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Guidelines for Protein Design: The Energetics of
B Sheet Side Chain Interactions

Catherine K. Smith and Lynne Regan*

To determine the interaction energy between cross-strand pairs of side chains on an
antiparallel B sheet, pairwise amino acid substitutions were made on the solvent-exposed
face of the B1 domain of streptococcal protein G. The measured interaction energies were
substantial (1.8 kilocalories per mole) and comparable to the magnitude of the B sheet
propensities. The experimental results paralleled the statistical frequency with which the
residue pairs are found in B sheets of known structure.

A complete understanding of the construc-
tion of a helices and B sheets is essential for
the manipulation of the structure and prop-
erties of proteins. A quantitative energetic
description of many factors that determine
the stability of a-helical secondary structure
is available (1—4). Our understanding of the
interactions that determine { sheet stability
is much less advanced. Different amino ac-
ids do have measurably different intrinsic
propensities for forming 8 sheets (5, 6), and
these intrinsic B sheet—forming propensities
differ between central and edge strand po-
sitions in a B sheet (7). Statistical surveys of
proteins of known structure reveal that a
nonrandom pairwise distribution of amino
acids occurs in adjacent positions across
two B strands (8—10). This observation
implies that in addition to the underlying
‘differences in B sheet propensity, side
chain interactions contribute to the local
structure and stability of B sheets. Our
study here measures the extent to which
these side chain interactions contribute to
B sheet stability.

A variant of the immunoglobulin*G
binding domain of streptococcal protein G
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(referred to as B1 and illustrated in Fig..
1A) was originally used to quantify the 8
sheet—forming propensities of the amino
acids (6). Here, B1 was used to measure
the energetics of side chain interactions
between pairs of amino acids located in
adjacent B strands. Pairwise amino acid
substitutions were made on the solvent-
exposed face of Bl in an antiparallel B
sheet. The investigated site, positions 44
and 53, was selected to provide maximal
solvent exposure for the studied side
chains in the most homogeneous sheet
environment available. Because the back-
bone atoms of amino acids 44 and 53 are
hydrogen-bonded to one another, the site
of mutation occurs in a hydrogen-bonded
position (8), also called a narrow H-bond
ring (11). This type of site has statistical
pairwise preferences distinct from those of
a non—-H-bonded pair such as 53-6 (8).
Pairwise mutants are referred to as B1XY,
where X is the amino acid at position 44
and Y is the residue at position 53.

The side chain interactions between
pairs of the best B sheet—forming residues
(Trp, Phe, Tyr, Thr, Ile, and Val) and
between pairs of charged residues were ex-
amined (5-7). The charged residues (Arg,
Lys, and Glu) are among the intrinsically
poorest B sheet formers, yet these residues
would be useful for engineering solubility



ogiE———t
[ |
—— / N8 K13
|
L | ;

s

= P K10-T11 =

L12

m
—

F32 LS5 = -T16

D47 K50 oA e
N A48-T49 | |
T2 E19
| \
M1 A20
\
to & helix

Fig. 1. (A) Ribbon diagram illustrating the overall protein fold of g1 (PDB filecode, 2GB1) (17). (B)
llustration of the location of the pairwise substitutions in the solvent-exposed B sheet region of B1 (72).
Hydrogen bonds are indicated by arrows. The guest sites, positions 44 and 53, are circled and highlight-
ed in black. The nearest neighbors on the same face of the B sheet are also circled but highlighted in gray.
To maximize both solvent exposure of the guest residues and freedom from other interactions, nearest
neighbors were mutated (I6A and E42T) on the basis of previous modeling studies (6). Because Asp*® is
involved in hydrogen bonding to Ala*® in the loop, it was not altered to Thr as was Glu*2 (17). We
introduced the mutations at position 44 by polymerase chain reaction, using the original position 53
mutant DNAs as the template, and the proteins were purified as described (6).

and functionality in a new design. Measur-
ing the interactions between these side
chains provides the most useful guide for B
sheet design and engineering.

We studied 32 pairwise mutants at posi-
tions 44 and 53. The stability of each Bl
protein containing a pairwise mutation was
determined from its thermal denaturation
transition, as monitored by circular dichro-
ism. The thermal stabilities of all double
mutants were greater than those of single
mutants containing the studied residue
paired with Ala (illustrated for BI1EK,
B1EA, and B1AK) (12) (Fig. 2). From such
stability curves, the free energy of folding
(AG) for each protein was calculated (13).
The free energy associated with the pairing
of amino acid side chains, A(AAG), was
also calculated for each pairwise mutant
B1XY with the following equation:
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Fig. 2. Typical thermal denaturation curves of a
pairwise mutant compared with two single mu-
tants each containing one member of the pair.
B1EA, open circles; B1AK, closed diamonds;
B1EK, closed circles.
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A(AAG i)EIcmcrion = AAG[)v(;In:d
- (AAGi)l('\/:‘rinsic + AAG::‘lrrinsic)

where AAG,)-»(;INJ is the stability of the dou-
ble mutant containing X and Y amino acids
relative to the variant B1AA; AAGXA, s
the B sheet—forming propensity of residue X
at the edge position; and AAGAY. - is the
B sheet—forming propensity of residue Y at
the central strand position (14). A favor-
able side chain interaction is indicated if
the stability of the double mutant is greater
than that predicted by the sum of the in-
trinsic propensities.

From an examination of A(AAG), it is
clear that not all pairs participate in favor-
able side chain interactions (Table 1). The
interaction energy of pairs such as B1TI fell
short of the stability predicted by the sum of
the individual propensities by 0.75 kcal/mol,
whereas the interaction energy of pairs such
as B1FF and B1EK exceeded the predicted
stability by nearly 1 kcal/mol. The range of
free energies associated with side chain in-
teractions is approximately 1.8 kcal/mol.
This magnitude is comparable to the range
of the intrinsic B sheet-forming propensities
of the residues involved in making the pairs
(1.4 kcal/mol) as well as to other factors
stabilizing secondary structure, such as helix
N-capping (4). Clearly, both pairwise side
chain interactions and B sheet—forming pro-
pensities are important in determining
sheet stability.

The pairs containing exclusively ali-
phatic and aromatic residues ranked consis-

tently higher in the A(AAG) scale than the
pairs containing Thr. The different pairs of
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aliphatic and aromatic residues do not all
interact equally well, which presumably re-
flects both side chain volume and packing
requirements. An inspection of the sum of
side chain volumes in different aliphatic-
aromatic pairs suggested that there may be
an optimal volume requirement for maxi-
mal stability (300 to 375 A%). A similar
stabilization between two appropriately
paired solvent-exposed hydrophobic groups
has been reported in o helices (2). The
physical basis for such stabilization may be
related to the exclusion of solvent from
hydrophobic surfaces of the side chains.

The three pairs of amino acids that were
constructed in both orientations (TI, IT; FI,
IF; and FT, TF) did not exhibit identical
interaction energies. Intrinsic positional ef-
fects of the edge and central strand locations
were taken into account because the B sheet
propensities used in the calculation were
specific for these positions. The differences
in measured interaction energies therefore
may reflect the asymmetry of the site as a
whole. In this regard, no single site can be
representative of all antiparallel B sheet pairs
because there will be differences in each
pair’s specific local geometry and between
H-bonded and non-H-bonded positions.

A correlation between the results of sta-
tistical surveys and the experimental data
was also clear, as demonstrated by the syn-
ergistic and antagonistic effects observed in

Table 1. The amino acid pairs (72) are listed in the
order of decreasing values of A(AAG). Also shown
are the statistical correlations for the occurrence of
each pair in an antiparallel B sheet in an H-bonded
position as determined from statistical surveys of
proteins of known structure (8). The correlation value
is the ratio between the number of times a pair of
residues is found together in the data set and the
expected number of times that pair would occur
randomly. The pair correlations that were determined
at a confidence level of at least 90% are underlined.

Pair

A(AAG) Confidence
Mutant  cavmol) corre level (%)
ER ~0.96 3.4 995
EK ~095 34 995
FF —0.91 24 99.5
% ~061 14 90
FY ~061 T2 50
IF ~059 1.0 50
Fi ~0.44 1.0 50
I ~036 10 50
W ~034 14 75
FW ~031 14 50
v ~027 1.0 50
Fv ~020 1.4 97.5
FT ~019 07 75
i ~019 0.7 75
T 0.21 16 95
™W 0.04 03 %5
TF 0.36 07 75
v 0.47 07 95
v 0.54 0.8 75
TI 075 07 75
981



both studies (Table 1). In general, a high
interaction energy was associated with pairs
that are statistically likely to be found to-
gether in H-bonded positions of antiparallel
B strands. By contrast, a destabilizing inter-
action energy was exhibited by pairs that are
statistically unlikely to be found together.
Only the pairs for which the statistical data
are known above a 90% confidence level are
discussed here.

Statistically, the charged pairs (81EK and
B1ER) and the aromatic pair (B1FF) are the
most likely to be paired. In the experimental
system, each charged residue individually is a
poor B sheet—forming amino acid (6). When
each charged residue was paired with anoth-
er charged cross-strand neighbor, however, a
substantial stabilization energy was observed
(Table 1). This stabilization is probably due
to the complementary electrostatics of the
pair. Phenylalanine is one of the best B sheet
formers. In proteins of known structure,
cross-strand pairs of Phe side chains are often
oriented in an edge-to-face fashion, which
optimizes energetically favorable electrostat-
ic -7 interactions between the aromatic
rings (8, 15). When these strands were
paired with a second Phe residue, a large
synergistic stabilization was observed in our
model system, which suggests that the two
Phe side chains may be interacting in this
way. , - :

The amino acid pairs TV and TW are
two of the least likely to be found together
across a B sheet, and the interaction energy
measured was destabilizing (Table 1). The
poor interaction between these pairs may
reflect a tendency of the Thr side chain
hydroxyl to form a hydrogen bond with the
solvent. As a result, the number of possible

Table 2. The residue pairs (72) are listed in order
of decreasing value of AAG, which was calculated
relative to B1AA (74).

AAG o)

Mutant (kcal/mol) T..(°C)
FY -2.37 79.5
FF i -2.26 78.3
Y -2.16 77.8
FI -1.93 76.3
T —-1.91 75.3
TY -1.91 77.4
T™W -1.80 751
IF -1.75 74.9
TF -1.71 75.2
I - —1.67 75.8
FW -1.63 75.7
FT -1.59 75.3
W —1.47 73.6
v —1.47 73.3
Tl —1.47 74.3
FVv -1.38 73.2
IT -1.37 72.7
vV -1.30 72.3
ER -1.20 70.5
EK -1.09 70.0
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side chain orientations and the ability of
Thr to interact favorably with its cross-
strand neighbor may be restricted.

The pair TT was anomalous. because it
exhibited low side chain interaction energy
but a high statistical correlation (Table 1).
However, the statistics do not distinguish
between the exposed and buried faces of the
studied B sheets. The high correlation of
the TT pair may reflect a preference for a
partner of similar hydrophilicity rather than
a specific side chain interaction (10).

Table 2 lists the measured pairs in the
order of their relative free energy, illustrating
which pairs were most favorable for B sheet
structure overall. Although the charged pairs
exhibited the highest interaction energy,
they did not form the most stable proteins.
This was not surprising given the low intrin-
sic propensity of the charged residues for B
sheet structure (6). The pairs containing a
Thr residue showed no particular distribu-
tion with regard to AAG, whereas they con-
sistently showed the least interaction energy.
As expected for pairing residues with high
intrinsic propensities, all the proteins con-
taining pairs of the best B sheet formers were
quite stable, and the melting temperature
(T,,) ranged between approximately 72° and
80°C (Table 2). From a comparison of Ta-
bles 1 and 2, it was evident that stability and
side chain interaction energy are not neces-
sarily correlated: Side chain interaction en-
ergy and the intrinsic B sheet—forming pro-
pensities work in conjunction to make a
stable protein.

Qur studies present a systematic investi-
gation of a subset of pairwise interactions
between amino acid residues in an H-bonded
position across two antiparallel B strands.
Previously, intrinsic B sheet—forming pro-
pensities were the only guidelines available
for the design or engineering of a B sheet
(5-7, 16). The propensities could provide
information only in terms of which residues
should be included in the design without
consideration of sequence or context. Side
chain interactions contribute to B sheet sta-
bility on a scale comparable to that of the
propensity to form B sheets and other factors
stabilizing secondary structure. Thus, ' it
should now be possible to base protein de-
signs on the secondary and tertiary contacts
that are unique to 3 sheet structure.
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