
features with maxima higher than five times the rms 
deviation from the mean density (Fig. 4) The only 
feature that might have represented a sixth ligand 
had a maximum density similar to the rms deviation. 
In the final (F, - F,) map, a bean-shaped feature at 
three times the rms deviation was observed 2.4 A 
from the Fe and along the line between TyrZ5O-On 
and water-301 2. However, when a water molecule 
was added at this site, refinement resulted In dis- 
placement to 2.6 A away from the Fe and a B factor 
of 64 A2; in contrast, the B factors for the l~gands and 
Fe atom are 11 to 14 A2. Thus, the addition of a 
water molecule as a sixth ligand is not warranted. 

21. R. C. Scarrow etai., Biochemistry 33, 15023 (1994). 
22. To assess the reliability of the Fe-ligand distances, 

we investigated the influence of refinement re- 
straints, the consequences of variations in the reso- 
lution and source of the diffraction data, and tested 
for bias In the final model by systematically changing 
Fe-ligand distances or randomly perturbing the en- 
tire model. In brlef, we found that the use of weak 
Fe-ligand bond distance restraints (for example, 10 
kcal mol-' k z )  produced consistent results for all 
llgands given a variety of startlng models and diffrac- 
tion data sets. None of the perturbations caused 
variations as large as 0.1 Afor any distance. The final 
structure is also entirely consistent with omit-refine 
maps (30) obtained by omitting all atoms within 6 A 
of the Fe. 

23. A t-butanol molecule was assigned to a large-den- 
sity feature 6 8. from the Fe. In the view shown in 
Fig. 4, the t-butanol is located along the line-of- 
sight to TyrZSo-On and approximately at the depth 
of the side chain of Hiszo9; it is not illustrated be- 
cause it obscures the Fe. The t-butanol blocks the 
most direct route to the Fe via the large opening of 
the funnel. This is consistent with the observation 
that t-butanol, in concentrations similar to that in 
the crystallization solution, Inhibits and stabilizes 
the enzyme. 

24. J. Singh .and J. M. Thornton, Atlas of Protein Side- 
Chaidlnteractions (Oxford Un~v. Press, New York, 
1992). 

25. A W. E. Chan, E. G.  Hutchinson, D. Harris, J. M. 
Thornton, Protein Sci. 2, 1574 (1 993) 

26. C-domain ligands His14", Hislg5, and His210 corre- 
spond to N-domain residues Tyrs, Trp48, and Phe62. 
Glul 15, the residue corresponding to ligand GIuZ6O, 
forms a salt bridge with Argg8, which extends from 
across the funnel. Thus, neither the ligands nor the 
free space necessary for Fe and substrate binding 
are available However, a second Fe is found at the 
sutface of the C-domain for crystals that were trans- 
ferred to a stabillzing solution containing 1 mM 
(NH4jZFe(SO4j2 before diffraction measurements. 
The additional Fe is bound only by His189 and, ac- 
cording to its anomalous difference density, is 
present at partlal (-50%) occupancy. Anomalous 
difference density is observed only for crystals treat- 
ed with excess Fe. 

27 K. Hori, T Hashimoto, M. Nozaki, J. Blochem, (To- 
kyo) 74, 375 (1 973) 

28. Strongly conserved residues, including 
Phe18', AlalQ8, Hiszo9, and TyrZ5O, border on this 
larger pocket, consistent with its assignment as the 
distai ring binding site. 

29. B~nding to the Fe(ll) center may activate dioxygen by 
converting it to an Fe-bound, superoxide-like spe- 
cies ( 7  7), which attacks the substrate at C1 , the polnt 
of attachment for the distal ring. For either binding 
mode, conserved residues are available to promote 
the formation of bound superoxide by stabilizing a 
partial negative charge on its distal oxygen atom. For 
mode A, dioxygen would likely bind in the vacant 
sixth site of the free enzyme. This posltion is near the 
hydrogen bonded His241-Tyr250 pair and especially 
close to 07 of TyrZ5O, which might stabillre the su- 
peroxide by an interaction involving the partial posi- 
tive charge associated with the 01 proton In the 
case of mode B, dioxygen would likely bind in the 
water-301 2 slte near Hlslg5 If Hislg5 is protonated 
on substrate bind~ng, it would provide a positive 
charge to promote formation of the superoxide. 

30. A Hodel, S.-H. Kim, A. T Briinger,Acta C~rystailogr. 
Sect A 48, 851 (1992). 

31 P. J Kraulis, J. Appi. Crystaliogr. 24, 946 (1991) 

32. W. Kabsch, \bid. 21, 916 (1988) 
33. Z Otwinowski, In Proceedings of the CCP4 Study 

Weekend: Data Coilection and Processng, L Saw- 
yer, N. Issacs, S. Bailey, Eds [Scienceand Engineer- 
ing Research Council (SERC) Daresbury Laboratory, 
Warrington, UK, 1991j1, pp 56-62; W. Minor,XDiS- 
PLAYF (Purdue University, West Lafayette, IN, 
1993). 

34. CCP4 A Suite of Programs for Protein Crystaliogra- 
phy (SERC Daresbury Laboratory, Warrington WA4 
4AD, UK, 1979). 

35. Z. Otwinowskl, in Proceedings of the CCP4 Study 
Weekend: isomorphous Replacement and Anoma- 
lous Scattering, W. Wolf, P. R. Evans, A. G. W. Le- 
slie, Eds, (SERC Daresbury Laboratory, Warrington, 
UK, 1991), pp 80-86. 

36. J. T. Bolin, J. L. Smith, S. W. Muchmore, paper 
presented at the Annual Meetlng of the American 
Crystallographic Association, Albuquerque, NM, 26 
May 1993. 

37. T. A. Jones, J.-Y. Zou, S. W. Cowan, M. Kjelgaard, 
Acta Crystailogr. Sect. A 47, 1 10 (1 991). 

38. R.A Laskowski, M. W. MacArthur, D. S. Moss, J. M. 
Thornton, J. Appi. Crystaliogr. 26, 283 (1993). 

39 A T. Brunger, X-PLOR, Version 3.1 (Yale Univ. 
Press, New Haven, CT, 1992) 

40. We acknowledge the contributions of S. Harayama, 
B. Hofmann, and H.-J Hecht to preliminary crystal- 
lization and diffraction studies. The assistance of R 
K Thauer and R. Hedderich in the initial anaerobic 
purification of DHBD is also gratefully acknowl- 
edged. Research in Braunschweig was supported in 
part by the German Ministry of Research and Tech- 
nology K.N.T, also thanks the Fonds der Chemis- 
chen lndustrieforgenerous support J.T.B. thanks L. 
Holm and G. Vriend for assistance with a preliminary 
evaluation of structural homology, and the Lucille P. 
Markey Foundation and the National Institutes of 
Health (NlH) (GM 52831) for support Shared diffrac- 
tion and computing facilities at Purdue University 
have been supported by grants from NIH and the 
National Science Foundation. 

31 May 1995, accepted 23 August 1995 

Guidelines for Protein Design: The Energetics of 
p 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 p 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 p sheet 
propensities. The experimental results paralleled the statistical frequency with which the 
residue pairs are found in P sheets of known structure. 

A complete understanding of the construc- 
tlon of a helices and 13 sheets is essential for 
the manipulation of ;he structure and prop- 
erties of proteins. A quantitative energetic 
descri~tion of marrv factors that determine 
the stability of a-helical secondary structure 
is available (1-4). Our understanding of the 
interactions that determine 13 sheet stabilitv 
is much less advanced. ~ i f f i r en t  ammo ac: 
ids do have measurably different intrinsic 
propensities for forming f3 sheets (5, 6),  and 
these intrinsic p sheet-formlng propensities 
differ between central and edge strand po- 
sitions in a p sheet (7). Statistical surveys of 
~roteins of known structure reveal that a 
nonrandom pairwise distribution of amino 
acids occurs in adjacent positions across 
two 13 strands (8-10). This observation 
implies that in additidn to the underlying 
differences in P sheet propensity, side 
chain interactions contribute to the local 
structure and stability of P sheets. Our 
studv here measures the extent to which 
thesk side chain interactions contribute to 
p sheet stability. 

A variant of the immunoglobulin*G 
binding domain of streptococcal protein G 

(referred to as @ l  and illustrated in Fig.. 
1A) was originally used to quantify the P 
sheet-forming propensities of the amino 
acids (6). Here, p l  was used to measure 
the energetics of side chain interactions 
between pairs of amino acids located in 
adjacent p strands. Pairwise amino acid 
substitutions were made on the solvent- 
exposed face of p l  in an antiparallel @ 
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 ( I  1). This type of site has stat~st~cal  
pairwise preferences distinct from those of 
a non-H-bonded pair such as 53-6 (8). 
Pairwise mutants are referred to as PIXY,  
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 p sheet-forming residues 
(Trp, Phe, Tyr, Thr, Ile, and Val) and 
between p airs of charged residues were ex- 

Deoartment of Molecular Bioohvsics and Biochemistrv. amined . (5-7)' -. . The residues (A!g, 
~ a l k  University, 266 Whitney dvenue, New Haven, CT Lys, and Glu) are among the intrinsically 
06520, USA. poorest @ sheet formers, yet these residues 
*To whom correspondence should be addressed. would be useful for engineering solubility 
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I 
to a helix 

Fig. 1. (A) Ribbon diagram illustrating the overall protein fold of p1 (PDB filecode, 2GB1) (1 7). (B) 
Illustration of the location of the painvise substitutions in the solvent-exposed p sheet region of pl (12). 
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 p 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 (16A and E42T) on the basis of previous modeling studies (6). Because Asp46 is 
involved in hydrogen bonding to Ala48 in the loop, it was not altered to Thr as was (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 p 
sheet design and engineering. 

We studied 32 pairwise mutants at posi- 
tions 44 and 53. The stability of each pl  
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 PlEK, 
PlEA, and PlAK) (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 
PlXY with the following equation: 

-0.2 1 ,  , 8 
, .  , # , , . . I , , . , , ,  , , .  , ,  

30 40 50 60 70 80 90 100 
Temperature ("C) 

Fig. 2. Typical thermal denaturation curves of a 
pairwise mutant compared with two single mu- 
tants each containing one member of the pair. 
Dl EA, open circles; PI AK, closed diamonds; 
pl EK, closed circles. 

where AAGZr,, is the stability of the dou- 
ble mutant containing X and Y amino acids 
relative to the variant PlAA; AAGEtinSic is 
the p sheet-forming propensity of residue X 
at the edge position; and AAGkYrinsic is the 
p 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 PlTI 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 PlFF and PlEK exceeded the predicted 
stability by nearly 1 kcal/mol. The range of 
free energies associated with side chain in- 
teractions is a~~roximatelv 1.8 kcallmol. . s 
This magnitude is comparable to the range 
of the intrinsic p 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 p sheet-forming pro- 
pensities are important in determining p 
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 

aliphatic and aromatic residues do not all 
interact equally well, which presumably re- 
flects both side chain volume and packing 
reauirements. An ins~ection of the sum of 
side chain volumes in different aliphatic- 
aromatic pairs suggested that there may be 
an optimal volume require~ent for maxi- 
mal stability (300 to 375 A3). A similar 
stabilization between two appropriately 
paired solvent-exposed hydrophobic groups 
has been re~orted in a 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 ~ositional ef- 

u 

fects of the edge and central strand locations 
were taken into account because the B sheet 
propensities used in the calculatio; 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 P sheet pairs 
because there will be differences in each 
pair's specific local geometry and between 
H-bonded and non-H-bonded ~ositions. 

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 (12) 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 p 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. 

A(AAG) Pair Confidence 
Mutant (kcaVmoI) 7;: level (%) 
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both studies (Table 1). In general, a high 
interaction energy was associated with pairs 
that are statisticallv likelv to be found to- 
gether in H-bonded positions of antiparallel 
p strands. By contrast, a destabilizing inter- 
action energy was exhibited by pairs that are 
statistically unlikely to be found together. 
Onlv the oairs for which the statistical data 
are known above a 90% confidence level are 
discussed here. 

Statistically, the charged pairs (PlEK and 
PIER) and the aromatic pair (PlFF) are the 
most likelv to be oaired. In the exoerimental 
system, each charied residue indiGidually is a 
poor p 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 
 air. Phenvlalanine is one of the best B sheet 
iormers. 1; proteins of known stiucture, 
cross-strand pairs of Phe side chains are often 
oriented in an edee-to-face fashion. which u 

optimizes energetically favorable electrostat- 
ic T-T interactions between the aromatic 
rings (8, 15). When these strands were 
paired with a second Phe residue, a large 
svnereistic stabilization was observed in our , u 

model system, which suggests that the two 
Phe side chains may be interacting in this 
way. 

The amino acid pairs TV and T W  are 
two of the least likelv to be found toeether 
across a p sheet, and ;he interaction &ergy 
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 (12) are listed in order 
of decreasing value of AAG, which was calculated 
relative to pl AA (14). 

Mutant AAG 
(kcal/rnol) 

side chain orientations and the ability of 
Thr to interact favorably with its cross- 
strand neighbor mav 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 P 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 P 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 P 
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 p 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 enerev are not neces- u, 

sarily correlated: Side chain interaction en- 
ergy and the intrinsic P sheet-forming pro- 
pensities work in conjunction to make a 
stable protein. 

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