hipa@89 to

best fit of the whole data set to Equation 2 described in Materials an . S _
methods. obtain the extinction coefficient, that was 2.26 pain mg.

inetic m remen
are not system, or context dependent, but rather reflect a genera etic measurements

result. The observed change in stability is comparable to that foun&olding and unfolding kinetics were followed in a biologic stopped-
in a-helices when mutating an Ala to Gly. This means that at leastlow machine by fluorescence emission selected with a 305 nm

Table 4. Thermodynamic parameters for the WT and mutant proteins at pH 7.0 add 3.5

m;—y AGE_y AAGE -y
Chemical Protein (kdJmol*mM 1) (kd mol™1) (kd mol1)
pH 7.0 WT* -55+0.2 159+ 0.1
N47G* —-5.6+ 0.1* 17.6+ 0.1 -1.7
N47A —-6.1+ 0.1* 146+ 0.1 1.3
pH 3.5 WT* -7.6=+0.2 125+ 0.1
N47G* —-7.6+0.2 15.0+ 0.2 —-2.5
N47A -7.7+0.1 11.3+ 0.1 1.2
Tm AC,u(Tm) AHy (Tm) ASy(298 AGy(298 AAGF-y
Calorimetry Protein (K) (kJK™tmol™?) (kJmol™t) (IKtmol™) (kJmol™t) (kJmol™t)
pH 3.5 WT 336.0 2.9 188 155 13.9
N47G 339.1 2.1 197 185 16.0 -2.1
N47A 333.9 3.2 193 145 13.4 0.5

aThe errors in experimental values 8H,, andAC, y(Ty,) are about 8%, 20% foAGy (298 and around 0.7 K fof .
bData taken from Viguera et al1994 and Martinez and Serrarnd999.
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cutoff filter upon excitation at 290 nm. The buffer used was 50 mMdencies of the partial molar heat capacity and analyzed as de-

sodium phosphate pH 7.0 or 50 mM glycjtt¢Cl pH 3.5. The cell ~ scribed elsewheréMartinez & Serrano, 199%nd below.

chamber and the syringes were kept at 298 K. In the SH3 domain, To fit the data, we followed the two-state model, using a non-

there are two Trf41 and 42 The fluorescence and far-UV CD linear C, y function in the same way as for WT doméi¥iguera

traces have been shown to be identid4buera et al., 1994 The et al., 1994. Moreover, we have performed a direct global fitting

kinetic phases have been fitted to mono-exponential by means aif all the curves to the model to get a unique and more reliable

algorithms provided by Biologic Software from whekethe rate  AC, y(T) function. The expression we obtained was

constant at a given concentration of denaturant, was calculated.

'Sl'ir(;Zrcelz ti:]a?r?inél)n;sl(;/;ri\Se.rlzatlon slow refolding phase is not con AC,u(T) = —2.39+ 0.076T — 0.00017982 (kJ/K mal). (4)
The enthalpy values we obtained from the fittiGgable 4

follow, between the limits of error, the WAHy(T,,) vs. Ty, cor-

When studying the unfolding and refolding reactions of unstablerelation (data not shown

SH3 mutants, it has been found that the changes in the natural

logarithm of the unfolding rate constant with urea are not linear

and curve at high urea concentratiofdguera et al., 1994 A X-ray crystallography

lilemrlslﬁ: qg%r%omenon has been described for barfasknson & Single crystals of the N47G and N47A mutantsae$pectrin SH3

! o grotein domain were grown as described previously forWi§uera
In SH3 domain, fitting of several of these unstable mutants ha 2t al., 1994, Diffraction patterns were collected using Hamburg
shown that the curvature of the unfolding data follows the next h : diati he DORYS ina. The d
equation(which also reproduces the data in barnase synchrotron ra |a_t|on at the storage ring. 1ne ata sets
were processed with DENZO, scaled and merged with SCALEPACK

) (Otwinosky, 1993 with anR-merge of 3.7 and 7.5%, respectively,
Inker([ured) = Inkyr + mye[ured —0.014ured”. (1) wijth completeness of 75 and 93% in the shell of highest resolution

for mutant N47G and N47A, respectively. The coordinates from

Determination of the kinetic and thermodynamic parameters

Accordingly, the kinetic data were fitted to the equation: WT a-spectrin SH3 domaifiProtein Data BankPDB) code 1shy
were used as starting model for both mutant structure determina-
Ink([ured) = In(ky.y exp(my., [ured) tions using the AMoRe prograrfNavaza, 1994 The final solu-

tion for both mutants were found using tRg,sbetween 12-2.5 A
+ Kyr exp(mye [ured — 0.014[ured?)) (2 and shows a correlation coefficient of 0.69 anR-g&ctor of 0.40
for the N47G mutant and a correlation factor of 0.59 an&dactor
wherek;., andk,.r are the refolding and unfolding rate constants of 0.40 for the N47A mutant. The refinement was performed with
in water, respectivelyn,., andm,.r are the slopes of lkvs.[uregd ~ an X-PLOR packagéBriinger, 1992a, 1992bDuring the refine-
in the refolding and unfolding reactions, respectively. The equilib-ment, the &, — F. and F, — F; electronic density maps were

rium free energy of unfolding can be calculated from khg and ~ displayed with the graphic program TURB@ambillau & Hor-
ki.r values: jales, 1987. The turn is clearly defined by the electronic density

map (2F, — F.) at the Ir level. The final coordinates have been
AGry = —RT(In(key) — IN(Ker)). 3 submitted to the Protein Data Ba(#&BI) with codes 1gkwN47G)
and 1gkx(N47A).
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