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ABSTRACT: It has been shown that protein stability can be modulated from site-directed mutations that 
affect the entropy of protein unfolding [Matthews, B. W., Nicholson, H., & Becktel, W. J. (1987) Proc. 
Natl .  Acad. Sci.  U.S.A. 84, 666346671. However, the effect of a specific amino acid replacement on 
stability highly depends on the location of the mutation site and its environment in the protein structure 
[Yutani, K., Hayashi, S., Sugisaki, Y., & Ogasahara, K. (1991) Proteins Struct., Funct., Genet. 9,90-98). 
To clarify the role of specific proline residues in the thermostability of human lysozyme (h-lysozyme), a 
series of proline mutants were investigated by means of scanning calorimetry and high-resolution X-ray 
crystallography. The thermodynamic properties of the mutant and wild-type h-lysozymes are compared 
and discussed on the basis of their three-dimensional structure. h-Lysozyme contains two proline residues 
a t  positions 71 and 103. The Pro71 - Gly substitution was found to destabilize h-lysozyme by decreasing 
the entropic contribution of unfolding by about 2 kcal/mol a t  68.8 OC. This is consistent with the theoretical 
expectations for such a substitution. However, the same substitution a t  position 103 (Pro103 - Gly) does 
not affect h-lysozyme stability, and the thermodynamic properties of the P71G/P103G and P71G mutants 
are essentially the same. Pro71 which is conserved among lysozymes from other species, appears to be 
important for stability, whereas Prol03, which is not conserved, does not. These differences are explained 
in terms of residue accessibility to the solvent and crystallographic B-factor, which reflects the amino acid 
mobility. Other mutants containing three prolines (A47P, D91P, and V11OP) are also examined. These 
mutation sites were selected in order to minimize the conformational perturbations caused by the introduction 
of a trans proline in the protein sequence. All of these mutants are entropically stabilized, but the entropic 
effects are often masked by concomitant changes in the enthalpy of denaturation. The overall three- 
dimensional structures of the mutant and wild-type h-lysozymes are essentially identical; only slight local 
structural readjustments are found around some of the mutation sites. 

Understanding the physical basis of the stability of proteins 
is crucial not only to the understanding of their structure and 
function but also to elucidate how the unique conformation 
of the folded state can be acquired. Such knowledge would 
be particularly useful for protein engineering or protein design 
where there is a considerable interest in enhancing protein 
stability. 

However, the mechanism of protein stabilization remains 
one of the difficult problems of protein chemistry due to the 
great number of factors involved in that process and the lack 
of experimental methods allowing the evaluation of their 
respective contributions. The overall net free energy of 
stabilization of proteins is usually small; e.g., the native state 
of a typical globular protein is only about 10 kcal/mol more 
stable than the unfolded state. However, this marginal stability 
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results from a delicate balance between a great number of 
weak interactions, globally corresponding to a stabilization of 
quite high energy (=lo0 kcallmol), and the destabilization 
arising from the loss of conformational entropy of the folded 
polypeptide chain. At the moment, there is no direct way to 
evaluate the contribution of all these interactions in the 
stabilization mechanism. 

In spite of that complexity, structural and thermodynamic 
comparisons of genetically altered proteins have recently 
provided new insights about the role of individual amino acids 
in determining the structure and stability of globular proteins 
(Alber, 1989). For instance, considerations introduced several 
years ago about the influence of amino acid side chains on the 
entropy of protein unfolding (Nemethy et al., 1966) have been 
confirmed more recently on bacteriophage T4 lysozyme (Mat- 
thews et al., 1987) by showing that protein thermostability 
can be increased from site-directed mutations that decrease 
the entropy of unfolding. It was also reported that tryptophan 
synthase a subunit can be more or less destabilized by the 
replacement of conserved prolines by alanine or glycine (Yu- 
tani et al., 1991), depending on the backbone mobility of the 
folded protein at the mutation site. Increasing protein stability 
from selected amino acid substitutions that decrease the con- 
formational entropy of unfolding is an attractive approach 
because it implies that the unfolded state is more affected by 
the mutation than the folded state. Ideally, the folded state, 
whose properties are essential to protein function, would be 
unchanged. The entropic contribution to the unfolded state 
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FIGURE 1 : Stereo drawing of the human lysozyme structure. 

w 
Amino acids that have been substituted are indicated. 

free energy depends on the nature of amino acid side chains 
because the freedom of internal rotation of the backbone in 
the random coil form is influenced by the length or bulkiness 
of the side chains. Such effect is particularly important in the 
case of proline substitutions due to the pyrrolidine ring of 
proline, which restricts this residue to fewer conformations 
than are available to the other amino acids (Nemethy et al., 
1966). 

In the present study, we focus on the role of proline residues 
in the stability of a model protein: human lysozyme (h- 
lysozyme). h-Lysozyme is a typical globular protein (1 30 
amino acids, 4 disulfide bonds) that contains only two proline 
residues at positions 71 and 103; both of them are in the trans 
conformation in the native state (Artymiuk & Blake, 1981). 
In order to investigate separately the role of specific prolines 
in h-lysozyme stability, a series of proline mutants were 
produced and characterized. The h-lysozyme mutants ex- 
amined in this work are P71G (Pro71 is replaced by Gly), 
P103G(Prol03isreplaced byGly),andP71G/P103G(Pro71 
and Pro103 are replaced by Gly). Other mutants such as 
A47P, D91P, and VllOP (Ala47, Asp91 and Val110 are 
replaced by Pro, respectively) were also investigated to extend 
our study. The mutation sites were selected in order to 
minimize the conformational perturbations caused by the 
introduction of a trans proline in the protein sequence. Only 
one proline remains in the P71G and P103G mutants and no 
prolinein theP71G/P103G mutant, whereas theA47P, D91P, 
and V11OP mutants contain three proline residues. As shown 
in Figure 1, Pro71 and Pro103 are located in loop regions, 
Asp91 andVal1 10arelocatedin a-helices near theN-terminal 
region, and Ala47 is in a @-turn. All these mutant proteins 
have already been introduced in a previous work relative to 
the role of proline residues on h-lysozyme folding kinetics 
(Herning et al., 1991). In this second part, thermodynamic 
properties of each protein are determined by means of scanning 
calorimetry and their three-dimensional structures are solved 
at high resolution by X-ray crystallography. The calorimetric 
technique provides the most accurate and reliable way for the 
determination of the basic thermodynamic functions associated 
with protein denaturation. The results are discussed in light 
of the high-resolution X-ray structural data of the crystalline 
proline mutant and wild-type h-lysozymes. The contribution 
of proline residues to configurational entropy is examined, 
taking into account their environment in the protein structure. 

MATERIALS AND METHODS 

Materials. Wild-type h-lysozyme was purchased from 
Sigma (St. Louis, MO). All chemicals were reagent grade 
and were used without further purification. 

Purification of h-Lysozyme Variants. Mutations in the 
h-lysozyme gene were generated by oligonucleotide-directed 
mutagenesis. The mutants used for this study were P71G, 
P103G, P71G/P103G, A47P, D91P, and V11OP. Mutant 
lysozymes were produced as described previously (Herning et 
al., 1991), using Saccharomyces cereuisiae AH22R- (a leu2 
his4 can1 phodfl) (Minohara et al., 1983) as a host strain. The 
genes encoding the signal sequence and mutated h-lysozymes 
were combined with a XhoISmaI  large fragment from 
pERI8602 (Taniyama et al., 1988) to construct the expression 
plasmids. Secreted h-lysozyme mutants were purified as 
previously described (Kikuchi et al., 1988). 

Calorimetric Measurements. Calorimetric measurements 
were carried out with a scanning microcalorimeter, DASM4, 
equipped with an NEC personal computer. The scan rate 
was 1.0 deg/min for all the experiments. Each memory unit 
in the computer stored one datum for 5 s. Protein solutions 
were prepared just before measurements by dissolving ly- 
ophilized proteins, stored at  -20 OC, in 50 mM glycine 
hydrochloride buffer at various pHs ranging from 1.8 to 4.5. 
The pH of protein solutions was determined before measure- 
ments and was checked again after measurements. Protein 
concentration was carefully determined by measuring the ab- 
sorbance at 280 nm, taking €280 = 37 700. Protein concen- 
trations were within the range 0.8-3.5 mg/mL. Calorimetric 
and van’t Hoff enthalpies (MP’ and respectively) 
were calculated using a computer program developed by Ki- 
dokoro and Wada. The calorimetric enthalpy is calculated 
without making any assumption on the nature of the phase 
transition. It is derived from the area of the heat absorption 
peak using an electric calibration [see Figure 2 in Privalov 
and Khechinashvili (1974)l. The peak area is taken as the 
area limited from above by the heat absorption curve and 
from below by the heat capacity values of the native and 
denatured protein obtained by linear extrapolation of heat 
capacity before and after the process to the middle of the 
transition at the transition temperature Td. The van’t Hoff 
enthalpy is also calculated simultaneously from the same 
calorimetric curve. However, for this it is necessary to assume 
that the denaturation is a two-state transition process. The 
van’t Hoff enthalpy (MdVH) is calculated from 

where ACp is the height of the heat capacity peak at 
denaturation temperature, Td, and Qd is the area of the peak 
of the excess heat capacity curves [eq 5 in Privalov and Khechi- 
nashvili (1974)l. By comparing the calorimetric and van’t 
Hoff enthalpies one can estimate how close to a two-state 
transition the measured denaturation process is. More details 
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Table I: Crystal Structure Analysis of Wild-Type and Mutant h-Lysozymes" 
~~~~ ~ ~~ 

(a) Data Processing 
cell dimensions (A) no. of reflections Rmcrg Rsym completeness 

protein a b C independent total (W (%) (%) 

wild type 56.50 60.89 33.83 11487 35801 4.98 2.80 87.0 (80.4) 
P71G 56.59 60.71 33.83 9952 25987 5.92 3.99 87.6 (80.3) 

39581 3.40 2.13 82.0 (80.9) P103G 56.46 61.21 33.84 9358 
A47P 56.55 61.00 33.89 10426 38695 5.64 3.93 91.4 (85.7) 
D91P 56.68 6 1.04 33.86 10105 39225 4.80 2.51 88.3 (79.2) 
V110P 56.82 60.81 33.85 10232 29639 5.90 3.80 81.4 (76.6) 

(b) Refinement Statistics 
average deviation (A) from ideal values 

protein atom no. overall highest shell bond length bond angle planarity main chain side chain solvent 
R values (7%) average B factor (A*) 

wild type 1144 16.3 22.3 0.016 0.034 0.013 10.9 14.9 27.9 
P71G 1149 15.6 19.4 0.017 0.037 0.013 13.4 17.4 32.1 
P103G 1154 15.2 18.7 0.017 0.038 0.014 11.7 16.0 30.7 
A47P 1146 15.4 18.5 0.013 0.034 0.012 11.6 15.7 30.3 
D91P 1143 15.3 20.0 0.016 0.036 0.012 12.2 16.4 30.4 
VllOP 1130 16.0 21.9 0.016 0.038 0.013 10.0 13.4 23.4 

0 The highest shell goes from 1.89-A to 1.8-A resolution. The completeness in this shell is listed in parentheses for each protein. Rmcrg = z(I - 
( I ) ) / z ( I ) ,  Rsym = E ( ( I + )  - ( I - ) ) / z ( ( I + )  + (I-)), and R = zllFol - k ~ F c ~ ~ / ~ ~ F o ~ ,  where I and (I) are the measured and equivalent average intensities, 
respectively, ( I + )  and (I-) are the Bijvoet pair average intensities, and Fo and Fc are the observed and calculated structure factors, respectively. k is 
the scale factor. 

concerning the data analysis procedure on which this program 
is based can be found in a previous study (Kidokoro & Wada, 
1987). 

Crystallography. The method used for the crystallization 
was the same for the wild-type and mutant h-lysozymes and 
has already been described (Inaka et al., 1991). Since pH is 
a key parameter for calorimetric study, we restate that the 
crystallization pH was 5.8. The three-dimensional X-ray 
structure of each mutant, except P71G/P103G, was deter- 
mined at high resolution. All of the mutants crystallize in the 
space group P212121, similarly to wild-type h-lysozyme. The 
diffraction data were collected at 9 OC up to 1.8-A resolution 
with only one crystal for each mutant by an automated 
oscillation camera system (Dip- 100, Mac Science) equipped 
with an "imaging plate" (Fujii et al., 1991). The X-ray 
radiation generated at  50 kV, 90 mA, was obtained from a 
Cu target and was monochromatized by graphite. The crystal 
was oscillated by 2.0 deg/frame at a rotation speed of 0.002 
deg/s, which gives 33.3 min/frame. The overall exposure 
time per data set was about 28 h. The diffraction intensities 
were evaluated by the program system ELMS (Tanaka et al., 
1990) and processed at 1.8-A resolution by the program 
PROTEIN (Steigemann, 1974). The ratio Z/BZ was 3, where 
Z is estimated from the square root of the summation of the 
photon counts at peak pixels and backgroundcounts. Tocheck 
if protein deterioration occurred within data collection, the 
scale factors relative to the different frames were compared. 
For D91P the scale factor for the intensities increased from 
1.00 to 1.11 between the first and the last frame. For the 
other mutants the scale factor was basically unchanged 
between the first and the last frame (less than 3%). Therefore 
protein deterioration was considered as limited during data 
collection. The crystal structures were solved by the molec- 
ular replacement method, where the initial molecular model 
was the independently rerefined structure of wild-type h- 
lysozyme (Inaka et al., 1991). The model was fitted to the 
crystal structure of the mutants by rigid body refinements 
using the program TRAREF (Huber & Schneider, 1985). The 
substituted amino acid was identified and positioned with the 
computer graphics system [Evans & Sutherland PS390, 
operated by the program FRODO (Jones, 1978)l. Further 
refinements were carried out by the program package PROTIN/ 

PROLSQ (Hendrickson, 1985). The total numbers of solvent 
molecules in the final structure models were 119, 120, 132, 
125, and 101 for A47P, P71G, D91P, P103G, and VllOP, 
respectively. Thestructures were refined against the structure 
factors between 5.0- and 1.8-A resolutions and the R-factors 
were reduced to 0.154,0.156,0.153,0.152, and 0.160 for the 
mutant structuresofA47P,P71G,D91P,P103G,andVl lop, 
respectively. The crystal data and refinement statistics are 
listed in Table I. 

RESULTS 

Calorimetric Results. To evaluate the contribution of 
specific amino acids to protein stability, one needs to compare 
the thermodynamic data relative to the denaturation of point- 
mutated proteins to those of the wild-type protein. Most point 
mutations are likely to induce relatively small changes in 
protein stability (Privalov, 1979). Therefore, it is necessary 
to determine very accurately the various thermodynamic 
functions describing the denaturation process of the protein. 
To date, the most direct and accurate way to determine these 
thermodynamic functions is provided by the scanning calo- 
rimetry technique. In this section, we present the thermo- 
dynamic results obtained by means of this technique on various 
mutant and wild-type h-lysozymes. Figure 2 shows typical 
excess heat capacity curves resulting from calorimetric 
recordings of mutant and wild-type h-lysozymes at different 
pHs in the vicinity of pH 2.8. Both the pre- and posttran- 
sitional baselines vary linearly with temperature, and the 
transition curves appear to be single peak and symmetrical. 
Each protein considered in this study gave an excess heat 
capacity curve with similar characteristics. Thermal dena- 
turation of h-lysozyme was found to be reversible. This was 
confirmed by reheating the protein solution in the calorimeter 
cell immediately after cooling from the first run. Repeated 
thermal scans of the samples exhibited similar transition 
profiles. To determine the transition temperature, Td, the 
transition enthalpy, A&-', and the change in the heat capacity, 
A&,, the excess heat capacity versus temperature profiles 
were analyzed as described under Materials and Methods. 
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Typical excess heat capacity curves for (a) the wild-type 
h-lysozyme (pH 2.81, 2.57 mg/mL), (b) the P103G mutant (pH 
2.72, 2.2 mg/mL), (c) the P71G mutant (pH 2.80, 1.43 mg/mL), 
and (d) the P71G/P103G mutant (pH 2.76, 2.69 mg/mL). The 
increment of excess heat capacity is 5 kcal.mol-'.K-l. 
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FIGURE 3: Plot of the denaturation temperature, Td, versus pH for 
(0) the wild type, (+) P71G, (0) P103G, (0) P71G/P103G, (W) 
D91P, (0 )  VllOP, and (A) A47P. 

The validity of the two-state model could be tested because 
scanning calorimetric recordings provide simultaneously not 
only the real (calorimetric) enthalpy associated with the con- 
formational transition but also the effective (van't Hoff) en- 
thalpy of the transition. It has been shown (Privalov, 1979) 
that when thevan't Hoff enthalpy, &WH(T), is smaller than 
the calorimetric enthalpy, &Ha'( T), over the entire tem- 
perature :ange, it indicates that the transition is a multistate 
one, while if &WH(T) is greater than &Hca'(T), it means 
that there exist some intermolecular interactions. As reported 
in Table 11, in our experiments that ratio was close to unity 
for all of the proteins, indicating that we have a characteristic 
two-state denaturation process in every case (Privalov, 1979). 

Calorimetric experiments have been carried out for each 
protein at various pHs ranging from 1.8 to 4.5. The pH range 
was chosen far from the isoelectric point of h-lysozyme ( 2 1  1) 
in order to avoid aggregation at high temperature. The buffer 
used in all experiments was glycine hydrochloride since the 
enthalpy of ionization of this buffer is close to that of the 
protein groups. This ensures practically complete compen- 
sation of the protein ionization heat effects by the buffer 
ionization heat effects during denaturation so that the 
measured enthalpy of transition is essentially the enthalpy of 
theconformational change of the protein (Privalov & Khechi- 
nashvili, 1974). The transition temperature is very sensitive 
to pH variations. For all the proteins it was found to vary 
linearly with the pH over the range 1.8-3 -0, as shown in Figure 
3. This increase has been reported on other globular proteins 
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FIGURE 4: Plot of the calorimetric enthalpy of denaturation as a 
function of the denaturation temperature for (EI) the wild type, (e) 
P71G, (0 )  P103G, (0) P71G/P103G, (A) D91P, (W) VllOP, and 
(0 )  A47P. 

and has been ascribed to the stabilization of the native protein 
brought about by the decrease in its net positive charge as the 
solution become less acidic (Tsong et al., 1970). 

In principle, one could obtain all the basic thermodynamic 
functions describing the thermal denaturation of a protein 
from a single calorimetric recording at a given pH. The 
parameters that are directly measured from the recording are 
the transition temperature, Td, the calorimetric enthalpy 
change, AHpl, and the heat capacity change, &Cp. If &CP 
does not depend on temperature, changes in enthalpy, &H( T),  
entropy, &ds(T), and Gibbs energy, &G(T), on thermal 
denaturation can be calculated as a function of temperature 
using the following equations (Privalov & Khechinashvili, 
1974): 

AdG( T )  = T )  - TA$( T )  (4) 

where is the measured calorimetric enthalpy change 
at the transition temperature Td. However, the reliability of 
the calculated parameters highly depends on the accuracy of 
&Cp, and to a lower extent on M d " '  and Td. If one wishes 
to discuss small stability changes upon protein mutation, it is 
necessary to determine these thermodynamic parameters with 
the highest possible accuracy. This is done by performing 
calorimetric measurements at various pHs and plotting A&=' 
versus Td. usually varies linearly with Td and the slope 
determined by least-squares analysis gives &Cp with a 
reliability which increases with the data point number. In 
our experiments the relative error on the measured 
was estimated to be approximately 2-4% from the standard 
deviations of the data points. 

The plots of LiHdcalverSuS Td of the mutant h-lysozymes are 
compared to that of the wild type in Figure 4. Except for 
DglP, the Td, Md"ldata points for all the mutant and wild- 
type h-lysozymes are superimposed on the same straight line. 
The experimental data obtained from calorimetric recordings 
at various pH are summarized in Table 11. The thermody- 
namic parameters of denaturation for the wild-type and mutant 
proteins are compared in Table I11 at a reference temperature 
of 68.8 OC, the denaturation temperature of the wild-type 
protein at pH 2.80. For each mutant, Td at pH 2.80 was 
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This last mutation greatly stabilizes the protein through en- 
tropic effects (about 4.3 kcal/mol at 68.8 "C), but this effect 
is completely offset by a greater enthalpic destabilization, 
resulting in a decrease in the overall stability of that mutant 
(Table 111). 

Crystallography. Comparison of the properties of the wild- 
type and mutant h-lysozymes depends critically on the 
assumption that the amino acid substitutions do not affect 
significantly the three-dimensional structure of the protein. 
The validity of this assumption was tested by solving at high 
resolution the X-ray structure of each mutant except P7 1G/ 
P103G. The overall three-dimensional structure of all the 
mutants was found to be quite similar to that of the wild type. 
The root-mean-square discrepancies of the main-chain atoms 
(N, C,, C, and 0) between the wild-type and mutant 
h-lysozymes were found to be 0.192,0.241,0.092,0.055, and 
0.129 A for P71G, P103G, D91P, A47P, and VllOP, 
respectively. These values arevery low. However, some local 
and small structural readjustments are observed at some of 
the mutation sites. The difference in the coordinates of the 
corresponding C, atoms was slightly lower than 0.5 A for 
Pro71 - Gly and Pro103 - Gly substitution sites, 0.3 A for 
Val1 10 - Pro, and lower than 0.1 A for the other mutations 
(data not shown). In Figure 5 are shown the stereo drawings 
of the mutant structure around their mutation site, super- 
imposed on the wild-type structure. In Table IV are given the 
0, \k dihedral angles at the mutation site for each mutant 
along with their values in wild-type h-lysozyme. For the Xaa - Pro substitutions, the 0, !P values are also given for the 
residue preceding the mutation site because a proline residue 
not only restricts the 0, \k values at the proline itself but also 
limits the degree of freedom of the preceding residue. The 
Xaa - Pro substitutions were selected in such a way that they 
were compatible with these contraints. For the mutants A47P, 
D91P,andV1 lOP,Pro47,Pro91,andProl lOhave@,\kvalues 
within the allowed range for a proline (Schimmel & Flory, 
1968) and at the preceding sites the 0, \k values are essentially 
the same as for the wild type. 

In Figure 6 are shown the differences in the average 
crystallographic B-factors of the main-chain atoms between 
the mutant and wild-type protein for the P71G and P103G 
mutants. We can see that there is an increase in the B-factor 
around both of the Pro -Gly substitutions as compared with 
the wild type. However, the relative increase in the B-factor 
is significantly higher for P103G than for P71G. 

Table 11: Thermodynamic Parameters Obtained by Calorimetry of 
Wild-Type and Substituted h-Lysozymes 

Td mdQ' M d V H  mda'/ 
protein pH ("C) (kcal/mol) (kcallmol) mdVH average 

4.50 80.3 137.67 144.92 0.95 
3.01 72.1 125.38 130.61 0.96 
4.49 80.4 138.78 146.08 0.96 
2.81 68.8 118.90 122.58 0.97 
3.03 71.4 123.33 128.47 0.96 
3.50 75.1 129.16 137.41 0.94 
2.10 55.5 98.06 104.32 0.94 
3.05 73.5 128.43 138.10 0.93 
2.80 68.8 120.34 132.24 0.91 
2.50 63.0 109.90 122.11 0.90 
2.00 55.6 100.41 105.70 0.95 
2.20 57.1 102.21 109.91 0.93 
1.80 52.2 93.24 99.19 0.94 
3.04 73.1 128.51 135.28 0.95 
2.78 68.1 118.87 126.46 0.94 
1.98 53.8 97.65 100.67 0.97 

2.51 58.3 104.46 108.82 0.96 
2.22 53.5 96.97 98.95 0.98 
2.80 63.5 110.25 116.06 0.95 
4.49 75.8 132.16 133.43 1.01 

2.72 66.7 115.04 116.20 0.99 
3.04 73.3 126.00 131.40 0.96 
2.47 62.2 110.05 115.84 0.95 
2.81 68.1 119.00 128.28 0.95 
2.00 53.6 96.31 101.38 0.95 
2.74 66.2 115.49 117.85 0.98 
4.50 80.1 139.20 147.70 0.94 

P103G 3.15 70.5 123.01 119.42 1.03 
2.76 64.0 111.30 112.42 0.99 
2.48 57.6 104.00 108.97 0.95 

wild type 4.51 80.3 138.51 145.80 0.95 0.94 

P71G 2.97 67.3 118.96 120.17 0.99 0.98 

P103G 3.02 72.5 125.75 122.31 1.02 0.97 

P71G/ 4.50 76.0 132.62 136.72 0.97 0.99 

D91P 

A47P 

VllOP 

~ 

2.24 57.6 
2.03 53.0 
3.03 72.1 
2.80 67.2 
2.48 61.6 

71.3 
2.73 65.7 
2.46 60.7 
4.47 79.6 
2.97 71.3 
2.25 59.0 
2.81 68.6 
3.04 73.7 
2.47 62.9 
2.72 67.6 
2.40 62.0 
3.10 74.6 
2.41 62.8 
3.05 74.4 

~~ .. 

97.35 
91.26 
120.06 
114.83 
104.23 
118.08 
108.20 
103.25 
133.50 
122.70 
104.79 
118.63 
127.90 
110.17 
117.53 
108.19 
128.50 
109.12 
129.21 

~ . .  

102.47 
98.13 
123.77 
120.87 
115.81 
121.73 
115.11 
111.02 
146.70 
125.46 
112.68 
122.30 
128.44 
113.30 
122.43 
114.78 
133.85 
118.61 
133.21 

... 

0.95 0.94 
0.93 
0.97 
0.95 
0.90 
0.97 
0.94 
0.93 
0.91 
0.97 0.97 
0.93 
0.97 
0.98 
0.99 
0.96 
0.96 
0.96 0.94 
0.92 
0.97 

2.47 63.5 114.00 122.58 0.93 
4.50 81.6 140.79 156.43 0.90 

obtained from the least-squares fit of the data of Figure 3, 
which corresponds to the linear range of the curves. &Cp and 
AH,jcal at pH 2.80 were derived from the linear least-squares 
fit of the data of Figure 4. Thermodynamic functions at T 
= 68.8 OC could then be calculated by using eqs 2-4. These 
results show that P71G and P71G/P103G mutants have the 
same stability and are both 1.6 kcal/mol less stable than wild- 
type h-lysozyme. This destabilization can be ascribed to the 
important increase in the entropic component of the free energy 
of denaturation caused by the mutations: about 2 kcal/mol 
at 68.8 O C  for both mutants. The mutation Pro103 - Gly 
does not affect significantly the overall protein stability. The 
VI 1OP mutant and to a lesser extent the A47P mutant are 
more stable than the wild-type protein, whereas the D91P 
mutant is a little bit destabilized as compared to the wild type. 

DISCUSSION 

It has been reported that thermostability of proteins can be 
modulated by modifying their backbone conformational 
flexibility by means of site-directed mutagenesis (Matthews 
et al., 1987). However, the effect of a particular amino acid 
replacement on protein stability highly depends on the location 
of the mutation site and its environment in the protein structure 
(Yutani et al., 1991). In many cases, point mutations that 
do have a large effect on protein stability occur at buried or 
rigid sites (Alber, 1989). Here, we compare a series of pro- 
line mutants of h-lysozyme and discuss their thermostability 
in the light of their high-resolution X-ray three-dimensional 
structures. Comparison of the properties of the wild-type 
and mutant proteins implies that amino acid substitutions do 
not alter significantly protein conformation. This requirement 
was found to be satisfied for all the mutants as shown by the 
X-ray data under Results. Theoverall structureof themutants 
is basically identical to that of the wild type; only slight 
structural readjustments are observed at a very local scale 
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Table 111: Thermodynamic Parameters Obtained by Calorimetry for the Wild-Type and Substituted h-Lysozymes at the Denaturation 
Temperature of the Wild Type at pH 2.80 (68.8 "C). 

wild type 68.8 0 1.575 120.1 351.4 120.1 0 0 0 
P71G 64.1 - 4.7 1.584 120.7 357.8 122.3 - 1.6 +0.6 +2.2 
P103G 68.7 -0.1 1.579 119.7 350.0 119.8 -0.1 - 0.4 - 0.3 
P71G/P103G 64.3 - 4.5 1.578 120.5 357.2 122.1 - 1.6 +0.4 +2.0 
D91P 67.7 - 1.1 1.571 115.4 338.7 115.8 - 0.4 - 4.7 - 4.3 
A47P 69.1 +0.3 1.562 119.4 349.0 119.3 +o. 1 - 0.7 - 0.8 
V110P 70.0 +1.2 1.572 120.3 350.6 119.8 +os +0.2 - 0.3 

&H, T&S, and &G are calculated at T = 341.8 K by using eqs 2-4 and are given in kilocalories per mol. Td at pH 2.80 was estimated from 
the pH dependence of Td (Figure 3). The &H values at Td and A&, were obtained by a linear least-squares fit of the experimental data for each 
protein (Table 11). &Cp and A& are in kilocalories per mole per kelvin, and A&H and TA&S are in kilocalories per mole and refer to &HI- &H 
and T(&S'- &S), respectively ( the prime denotes a mutant). 

around some of the mutation sites. In this section, we shall 
first discuss the results relative to the h-lysozyme mutants in 
which one of the two native prolines or both of them have been 
replaced byaglycine(Pr0-Glymutants). In thenextsection 
we shall focus on mutants into which a third proline was 
introduced (Xaa - Pro mutants). These substitutions were 
done at  sites which could potentially accommodate the 
constraints introduced by a proline residue. 

Pro -. Gly Mutants: P71 G, PI 03G, and P71 G/PI 03G. To 
analyze the individual contribution on the entropy of unfolding 
of the two proline residues of h-lysozyme, the single-proline 
mutants, P71G and P103G, and the proline-free mutant, 
P71G/P103G, were designed. If no secondary effects are 
introduced by the mutations, such amino acid substitutions 
are expected to destabilize the protein due to the increase in 
the entropy of unfolding they induce. The entropic contri- 
bution to the unfolded state free energy depends on the nature 
of the amino acid side chains because the freedom of internal 
rotation of the backbone in the random coil form is influenced 
by the length or the bulkiness of the side chains. For instance, 
a glycine, which lacks a @-carbon, has more backbone con- 
formational flexibility than any other amino acid residue, 
whereas the pyrrolidine ring of proline restricts this residue 
to fewer conformations than are available to the other amino 
acids. By considering the area accessible to a given amino 
acid in a Ramachandran conformational map (Ramachan- 
dran et al., 1963), the backbone contribution to the entropy 
of unfolding of a proline relative to a glycine was estimated 
to be about -1.9 kcal/mol at 25 O C  (Nemethy et al., 1966). 

Within the pH range investigated, the P71G h-lysozyme 
mutant is found to be less stable than the wild-type protein, 
which is in agreement with the theoretical expectations. At 
pH 2.80 the denaturation temperature of P71G is lower than 
that of the wild type by 4.7 O C ,  corresponding to a net decrease 
of 1.6 kcal/mol of the free energy of unfolding (Table 111). 
The plots of mda'versus Tdgive straight lines with essentially 
identical intercepts and slopes (e.g., similar A&,) for both 
the P71G and wild-type proteins, indicating that the stability 
difference has rather an entropic origin than enthalpic. This 
is confirmed by the calculated values of the thermodynamic 
functions summarized in Table 111. At a reference temper- 
ature of 68.8 "C, corresponding to the denaturation temper- 
ature of the wild type at pH 2.80, the unfavorable entropic 
contribution to the net free energy, TAS, is higher by 2.2 
kcal/mol for the P71G mutant as compared to the wild type. 
It is precisely the value that is theoretically expected for the 
entropic energy variation induced by the replacement of a 
proline by a glycine (AS = 6.4 cal-mol-'.K-l) at a temper- 
ature of 68.8 OC (Nemethy et al., 1966). The entropic 
destabilization is accompanied with an enthalpic stabilization 
which is, however, small in comparison (0.6 kcal/mol). 

Structural data obtained from the X-ray analysis are 
consistent with these results. The overall three-dimensional 
structure of the P71G mutant is basically identical to that of 
the wild-type protein. The root-mean-square deviation for 
the main-chain atoms between the wild type and P7 1 G is 0.19 
A. Nevertheless, locally the mutation causes some structural 
relaxations which are reflected in the changes of the dihedral 
angles a, 9 at site 71 between the wild-type (-7 1, +137) and 
P71G mutant (+99, +106) proteins. Such structural read- 
justments might explain the 0.6 kcal/mol difference in the 
enthalpic term. 

Although the destabilization induced by replacing Pro7 1 
by Gly can be explained by entropic effects, the fact that 
P103G is as stable as the wild type requires a more careful 
analysis. For theP103G mutant, the linear fit of AHdCB'versus 
Td gives similar coefficients to those of P7 1G or the wild-type 
proteins, and within experimental error, all the thermodynamic 
functions are essentially identical to those of the wild type at 
a reference temperature of 68.8 O C  as shown in Table 111. No 
significant changes in the three-dimensional structure of the 
P103G mutant are observed from the X-ray analysis, except 
locally as was the case for the P71G mutant. These results 
indicate that there is no important modification in the overall 
entropy of unfolding for Pro103 - Gly substitution; neither 
is the enthalpy of unfolding significantly affected. It is likely 
that the effect of the replacement of a proline by a glycine on 
the unfolded state free energy is similar whether the mutation 
occurs at site 7 1 or 103. Therefore, it is reasonable to speculate 
that the replacement of Pro by Gly affects differently the 
entropy of the folded state depending whether it takes place 
at position 71 or 103. 

The relative entropy of unfolding of a different type of 
residue, z, relative toy, ASz,,, was estimated by using (Nem- 
ethy et al., 1966) 

ASzy = hs,nf(z) - "nfb) = R In ( Y J Y ~ J  - 

where ASanf(z) is the entropy of unfolding for residue z and 
yz and ynr are the numbers of conformations available to 
residue z in the unfolded and folded forms, respectively. R is 
the gas constant. If ynz = ynY, eq 5 becomes ASzy = R In 
( y P / y y ) .  The approximation y m  = yn,, is apparently not correct 
for the P103G mutant. It is likely that for the P103G mutant 
the folded state is entropically stabilized to the same extent 
as the unfolded state. Both states have a lower free energy 
but the net free energy difference is not changed and P103G 
remains as stable as the wild-type protein. 

This interpretation is supported by the structural data. The 
accessible surface area (ASA) values, calculated from the 
wild-type X-ray structure of h-lysozyme, are 146.05 AZ for 

R In hyhny) ( 5 )  



Role of Prolines in h-Lysozyme Stability Biochemistry, Vol. 31, No. 31, I992 7083 

a P /+ 

b 

2 02 

C 

d 

e 

FIGURE 5: Stereo drawings showing the mutant structure in thevicinity of themutation sites. Wild-type and mutant structures art superimposed. 
(a) P71G; (b) P103G; (c) A47P; (d) D91P and (e) VIlOP. CA denotes a-carbon. 
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Table IV: List of the Dihedral Angles (a, *) for the Wild-Type and Mutant h-Lysozymes in the Vicinity of the Substitution Sites 
protein site 71 site 103 site 90 site 91 site 46 site 47 site 109 site 110 

wild type (-71, +137) (-52, -39) (-51, -52) (-69, -41) (-100, +97) (-56, -31) (-99, +115) (-63, -29) 
P71G (+99, +106) 

D91P 
A47P 

P103G (-18, +38) 
(-53, -48) (-64, -42) 

(-1 12, +95) (-55, -34) 
V110P (-107, +108) (-49, -39) 

- 5 1  , , , , ' ,  , , ' , , 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 

Residue Number 

b 
20 

. ' .  , , , , , , , 1 
0 10 20 30 40 50 60 70 80 90 100 110 120 130 

Residue Number 

FIGURE 6: Crystallographic B-factors of the main-chain residues for 
(a) P71G and (b) P103G relative to that of the wild-type h-lysozyme. 

Pro103 and 75.95 A2for Pro71. The standard ASAvalue for 
a proline residue in a random coil conformation was estimated 
to be 155.86 A2 (Go & Miyazawa, 1980). Using this last 
value as a reference for the 100% random coil character for 
a proline, Pro103 has a 93.7% random coil character and is 
accessible to the solvent, whereas Pro71 has only a 48.7% 
random coil character. According to this estimation, the 
backbone conformation at site 103 is similar in both the 
unfolded and folded forms and close to a random conformation. 
Therefore, the replacement of Pro by a Gly at such a site is 
likely to affect both forms in the same way. On the other 
hand, the backbone conformation around position 7 1 appears 
to be more rigid. Pro7 1 is more buried inside the protein and 
has a lower random coil character than Prol03. Due to the 
rather rigid local conformation around site 71, even with a 
Gly instead of a Pro at position 71, the rigid character of the 
backbone is kept by the neighboring framework, and the 
configurational entropy of the folded forms is less affected by 
the mutation than it is for the unfolded form. 

This is furthermore supported by the crystallographic data 
relative to the thermal factor ( B  value) of the atoms at the 
mutation sites. The thermal factor, which is related to the 
mobility of the atoms, is higher at the mutated sites Gly71 
and Gly103 than it is for the wild type at Pro71 and Pro103 
locations. It follows that both of these mutations affect the 
local flexibility of the folded state. However, the Pro71 - 
Gly substitution induces a significantly smaller B-factor 
increase than does the Pro103 - Gly substitution (Figure 6 ) .  
This is, at least qualitatively, consistent with our interpretation 
and with conclusions drawn in a previous study about the 
contribution of various conserved prolines to the stability of 
the tryptophan synthasecu subunit (Yutani et al., 1991), where 
the entropic stabilizing property of various prolines was 
suggested to be correlated to the local backbone mobility. 

The thermostability of the mutant free of proline, P71G/ 
P103G, is identical to that of P71G mutant. The effects of 
these two substitutions on h-lysozyme stability are additive. 
Pro1 03 - Gly replacement does not alter stability, whereas 
Pro71 - Gly substitution is responsible for the observed 
stability decrease. This additivity was also observed for the 
folding kinetic properties relative to those three mutants (Hern- 
ing et al., 1991), and such an additivity rule is likely to be 
satisfied as well for the local structural perturbations intro- 
duced by each mutation. 

Xaa - Pro Mutants: A47P, VlIOP, and D91P. Each 
mutant of this series contains three proline residues. The 
mutations were selected in order to minimize the conforma- 
tional perturbations caused by the introduction of a trans 
proline in the protein sequence. For the A47P mutant, Ala 
was replaced by Pro at position 47, which is part of a @-turn. 
As reported under Results, the X-ray analysis shows that the 
backbone structure is only slightly affected by this mutation. 
The overall stability of this mutant is similar to that of the 
wild-type protein as measured over a wide temperature range 
by scanning calorimetry. However, a decrease in the entropy 
of unfolding is indeed induced by that mutation (0.8 kcal/ 
mol), but its effect on the net free energy is partly compensated 
by an enthalpic decrease of almost the same magnitude (0.7 
kcal/mol), resulting in only a small increase in the overall 
stability. 

The mutant VllOP is clearly more stable than the wild 
type. The free energy of denaturation of this mutant is 0.5 
kcal/mol higher than that of the wild type. The structure of 
the V11OP mutant was found to be similar to that of the wild 
type. Val110 is located at the N-terminal region of an a- 
helix which remains unchanged when the valine is replaced 
by a proline. The calorimetric data indicate that the increase 
of stability due to this mutation must be ascribed to both 
enthalpic and entropic effects, +0.2 and -0.3 kcal/mol, 
respectively, at the reference temperature of 68.8 OC and pH 
2.80. Both Ala47 -Pro and Val1 10 -Pro substitutions are 
located inside secondary structure elements which are locked 
in the early stage of folding (Herning et al., 199 1). The main- 
chain backbone is therefore kept rather rigid at those mutation 
sites in the folded state due to the secondary structure 
framework, and this whatever the intrinsic flexibility of the 
amino acid is. 

Although proline is considered to be more rigid than as- 
partic acid, the overall stability of the D91P mutant is lower 
than that of the wild type by 0.4 kcal/mol. This apparent 
discrepancy with the entropic stabilization hypothesis can be 
explained from the calorimetric results combined with those 
obtained from the X-ray analysis. The plot of AHpI versus 
T d  clearly indicates that there is a decrease in the enthalpy 
of denaturation for D91P as compared to the wild-type protein. 
The decrease in the denaturation enthalpy of this mutant is 
4.7 kcal/mol, which is considerable. This effect can be 
explained from the X-ray analysis, which shows that an H- 
bond has been lost on the replacement of Asp91 by Pro. In 
wild-type h-lysozyme, the carboxylic group of Asp9 1 is involved 
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in a H-bond with the amine group of the glutamine at position 
86 (not shown). The distance between H-bond acceptor and 
donor atoms is 2.8 A. This H-bond is absent in the D91P 
mutant, resulting in the enthalpy decrease measured by cal- 
orimetry. However, the entropic effect led by the Asp91 - 
Pro substitution indeed corresponds to a quite important 
stabilization of about 4.3 kcal/mol, in fact, higher than for 
the two previous mutants. However, this entropic stabilization 
effect is offset by the larger enthalpic destabilization brought 
about by the mutation, resulting in a lower overall stability 
as compared to the wild-type protein. 

To conclude, the results presented in this work are consistent 
with the hypothesis that stability of mutants involving proline 
largely involves entropic factors. However, this behavior can 
be greatly affected by the extent of solvent accessibility and 
the mobility of the substitution site. We have also shown that 
in some cases the expected behavior concerning entropic effects 
on mutation can be masked by important compensating en- 
thalpic changes. Finally, we wish to emphasize the fact that 
our discussion concerning mutant stability was limited to the 
contributions involving the polypeptide chain. However, one 
has to keep in mind that the local solvent structure also changes 
upon mutation and that it is likely to contribute to both en- 
tropic and enthalpic effects as well. 
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