THEO
CHEM

e ¥ 5 s
ELSEVIER Journal of Molecular Structure (Theochem) 419 (1997) 155-160

Multiple regression analysis of the beta-sheet propensity of amino acids
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Abstract

To study the nature of the beta-sheet propensities of naturally occurring amino acids, multiple regression analyses were
performed with the use of various physicochemical parameters and experimentally determined physicochemical properties of
amino acids. The beta-sheet propensities used for the analyses were free energies changes in the zinc-figure peptide and IgG-
binding domain of protein G taken from the literature. Correlation equations of high quality were obtained for all data sets.
Steric parameters of the amino acid side chains and the nuclear magnetic resonance (NMR) chemical shift of the alpha-carbon
of amino acids were statistically highly significant in all cases. The addition of an indicator variable expressing the electronic
effects of amino acids improved the correlations in some cases. From the correlation equations, the beta-sheet propensities were
shown to be determined mainly by the electronic and steric effects of the amino acid side chains. The results obtained also serve
as a basis for evaluating more precise beta-sheet propensity sedl897 Elsevier Science B.V.
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1. Introduction linear correlation method. Hence, we selected the
multiple correlation method using various kinds of
The beta-sheet structure is one of the major second-independent variables.
ary structures of proteins, and the beta-sheet pro- The statistically determined beta-sheet propensity
pensity scale is indispensable to conformational scale by Chou and FasmaR,{) [2] is well known.
studies of proteins [1]. The beta-sheet propensity is However, theirP ., values were the averaged values
also important in drug design studies, because proteo-derived from the known structures of different kinds
lytic enzymes such as aspartic acid and serine pro- of proteins. Here we chose experimentally determined
teases bind both substrates and inhibitors as beta-free energy changes of proteins, and analyzed the data
pleated sheets. In spite of these findings, the physical from different sources separately, in order to make
basis of beta-sheet propensities is not well understood. clear the environmental and positional effects on the
The objective of this study was to elucidate the beta-sheet propensities.
factors determining the beta-sheet-forming propen-
sities of amino acids. Their propensities may be gov-
erned by steric, electronic, and hydrophobic factors, 2. Methods
and it would thus be difficult to analyze them by the
The thermodynamic data used in the present ana-
* Corresponding author. lyses were taken from the literature [3—6]. Statistical
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analyses were performed with the StatView program is the ratio of variances between the calculated and
[7] run on a Macintosh PowerPC 8500. In regression observed values, anglis the p-value, probability of
analyses, we used various hydrophobic, steric, and the null hypothesis. The figures in parentheses are the
electronic parameters of amino acid side chains and 95% confidence intervals. Eq. (1) shows that sterically
experimentally determined values such as nuclear bulky amino acid side chains increase the beta-sheet
magnetic resonance (NMR) chemical shifts atd,p  propensities.
values of amino acids. When necessary, indicator Next, we applied the NMR chemical shift of the
variables were applied. These parameters (except foralpha-carbon of amino acids [9], dette, and formu-
the hydrophobic parameters) were taken from the lated Eq. (2).
literature [8,9]. The hydrophoblc parametgrs Were  iadeltas = ~0.265deltaic/10-0.126
those determined by us with the use of experimentally
determined 1-octanol/water partition coefficients of (0.074) (0.089 (2)
oligopeptides [10].

n=19, s=0.058 r=0.879 F=57.705 p< 0.0001

3. Results The deltadc values were divided by 10 to make the
coefficient with deltélc comparable to those with
3.1. Zinc-figure peptide other parameters. Eq. (2) shows that the higher the

deltaHc/10, the higher the beta-sheet propensities.

Propensities for residues in the beta-sheet have o ) )

been studied with the use of various host—guest 3-2- 19G-binding domain of protein G
systems [3—-6]. Kim and Berg measured the thermo- ) ) .
dynamic beta-sheet propensities for each of the 20 Minor and Kim measured the beta-sheet propensity
commonly occurring amino acids by using a zinc- for the naturally occurring amino acids in a variant of
figure peptide host system in which amino acids the small, monomeric, beta-sheet-rich, 1gG-binding
were substituted into a guest site (residue 3), a domain from protein G [5]. This protein exhibits a
solvent-exposed position in an antiparallel beta- revclarsible. two-state .thermal denaturation transitio.n.
sheet [3]. Because these peptides are unfolded in theAMino-acid substitutions were made at a guest site
absence of bound metals but are folded in their pre- (residue 44) on the solvent-exposed surface of the
sence, they assumed that the thermodynamics of metalP&ta-sheet. The stability of each protein was measured
binding fully reflect peptide-folding energy. In order py thermal unfolding as monitored by C|rcu_lar dlc_hro-
to determine these energies with high precision, they iSm. The measured delta.déltavalues listed in
used a competitive cobalt(Il)-binding assay. For the Table 1 were analyzed as shown below.
relative free _energies, delta.deBalisted in Table 1, deltadeltaG(44) =0.965B1 +0.739 (ST) - 1.572
Eq. (1) was given. Pro was excluded from the analyses
throughout the present study. The delta.dglt@lues (0596 (0.343  (0.92) (3)
and parameters used in analyses are listed in Table 1.

n=19, s=0.214, r=0.840 F=19.140 p < 0.0001
deltadeltaG= —-0.492B1-0.037B5+0.483
[(ST) is an indicator variable which is one when the
(011H (0013 (0177 D) guest amino acid is Ser or Thr, and is zero for the other
n=19, s=0.040, r=0.949, F=72560, p < 0.0001 amino acids. Next, we applied the NMR chemical

shift of the alpha-carbon of amino acids [9], déla
B1 andB5 are the STERIMOL parameters by Verloop and formulated Eq. (4).
[8,9], and express the minimum and maximum width deltadeltaG(44) =0.508deltalc/10+0.627 (ST) - 0.654
of amino acid side chains. In Eg. (1) and the following (0.261) 0326 (0309  (4)
equations,n is the number of compounds,is the
standard deviatiom, is the correlation coefficient n=19, s=0.196 r=0.867 F=24302 p<0.0001
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Table 1

Free energy differences and physicochemical parameters used in the multiple regression analyses

Amino acid ddG ddG44) ddg53) ddG(53)* Preta
Ala -0.35 0.00 0.00 0.00 0.79
Arg -0.44 -0.43 0.45 -0.40 0.94
Asn -0.38 -0.24 -0.08 -0.52 0.66
Asp -0.41 -0.10 -0.94 0.85 0.66
Cys -0.47 0.08 0.52 -0.78 1.07
Gln -0.40 0.04 0.23 -0.38 1.00
Glu -0.41 0.31 0.01 -0.23 0.51
Gly 0.00 -0.85 -1.20 121 0.87
His -0.46 -0.01 -0.02 -0.37 0.83
lle -0.56 0.02 1.00 -1.25 1.57
Leu -0.48 -0.24 0.51 -0.45 117
Lys -0.41 -0.40 0.27 -0.35 0.73
Met -0.46 -0.02 0.72 -0.90 1.01
Phe -0.55 0.16 0.86 -1.08 1.23
Pro -0.23 0.62

Ser -0.39 0.63 0.70 -0.87 0.94
Thr -0.48 0.83 1.10 -1.36 1.33
Trp -0.48 -0.17 0.54 -1.04 124
Tyr -0.50 0.11 0.96 -1.63 1.31
Val -0.53 0.17 0.82 -0.94 1.64
Amino acid Bl B5 dHd10 paiy

Ala 1.52 2.04 0.73 0.16

Arg 1.52 6.24 111 -0.50

Asn 1.52 4.37 0.80 -0.59

Asp 1.52 3.78 0.92 -0.03

Cys 1.52 341 1.44 0.56

Gin 1.52 3.53 1.06 -0.58

Glu 1.52 3.31 1.14 -0.05

Gly 1.00 1.00 0.00 0.00

His 1.52 5.66 1.02 0.10

lle 1.90 3.49 161 1.37

Leu 1.52 4.45 1.01 1.47

Lys 1.52 4.87 1.09 0.53

Met 1.52 4.80 1.04 0.94

Phe 1.52 6.02 1.39 1.72

Pro 1.52 4.31 1.78 0.76

Ser 1.52 2.70 131 -0.27

Thr 1.73 3.17 1.67 0.01

Trp 1.52 5.90 1.32 1.97

Tyr 1.52 6.72 1.39 1.06

Val 1.90 3.17 1.72 0.95

ddG delta.delt& (kcal mol™); dHJ/10: deltaHc/10.

The results for the 1gG-binding domain of protein G 1gG-binding domain of protein G are opposite in sign
were similar to those obtained for the zinc-figure to those of the zinc-finger peptide.

peptide, except for th&(ST) term. Note that, owing Minor and Kim also measured the beta-sheet pro-
to the differences in the methods of studying the pensity of the IgG-binding domain of protein G, in
beta-sheet propensities, the delta.délt@lues of the which amino acid substitutions were made at a guest
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site (residue 53) at the central strand bordered on both deltaHc/10=1.81881+0.360 (STQ +0.381 (aro) - 1.778
sides by other beta-sheet strands [4]. The neighboring (0313 (0.154 (0.153 (0489 (8)
environment of the guest site was modified to mini-
mize the potential for artifactual interactions. Statis-
tical analyses gave Eq. (5), wheténion) is an ~ As shown in eqns (7) and (8), there are high correla-
indicator variable which is one when the amino acid tions betweerBl and deltéc/10. SinceB1 mainly

at the position 53 is Glu or Aps, and is zero for the expresses the branching effects on the beta-carbon

other amino acidsj(anior) expresses the anionic ©Of amino acid side chains (see Table 1), the beta-
charge effect of amino acid side chains. branching structure is demonstrated to increase the

deltaHc/10 values.I(STQ is an indicator variable

which is one when the amino acid is Ser, Thr, or

(0-300 (0379 (0379 () Cys, and is zero for the other amino acids, and

expresses the contribution of inductive electronic

effects of hetero atoms of the amino acid side chains

As in the case of Eq. (4), del#z/10 was statistically ~ upon the alpha-carboi(aro) is an indicator variable

highly significant. It should be noted that anionic side which is one when the amino acid is Phe, Tyr, or Trp,

chains decreased the beta-sheet propensities in thisand is zero for the other amino acids. Aromatic resi-

case. dues also increase the défia10 values. Table 2 lists
Smith and co-workers also studied the beta-sheet the correlations among the parameters used above in

propensity for the naturally occurring amino acids in eqns (1)—(6); high colinearity was found.

the B1 domain of staphylococcal IgG-binding protein

G [6]. Amino acid substitutions were made at the ] .

same guest site (residue 53). The protein’s thermal 4- Discussion

stability was determined to measure the beta-sheet o _

forming propensities. The obtained delta.deiz3)* 4.1. Statistical quality

values for beta-sheet formation were analyzed as .
shown below. As shown in Table 1, the ranges of the free energy

differences were small, except for Pro, which has no
hydrogen atom on the backbone amide group. How-

n=19, s=0.112 r=0.966 F=68893 p < 0.0001

deltadelta5(53) =1.276delt&lc/10-0.734 (anion) — 1.046

n=19, s=0.236 r=0.933 F=53488 p< 0.0001

deltadeltaG(53)" = —1.429deltddc/10+0.779 (anion) + 1.003

(0.397) (0.496 (0.487) ever, we were able to formulate correlation equations of

n=19, s=0.311 r=0908 F=37.699 p< 0.0001 high qualit_y. The correlation coefficiems,werfa larger
_ _ o than 0.80 in all cases. The multiple regression method
As in Eq. (5), deltélc/10 andl(anion) were statisti-  proved to be more suitable than the usual simple regres-

cally significant. Because of differences in the methods, sion method to analyze the beta-sheet propensity.
the delta.delt&(53) values obtained by Minor and

Kim are opposite in sign to the delta.dehgh3)* 4.2, Contributing factors
values by Smith and co-workers.
4.2.1. Hydrophobic effect
3.3. Correlations between B1 and deltaHc/10 We previously evaluated the hydrophobic para-
meters of amino acids by using experimentally deter-
In the above analyses, bd#l and deltéic/10 were  mined 1-octanol/water partition coefficients of
statistically highly significant. We then examined the oligopeptides [10]. These parameters are free from
correlations betweeB1 and delt&lc/10, and obtained  conformational factors such as beta-turn, and have
eqns (7) and (8). been shown to work well to rationalize the thermal
deltaHc/10=1.85781-1.721 stability of proteins [10]. Our hydrophobic para-
meters,paip, were statistically insignificant through-
(05779 (0.899 () out the present analyses. The hydrophobic factor is
n=19, s=0.211, r=0.855 F=46.128 p < 0.0001 hence unimportant for the beta-sheet preference.
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Table 2
Correlation matrix of free energy differences and physicochemical parameters
ddG ddG44) dd@(53) ddG(53)* Bl B5 dHd10
ddG 1.000
ddQ(44) -0.529 1.000
ddG(53) -0.786 0.595 1.000
ddG(53)* 0.782 -0.596 -0.959 1.000
Bl -0.828 0.570 0.692 -0.654 1.000
B5 -0.593 -0.058 0.406 -0.491 0.164 1.000
dHc/10 -0.879 0.704 0.855 -0.839 0.855 0.342 1.000

ddG delta.delt&; dHJ/10: deltddc/10.

4.2.2. Steric effect

Compared with the alpha-helix structure, the beta-
sheet structure is less crowded. We did not find critical
steric interactions among the side chains of amino
acids around the guest site of the IgG-binding domain
of protein G (PBD code: 2GB1) from molecular
graphics studies. Additionally, the guest site of zinc-
figure peptide is located near the terminal position
(residue 3), and the neighboring environment of the
guest site was modified to minimize the potential for
artifactual interactions in the IgG-binding domain of
protein G. The steric interaction between the amino
acid side chains is thus unimportant. In fact, as is

hydrogen-bonded to each other influence the confor-
mations of antiparallel beta-sheets [12,13]. The sig-
nificance of the deltdc/10 term in the present eqns
(2), (4)—(6) supports both models. Of course, our
results do not deny the hydrogen-bonding interactions
between main-chain amide groups.

In egns (5) and (6), an indicator variabléanion),
was highly significant, but not in eqns (3) and (4). This
can be explained in two ways. First, residue 44 locates
on the solvent-exposed surface of the edge beta-sheet,
the anionic side chains are well solvated, and the
charged effects are weakened. In contrast, residue
53 is at the central strand bordered on both sides by

shown in egns (1), () and (3), bulky and beta-branched other beta-sheet strands, is not fully solvated, and still
side chains increased the beta-sheet propensitiesinteracts with protein groups. Second, the electrostatic
Hence it appears that the steric effects by bulky and interactions with nearby amino acids decrease the
beta-branched side chains restrict the access of waterbeta-sheet propensities of residue 53. Because electro-
and protein groups and thereby enhance the hydrogen-static interactions are long-range interactions, we
bonding interactions of backbone amide groups or could not at present identify the amino acids that inter-
electrostatic interactions between main chains. act with residue 53.
BecauseBl is highly correlated with deltdc/10

4.2.3. Electronic effect (egns (7) and (8)), separation of the steric effect

The deltddc/10 values are roughly regarded as the from the electronic effect is unfortunately impossible.
inductive effect of amino acid side chains, since the Steric parameterB1 andB5 gave the best equation
degree of shielding of the alpha-carbon nucleus for zinc-figure peptides, and dela/10 gave the best
depends on the density of the circulating electrons. equations for the IgG-binding domain of protein G. It
Egs. (2), (4)—(6) thus show that the inductive effect is thus more reasonable to conclude that both the
largely determines the beta-sheet propensities. Thesteric and electronic effects operate cooperatively to
significance of thé(ST) term also suggests the impor-  support the beta-sheet structures.
tance of the inductive effect.

Recently, Avbelj and Moult [11] reported that the 4.2.4. Environment effects
main-chain electrostatics are important to determine  B1 or deltddc/10 was significant in all cases, and
the conformational preferences of amino acids. Bl was highly correlated with delttc/10. HenceB1
Maccallum and co-workers proposed that Coulombic and delt&lc/10 can be understood to express the
interactions between charged main-chain atoms notintrinsic beta-sheet preferences of amino acids. We
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compared the coefficients withl and delt&lc/10 in 5. Summary

egns (1)—(6). The absolute values of the coefficients

for zinc-finger peptides were much smaller than those  In spite of the difficulties described above, we were
for the 19G-binding domain of protein G. Addition- able to formulate correlation equations of high quality
ally, these coefficients changed with the change of the through use of the multiple correlation method and
guest position for the IgG-binding domain of protein make clear the basis of the beta-sheet propensities.
G. The beta-sheet propensities were thus demon-Such analyses are expected to be useful to study
strated to be largely dependent on the kind of peptide other structural properties of proteins.

or protein and the position of the guest amino acid.
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