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Abstract 

Staphylococcal  nuclease is found in two  folded  conformations  that  differ in the  isomerization of the Lys 116- 
Pro 117 peptide  bond,  resulting in two  different  conformations  of  the  residue 112-1  17 loop.  The cis form is 
favored over the trans with an occupancy of 90%.  Previous  mutagenesis  studies have shown  that when Lys 116 
is replaced by glycine, a trans conformation is stabilized  relative to  the cis conformation by the release of steric 
strain in the trans form.  However, when Lys 116 is replaced with  alanine,  the resulting variant  protein is identical 
to  the wild-type protein  in  its  structure  and  in  the  dominance of the cis configuration.  The  results  of  these  studies 
suggested that  any nuclease variant  with a non-glycine residue  at  position 116 should  also  favor  the cis form be- 
cause  of  steric  requirements  of  the  0-carbon at  this  position.  In  this  report, we present  a structural  analysis  of 
four nuclease variants with substitutions at  position 116. Two  variants, K116E and K116M,  follow the  “0-carbon” 
hypothesis  by  favoring  the cis form.  Furthermore,  the  crystal  structure of KI 16E is nearly  identical to  that of the 
wild-type protein.  Two  additional  variants, K116D and K116N, provide exceptions to this  simple “0-carbon” rule 
in that  the trans conformation is stabilized relative to  the cis configuration by these substitutions. Crystallographic 
data  indicate  that  this  stabilization is effected  through  the  addition of tertiary  interactions between the side chain 
of  position 116 with  the  surrounding  protein  and  water  structure.  The  detailed trans conformation of the K116D 
variant  appears  to be similar to  the trans conformation  observed in the K116G variant, suggesting that these two 
mutations  stabilize  the  same  conformation  but  through  different  mechanisms. 
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In  work  toward  rational design and redesign  of protein  mol- 
ecules, determining  the  relationship between the  amino acid se- 
quence  and  the three-dimensional structure of protein  loops  and 
&turns is essential. These elements of protein  structure comprise 
most  of  the  surface of proteins  (Richardson, 1981) and  are of- 
ten  critical  in  protein  function such as catalysis and  molecular 
recognition (e.g., antigenhnmunoglobulin  recognition;  Foote 
& Winter, 1992). Because  of  their aperiodic  structure,  loops  are 
the  most  difficult  element of protein  secondary  structure to  
model. Several taxonomy schemes  have been developed for  the 
classification of &turns  (Wilmot & Thornton, 1990) and  more 
general  loop  conformations  (Ring  et  al., 1992). Efforts  to  pre- 
dict  the  conformation  of  protein  loops  have  included  compari- 
son  to  similar  known  loop  structures  (Chothia et al., 1989) and 
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conformational searches  utilizing Monte  Carlo,  simulated  an- 
nealing, and exhaustive  grid  search  techniques  (Fine  et al., 1986; 
Bruccoleri  et al., 1988; Collura et al., 1993). Further  work  to- 
ward  the  understanding  of  the  dominant  interactions  that  de- 
termine  loop conformations is important  to  the  future of  protein 
engineering and  rational  drug design. 

We are working to define  protein engineering principles by ex- 
amining the sequence-structure  relationships for a loop in staph- 
ylococcal  nuclease,  which adopts  multiple  conformations.  The 
paradigm  for  this  study  has been to  generate  variants  of nucle- 
ase with single amino  acid  substitutions  and  then  to  determine 
the  effects  of  this  mutation  on  the  conformational  equilibrium 
of  the  loop segment using X-ray  crystallography and  NMR spec- 
troscopy.  The results  of  such a study  may  then be analyzed with 
two  different  goals.  The first goal is to  determine whether there 
are  simple, residue-based  rules that  govern  the  sequence  depen- 
dence of the  loop  conformation.  Chothia  and Lesk (1987) found 
a few canonical  loop  conformations  in  immunoglobulin hyper- 
variable  loops,  demonstrating  the utility of  this  approach.  In 
general  however,  the  complex  interactions between the  loop 
endpoint  geometry,  the  loop  sequence,  and  the  protein  context 
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suggest that  the  sequence-structure  relationship  may  only  be 
accurately  predicted  through  atomic scale energy  calculations. 
Thus,  the  second  goal of our mutational  study is to  provide de- 
tailed  experimental measurements of the  mutational effects that 
will guide  the  development  of  detailed energy calculations  suit- 
able  for systems of  this scale. To this  end, we have  undertaken 
a highly rigorous  computational  study  of  the  loop  in  staphylo- 
coccal  nuclease  in  parallel  with the  experimental  studies  (Hodel 
et  al., 1995). 

Staphylococcal  nuclease, a small protein (149  residues) lack- 
ing  disulfide  bridges,  has been the  subject  of  many  early  pro- 
tein  folding  studies (reviewed  in Tucker  et  al., 1979) and  of 
recent renewed interest  (Shortle & Meeker, 1986; Kuwajima 
et al., 1991; Fink et al., 1993; Green & Shortle, 1993). The crys- 
tal  structures of  nuclease  (Hynes & Fox, 1991) and  the nuclease- 
Ca2+-3',5'-diphosphothymidine (pdTp) complex (Cotton et al., 
1979; Loll & Lattman, 1989) have been refined  to high  resolu- 
tion.  NMR  studies of nuclease have revealed  a  slow exchange 
between two  folded  conformations  observed  as  multiple  reso- 
nances  for  each  of  the  His  8,  His 121, and  His 124 H" protons 
(Fox et al., 1986). This  conformational heterogeneity was shown 
to be  due  to a mixture  of cis and trans isomers  at  the Lys 116- 
Pro 117 peptide  bond in an  equilibrium  that  favors  the cis con- 
figuration  with a fractional  occupancy  of  90%  (Evans et al., 
1987, 1989; Wang et al., 1990). Unfolded nuclease and a peptide 
analog  of  this  segment  favor  the trans isomer of  the Lys 116- 
Pro 117 peptide  bond  (Evans et al., 1987; Raleigh  et al., 1992). 
Thus,  the cis configuration  found in the  native molecule is a 
strained  element. 

We have previously proposed  that  the  protein  fold  forces  the 
ends of the  loop  segment to positions  that allow only  strained 
backbone  conformations,  the  most  favorable  of which is the  na- 
tive conformation with a cis 116-1  17 peptide  bond.  There  are 
several lines of evidence supporting  this  hypothesis.  Mutations 
that  alter  the  anchoring  side  chain of Asn 118 exhibit a greater 
fraction  of molecules that  adopt  the trans isomer  of  the 116- 
117 peptide bond  (Hodel et al., 1994). Mutations in the  loop seg- 
ment that reduce the  conformational restrictions of this  segment, 
such  as K116G (Hodel et al., 1993) and  P117G  (Evans et  al., 
1987; Hynes et al., 1994), increase the  fraction  of  the trans pop- 
ulation while also  increasing  the  stability  of  the  protein.  Muta- 
tions  within  the  loop  that do  not  change  the  intrinsic  backbone 
conformation  space of the  protein, such as K116A (Hodel et al., 
1993), have  little  effect on  the  stability or the cidtrans equilib- 
rium. If the  protein is destabilized through  mutation  outside  of 
the  loop  (Alexandrescu  et  al., 1990) or through  solvent  condi- 
tions, such as high temperature or low pH, (Alexandrescu et al., 
1989), the  fraction of the trans configuration increases. It is our 
hypothesis  that  destabilizing  the  protein  reduces  the rigidity of 
the  loop  end  anchorage, allowing less strained trans conforma- 
tions to appear. 

Our study  of  the nuclease variants K116A and K116G gave 
some insight into  the  conformational  equilibrium  of  the residue 
112-1  17 loop  of nuclease A.  The  thermodynamic  and  structural 
similarity between nuclease A and  its K116A variant suggested 
that  only  the  P-carbon  of  the  residue 116 side  chain  was  impor- 
tant in the  determination  of  the  conformation  of  the  residue 
112-1 17 loop.  The  additional #I, $ conformations  available  to 
a glycine residue  allowed  the  variant K116G to  adopt a trans 
configuration  and relaxed the  strain in the  system. If any  non- 
glycine residue was placed  at  position 116 of  the K116G loop 

conformation,  the  side-chain  P-carbon  would  be in  close con- 
tact  with  the  &carbon of the  Pro 117 imino  ring  and  the  back- 
bone  carbonyl oxygen of Tyr 115. If one were to  model  the trans 
conformation  of nuclease  A after  the  conformation  found in 
K116G, the steric strain induced by the P-carbon  of  position 116 
could be responsible for driving the  conformational equilibrium 
to  favor  the cis isomer  of  the 116-117 peptide  bond.  Such a 
model  would lead to  the  hypothesis  that  any nuclease variant 
where  position 116 was  replaced  with a non-glycine residue 
would  favor  the cis conformation. 

In  this  paper we present  an  analysis of the nuclease variants 
K116E,K116D,K116N,andK116M.K116EandK116Mfollow 
the  simple  "P-carbon"  hypothesis  outlined  above by exhibiting 
conformational  behavior  similar  to  that  of wild-type nuclease. 
K116D and  Kl16N  provide  exceptions  to  the  above  hypothesis 
as  each  contains a P-carbon  at  position 116,  yet the trans con- 
formation is significantly stabilized in  each  of  these  variants. We 
present X-ray crystallographic  data  that suggest that  the trans 
conformations in the K116D and K116N variants  are stabilized 
by specific tertiary  interactions with the  surrounding protein and 
water  structure. 

Results 

' H  NMR spectroscopy 

The  histidine H" proton  region of the  NMR  spectra  of  the 
K116E, K116D, K116N, and KI 16M nuclease variants are shown 
in  Figure  1. As  with  nuclease A, two  resonances  appear  for  the 
protons of His  8,  His 121, and  His 124. In nuclease A,  each  of 
these  resonances  monitors  different  isomerization  states of the 
Lys 116-Pro 117 peptide  bond  (Evans  et  al., 1987, 1989). The 
assignments  of  the  variant  histidine H" resonances were in- 
ferred from  the spectrum  of the wild-type protein (Alexandrescu 
et  al., 1988; Kautz  et  al., 1990), assuming  that  the  order of the 
histidine  chemical  shifts is conserved.  These  tentative assign- 
ments were confirmed  through  titration  with  the  nucleotide  in- 
hibitor,  pdTp,  and  through magnetization  transfer. The  addition 
of  CaZ+  and  pdTp  to a solution  of wild-type nuclease  (Evans 
et  al., 1989) and  the  variants K116A and K116G (Hodel et al., 
1993) stabilized  the cis conformation in all  three  proteins.  As- 
suming  that  this effect is conserved  in the  variants  studied  here, 
solutions  of  each  protein were titrated with Ca2+  and  the in- 
hibitor.  As  shown in Figure 2, the  proposed cis resonances  of 
the K116N variant  increased,  whereas  the trans resonances de- 
creased,  confirming  their  assignments.  Similar results  were ob- 
tained  for  the K116D, K116E,  and K116M variants  (data  not 
shown).  Magnetization  transfer experiments (Evans et al., 1989) 
were performed  on selected histidine  protons  to  confirm  con- 
formational  exchange  (data  not  shown). 

Curve  fitting  of  the  histidine region of  the  NMR  spectra (see 
Fig. 1) yielded the  equilibrium  constant  and  the  free energy 
change  for  the cis/trans equilibrium  of  each  protein (see Ta- 
ble l). K116D favors  the trans conformation with  a population 
of  70%, yielding  a AAGcis+rrons of - 1.75 kcal/mol  relative  to 
nuclease  A. K116N also  favors  the trans conformation  more 
than  nuclease  A;  however, it populates  both  the cis and trans 
conformations  nearly  equally  with a AAGcjs+,ro,,s of - 1.13 
kcal/mol compared to  the wild-type protein.  The c i s h a m  equi- 
librium in K116E appears  to  be very similar  to  that  of nuclease 
A. K116E favors  the cis conformation  at 84% occupancy with 
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Fig. 1. Low-field region of 490 MHz  'H  NMR spectra showing reso- 
nances of the  four histidine H e '  of (A) staphylococcal nuclease A, 
(B) the nuclease variant K116D, (C) K116N, (D) K116E, and (E) K116M. 
Backbone amide protons have been exchanged for deuterons, reveal- 
ing the histidine H" resonances. These resonances are labeled by resi- 
due number suffixed with c, denoting the cis resonance, and  t, denoting 
the trans resonance. Samples are in 200 mM acetic-d3-acid-d buffered 
D20, pH* 5.3. All spectra were taken at 40 "C on  the Yale-490 MHz in 
the Chemistry Instrumentation  Center at Yale University. 

a AAGcis-,rons from  nuclease A of  -0.20 kcal/mol.  The cis/ 
trans equilibrium  in  the K116M variant  is  modestly  perturbed 
from  that  of  nuclease A. K116M favors  the cis conformation 
at 73% occupancy  with a AAG,,,,,,,,, from  nuclease A of 
-0.81 kcal/mol. 

Thermodynamic stability 

Thermodynamic  stabilities  of K116D, K116N, K116M, and 
K116E  all appear  to  be  identical  to  that  of  nuclease A. As shown 
in  Table 1 ,  each  of  the  three  variants  have  the  same  unfolding 
midpoint  concentration (C, - 0.7 M) of  guanidine  hydrochlo- 
ride  (GuHCl)  and  the  same  free  energy  of  unfolding (AG, - 
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Fig. 2. Effect of ligand binding on  the 'H   NMR spectrum of variant 
K116N. All spectra taken at pH* 5.3,40 "C in 200 mM deuterated ace- 
tate buffered D20. A: N o  added ligands. B: 10 mM CaC12 and 1 mM 
3:s'-diphosphothymidine (pdTp) added. C: 10 mM CaCI2 and 5 mM 
pdTp  added. Intensity can be  seen to shift from the trans form to the 
cis form  as  inhibitor is added. 

4.5 kcal/mol)  as  nuclease A within  the  precision  of  these 
measurements. 

X-ray crystallography 

Crystal  structures of K116D, K116N, and K116E were  similar 
to  that  of  nuclease A except  in  the  region  of  mutation  (residues 
112-117) and  in  a disordered  loop  (residues 44-51). Suitable 
crystals  of K116M could  not  be  prepared.  Figure 3 shows  the 
backbone  traces  of  the  three  variants  superimposed  on  the  struc- 
ture  of  nuclease A (Hynes & Fox, 1991). The RMS differences 
between  the  backbone  coordinates  of  nuclease A and  the  three 
variants  (not  including  residues 1 1  1-1 19 o r  44-51) are  0.21 A ,  
0.23 A ,  and 0.18 A for K116D, K116N, and K116E, respectively. 
These  differences  are  on  the  order  of  the  predicted  uncertainty 
in  the  atomic  coordinates  as  calculated  from a Luzzati  plot  (Luz- 
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Table 1. Thermodynamic measurements 

%cis AGcisis-r,rons GuHCl C,  AGD 
Protein  (at 40 "C) (kcal/mol) (M) (kcal/mol) 

Nuclease A 88 (1) 1.23 (0.07) 0.71 (0.02) 4.65 (0.1) 
K116D 30 (1) -0.52 (0.07) 0.71 (0.02) 4.54  (0.1) 
K116N 54 (1) 0.10  (0.07) 0.68 (0.02) 4.41 (0.1) 
K116E 84 (1) 1.03 (0.07) 0.72 (0.02) 4.65 (0.1) 
K116M 73 (1) 0.62 (0.07) 0.70 (0.02) 4.43 (0.1) 

zati, 1952; see Fig. 4). Thus, the mutations at position 116 have 
little effect on  the global structure of the protein. 

The  conformation of residues 112-1  17 was clearly indicated 
in the SA-omit F, - F, map of the K116E variant. As shown in 
Figure 5A, the density unambiguously defines the backbone con- 
formation of each  residue, including a cis peptide  joining resi- 
dues 116 and 117. The conformation defined by the electron 
density is very similar to the  loop  conformation  found in nucle- 
ase A. Along with the cis peptide bond,  the K116E structure re- 
tains the type Vla  &turn from residues 115-1 18 observed in the 
nuclease A  structure.  Figure 5B shows the superimposition of 
the nearly identical conformations of K116E and nuclease A. 

As described in the Materials and methods,  the electron den- 
sity  in the residue 112-1  17 regions of K116D and K116N was in- 
terpretable only after adding ordered waters and a bulk solvent 
correction to the models. Figure 6 shows the resulting electron 
density maps for the K116D variant contoured at 1.8~ and 1.5~. 
The position of the side chain of Asp 116 was clearly defined 
by the electron density in a map contoured at 1.8~. The posi- 
tion of this side chain requires the Asp 116-Pro  117 peptide bond 
to be  in the trans isomer. The trans state of the 116-1  17 pep- 
tide was also suggested by a weak bump of electron density at 
the position of the backbone  carbonyl oxygen of residue 116. 
The density for residues 115 and 114 was weak and patchy. 
However, the density for residues 112-1 13 clearly defined their 
backbone atomic positions. The side chains of residues 113-1 15 
do not  appear in the electron density. The electron density map 
yields some suggestion of the backbone conformation of resi- 

dues 114 and 115 when it is contoured at 1 .Sa (see  Fig. 6B); how- 
ever, the details of the backbone and side chain  conformations 
of residues 114 and 115 are not unambiguously determined. 

A model for  the  loop  conformation was built into  the den- 
sity and refined to  the  data as shown in Figure 6. Along with 
the isomerization of the 116-1 17 peptide bond,  the most striking 
difference between the K116D and nuclease A loop  conforma- 
tions is the rearranging of a hydrogen bond network including 
the  loop residues and  the surrounding  ordered water molecules 
(see  Fig. 7A,B). In nuclease A, Asn 118 and Tyr 115 form  a hy- 
drogen bond framework of local structure with two ordered wa- 
ter molecules. In the nuclease A structure, a hydrogen bond 
between the carbonyl oxygen of Tyr 115 and  the amide  nitro- 
gen of Asn 118 completes the type  VIa  @hairpin turn of resi- 
dues 115-1 18. In K116D, the  Asp 116 side chain takes the place 
of the Tyr 115 backbone atoms  in completing hydrogen bonds 
with the amide  of Asn 118 and  the two water molecules. Thus, 
unlike nuclease A, Kl16D does  not form a well-defined &turn 
with residues 115-1 18, but  instead completes a reverse turn by 
a hydrogen bond between the side chain of Asp 116 and the  am- 
ide of Asn 118. 

The  conformation  of residues 112-1  17 in K116D is very sim- 
ilar to  that found in the variant K116G (Hodel et al., 1993), 
which also adopts a trans 116-1  17 peptide bond (see Fig. 7C). 
The main  difference between the two conformations is the ori- 
entation of the 115-1 16 peptide bond, which is defined by the 
backbone  dihedrals $( 115) and +( 1 16). Due to  the steric clash 
between the carbonyl oxygen of  Tyr 115 with the &carbon  of 
residue 116, the  conformation of the 115-1 16 peptide group  in 
K116G would be forbidden if any non-glycine amino acid were 
found at position 116. Similar to K116G,  K116D adopts  a $(l16) 
angle such that the  &carbon of the Asp 116 side chain is  in  close 
contact (3.2 A) with the &carbon  of the  Pro 117 imino ring. 

When the F, - F, map is contoured  at 1.5u, the electron 
density near residue 116 shows two  protuberances that  are  not 
explained by our initial model. It is possible that this density 
originates in well-ordered atoms of the cis conformation of 
K116D which, in solution, has an occupancy of 30%. We hy- 
pothesized that this cis conformation could be similar to the con- 
formation  found in wild-type nuclease A. A second model of 
the residue 112-1 18 loop was constructed for K116D with a cis 

Fig. 3. Stereo representation of the  back- 
bone of nuclease A (white), K116E (green), 
K116D (blue), and K116N (magenta). The 
four structures were superimposed by min- 
imizing the  difference between the  coordi- 
nates of the  backbone  atoms of all residues 
except the disordered loop of residues 44-51 
and the  loop  containing  the  mutation (resi- 
dues 111-119). 
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Fig. 4. Luzzati  plots (Luzzati, 1952) of the  mean atomic error for the 
(A) K116D, (B) K116N, and (C) K116E structures, where d is the Bragg 
spacing. 

116-1 17 peptide bond  and a conformation similar to  that of the 
wild-type protein.  When  this  second, cis model  of  the K I  16D 
loop is superimposed  on  the  SA-omit  electron density map,  the 
unexplained  density  outcroppings  are  positioned  consistently 
with  the  position of the I16 side chain  and 115-1 16 backbone 
trace (see Fig. 6C). 

The  electron  density  from  the F, - F, SA-omit  map in the 
loop region  of K116N was noisy and ill-defined (see Fig. 8);  yet, 
certain  features  of  the  conformation  of residues 112-1 17 are 
strongly suggested.  Similar to  K116D, K116N appears  to  adopt 
a hydrogen  bond between the  Asn 116 side chain  and  the  back- 
bone  amide of  Asn 118. The density  clearly  defines the Asn 116 
side  chain in  a position very similar  to  that  observed in the 
Asp 116 side  chain  of K116D. 

The detailed conformation  of residues 113-1 15 is not clear in 
the  electron  density  map.  As  shown in Figure  SA,  the density 
is somewhat  consistent with the  conformation  modeled  into 
K116D, but a patch  of  density  near  the 115-1  16 peptide  bond 
suggests an  alternate  position of this  peptide  group.  In Fig- 
ure 8B,  a second possible conformation  of residues 113-1 16 is 
shown where the  carbonyl oxygen of Tyr 115 is directed into  the 
previously mentioned  patch  of  density.  This  change in the  con- 
formation  brings  the K116N loop conformation closer to  that 
observed in K116G. The  steric clash  between the  Tyr 115 car- 
bonyl oxygen and  the Asn 116 side chain suggests that this con- 
formation is somewhat  improbable. Both conformations shown 
in  Figure 8 refine  to  the  same  R-factor,  thus  the  data  do  not 
finely discriminate between  possible conformations  of  the resi- 
due 1 13- 1 15 segment. 

Discussion 

The K116E and K116M variants  of nuclease are  similar to  nu- 
clease  A  in their stability and cis/trans equilibrium. K116E also 
adopts a nearly  identical  structure  to  that  of  the wild-type pro- 
tein. These  characteristics are  also  shared by the  variant K I  16A 
(Hodel et al., 1993;, providing  examples  of four  amino acids at 
position 116, namely alanine,  glutamate,  methionine,  and lysine 
(the wild type), which  result  in proteins  that  are  quite  similar 
thermodynamically.  The  only  similarity between  these four 
amino  acids is that  they  each  contain a 0-carbon  but  are  not 
P-branched.  The similarity  between these  four  proteins lends 
support  to  the hypothesis that  the  P-carbon  at residue 116 is the 
most  important  structural  element  at  that  position in the  deter- 
mination  of  the  residue 112-117 loop structure.  The K116M 
variant results  in the  largest  perturbation of the cis/trans equi- 
librium  from  that  observed  for  the wild-type protein  of  the 
three  mutants  considered  above.  Unfortunately,  suitable crys- 
tals  could  not  be  prepared  to  investigate  the  structural basis of 
this change in the cis/trans equilibrium. We hypothesize that  the 
change  may be due  to a more  favorable  hydrophobic  interaction 
between the Met  side chain  and  the  remainder  of  the  protein  in 
the trans form of the  protein. 

The  variants K116D and K116N provide  exceptions  to  the 
P-carbon hypothesis. Both  of these variants  contain a P-carbon 
at  position 116, yet AGcis+,rans for  these  two  proteins is signif- 
icantly lower than  that  of  the wild-type  nuclease. The  similar 
effect in K116D and K116N, and  the  absence of this  effect in 
K116E, suggest that  the specific geometry at position 116, rather 
than  the  charge, is important in the  relative  stabilization  of  the 
trans conformation.  The crystal structures of these two  variants 
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Fig. 5. Structure  of  the K116E variant. A: Stereo  representation of the  electron  density in the  region of residues 113-1 17 in  the 
K116E variant.  Density was calculated  as  an F, - 4. omit  map  using  the  model  from  nuclease  A  (Hynes & Fox, 1991) after re- 
finement  through  the  SA-omit  procedure  with  residues 112-1 18 removed  from  the  model. B: Structure of residues 112-1 18 of 
Kl16E (green)  and  nuclease  A  (white).  Structures  were  superimposed  as in Figure 3.  Oxygen atoms  are  colored  red;  nitrogen 
is colored blue. 

did not yield the detailed conformation of the residue 112-1  17 
loop,  but they did suggest an explanation for the deviation in 
the cidtrans equilibrium compared to  that of nuclease A. Al- 
though  both K116D and K116N are found  in  strained  confor- 
mations (with the &carbon of residue 116 in close contact with 
the &carbon of Pro 117), both variants exhibit a stabilizing 
short-range  tertiary  interaction involving hydrogen bonds be- 
tween the Asp/Asn 116 side chain, Asn 118, and  a network of 
water  molecules. The geometry of this interaction must  be com- 
patible with a trans conformation, but not the cis conformation. 
Thus, the trans conformation is stabilized relative to the cis con- 
formation. The tight  geometry  involved in this interaction is spe- 
cific to  the aspartate/asparagine sue  and shape, prohibiting the 
variant K116E from adopting  a similar geometry. 

We hypothesize that the cis conformation detected by NMR 
at 30% occupancy in K116D and 50% occupancy in K116N is 
similar to  the conformation observed in wild-type nuclease. 
From here forward we shall refer to  the backbone  conforma- 
tion observed or hypothesized in each variant by subscripting 
the name of the variant with either cis or trans. For example, 
our hypothesis above may be restated as K1 16Dcj, and K116Nck 
are similar to nuclease Acis. This possibility was suggested by 
weak extra electron density in the K116D F, - F, map (see 
Fig. 6C). More  substantial evidence for this claim can be in- 
ferred from the similarity between  nuclease A,, K116Ack, and 
K1 16Ecis. It would be reasonable to assume that K116D would 
adopt this conformation with the single assumption that Asp 116 
does not make any heretofore unobserved tertiary interactions 
in K116Dci,. Simple graphic modeling supports this assumption 
with the observation that the side chain of residue 116 should 
be completely solvated when the 116-1  17 peptide bond is cis. 

If K116Dcis and K116Nci, are similar to the nuclease Aci,, 
then the cis/trans equilibria of these two variants is derived from 
the energetic differences between the conformations and hydro- 
gen bonding networks shown in Figure 7. The small difference 
in AGCi,,,,,, between K116D and K116N would then be attrib- 
uted to a combination of the differences between solvation 
energy, hydrogen bonding energy, and reaction to the local elec- 
trostatic potential between aspartate and asparagine in the con- 
formations shown in Figure 7. These variants would therefore 
provide a good test case for molecular modeling studies. 

The similarity between the trans loop  conformations found 
in K 1 16D and K 1 16N compared to that observed  in K 1 16G leads 
to  the question of whether this is the trans conformation de- 
tected by NMR in wild-type nuclease A, K116A,  K116M, and 
K116E. This is a plausible hypothesis, as one would expect 
K116E and K116D to have a similar backbone  conformation 
space available. Thus, ignoring the  interactions between the 
residue 116 side chain and  the surrounding protein context, 
AGcjs-,runs should be similar in these two proteins, i.e., - 1  
kcal/mol. For the uncertainty in this value, the effects of the spe- 
cific  side chain at position 116 can be observed in the difference 
between AGcis~,m, of  nuclease A (Lys at position 116),  K116A, 
K116E, and K116M, which are 1.2 kcal/mol, 1.5 kcal/mol, 1.0 
kcal/mol, and 0.6 kcal/mol, respectively. Thus, if K116D,,,,, 
is similar to K116E,,,, the side-chain interactions of Asp 116 
in K116D stabilize K116D,,, with respect to K1 16Dci, by ap- 
proximately 1.5 kcal/mol. 

The long-range goal of these efforts was to lay the  founda- 
tion for the prediction of protein loop conformations from their 
primary sequence through two broad  approaches, namely a 
knowledge-based approach and  an energy-based approach. The 
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first approach follows from  the work of Chothia  and Lesk formation of the residue 112-117 loop was determined for 
(1987), who found  a small number  of canonical loop confor- several variants.  From the work presented so far, it appears 
mations that depend  on only a few key residues. Toward  this probable that  the concept of canonical loop forms is applica- 
approach,  the effects of site-directed mutagenesis on  the con- ble to this loop of staphylococcal nuclease. This conclusion is 
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Fig. 7. A: Hydrogen bonding  pattern between residues 1 I5 and 118 of nuclease A (Hynes & Fox, 1991) and  the  surrounding 
ordered water. Residues 115-1 18 adopt a type IVa &turn with a hydrogen bond between the carbonyl oxygen of Tyr 115 and 
the  backbone  amide of Asn 118. B: Hydrogen bonding pattern between residues 115 and 118 of K116D and the  surrounding 
ordered water. The Asp 116 side chain replaces the  backbone of Tyr 115 in many of the hydrogen bonds observed in the wild- 
type  structure. C: Comparison of the residue 112-118 loop  conformations  from  the K116D variant (white) and the K116G 
nuclease variant (Hodel et al., 1992) (green). Oxygen atoms are colored red; nitrogen is colored blue. 

based on  the fact that there are fewer unique loop conforma- 
tions than there are variants, i.e., several variants of differing 
loop sequence share  the same conformation. The sequence de- 
pendence of the residue 112-117 loop conformation  demon- 
strates degeneracy in the amino acid to loop conformation code. 

The analysis of the nuclease variants with substitutions at po- 
sition 117 clearly define this residue as a key position in  the de- 
termination of the loop  conformation (Hynes et al., 1994). In 
their results, Hynes et al. describe three  substitutions resulting 
in two new loop conformations. At position 117, a proline yields 
the wild-type cis conformation in a type VIa &turn. Glycine and 

alanine yield a type I' turn with a trans peptide bond and thre- 
onine yields a type I turn again with a trans peptide bond. 
Six variants at position 116 have  been  generated  yielding three 

observable loop conformations. The wild-type  nuclease confor- 
mation with a cis 116-1 17 peptide bond is observed when posi- 
tion 116 is lysine, glutamate, or alanine. When aspartate or 
asparagine is placed at position 116, a conformation with a trans 
116-1  17 peptide bond is observed. We believe that the  forma- 
tion of the hydrogen bond between the side chain of residue 116 
and the backbone of  residue 118 populates a conformation sim- 
ilar to the minor trans form of the wild-type protein to a suffi- 
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Fig. 8. Electron  density  surrounding  residues  112-1 18 of the K116N  variant.  Shown  is  the F, - F, SA-omit map  calculated  using 
the  nuclease  A  structure  excluding the atoms of residues  112-1 18. Map  is contoured  at 1 . 5 ~ .  Density  yields  the conformation 
of residues  112-1  14  and  116-1 17, but conformation of residue  115  is  not  clear. Two models are  shown  with  the map. A A  model 
similar to that of K116D  was  built  and  refined to the data. B A  model  based on the conformation found in the K116G  variant 
is also consistent  with  the  electron density. Although the  density in the SA-omit  map favors the conformation of Tyr 115  in 
the K116G model (B), steric  considerations  suggest  that  the  K116D conformation (A) is more  likely to be adopted by K116N. 

cient level that it can be observed crystallographically. The 
structure of this protein loop in nuclease K116G, although sim- 
ilar in its overall positioning on the protein surface, adopts a sig- 
nificantly different  conformation at residue 116 (aL), which  is 
uniquely allowed for glycine residues (Hodel et al., 1993). 

Although the K116D,  K116N, and K116G variants all  increase 
the  population of the trans 116-1  17 peptide bond, they do so 
by different mechanisms and thus have distinct effects on pro- 
tein stability. The K116G mutant examined in an earlier publi- 
cation (Hodel et al., 1993) increases the trans population because 
the Gly residue can adopt a conformation (aL) that is ener- 
getically unfavorable for side chains with a P-carbon. We hy- 
pothesized that  the new loop conformation relieves the  strain 
imposed by the remainder of the molecule without requiring the 
formation of a cis peptide bond, allowing more  favorable  in- 
tramolecular interactions, and thus increasing the stability of the 
K116G protein to denaturation. In the case of the two mutants 
examined here (K116D and K116N), the strain is not relieved  by 
the mutation but is instead redistributed between the energeti- 
cally  less favorable  peptide  bond in the cis conformation and 
a displacement of the remainder of the protein structure from 
its lowest energy conformation when the peptide bond is in the 
trans conformation. The trans conformation  has  a faster ther- 

mal unfolding  rate (Evans et al., 1989), and thus increasing the 
trans population (when the remainder of the protein is under 
strain) should decrease the stability of the protein. There are of 
course other contributing effects to the stability of each protein 
including electrostatic interactions. 

In a theoretical study of this loop  through rigorous free en- 
ergy simulations, evidence was found suggesting that the con- 
formation observed  in K116D is  very  similar to that of the minor 
trans conformation of wild-type nuclease (Hodel et  al., 1995). 
If this hypothesis is correct,  the variants K116N, and K116D 
do not result in novel loop  conformations  but simply change 
the equilibrium between the two conformations  populated by 
the wild-type protein. Again, this is  in contrast to  the substi- 
tutions at position 117 that result in novel conformations  not 
populated by the wild-type protein. This analysis would not 
grant position 116 the status of a key position, i.e., one that de- 
termines the canonical loop  form for the residue 112-1  17 loop. 
Rather, changes in position 116 result in only small energetic 
perturbations in the  conformations populated by the wild-type 
protein. 

We are engaged in a comprehensive exploration of the con- 
formation space of this peptide segment through computational 
modeling. Our eventual goal in this exploration is to predict the 
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conformations of nuclease variants given the  amino acid se- 
quence of the residue 112-1  17 loop segment. A complete exper- 
imental  description of these conformations along with their 
relative free energies will provide  a much needed database for 
efforts dealing with the  rational redesign of protein molecules 
through amino acid substitution. 

Materials and methods 

Preparation of the nuclease variants 
The nuclease A gene was subcloned into M13mp18 to produce 
single- stranded template DNA. The K116D and K116E mutants 
were prepared by primer-directed mutagenesis using synthetic 
oligonucleotides (Zoller & Smith, 1983; Kautz et al., 1990). 
Plaques were screened by differential  hybridization using 5'-  
32P-labeled oligonucleotides and sequenced to verify the  muta- 
tion. The K116N and K116M mutants were prepared by PCR 
mutagenesis using synthetic oligonucleotides (Higuchi, 1990) and 
were sequenced to verify the  mutation. The mutant genes  were 
subcloned into  the plasmid PAS1 , expressed  in Escherichia coli, 
and protein  prepared as described (Evans et al., 1989). 

'H-NMR determination of cis/trans equilibrium 
Between  10 and 30 mg of lyophilized protein was resuspended 
in DzO and adjusted to pH* 5.3. (pH* refers to glass electrode 
meter reading uncorrected for deuterium isotope effects [Bundi 
& Wiithrich, 19791.) The sample was then heated to 10 "C above 
the T, for 5 min to facilitate exchange of labile protons,  and 
any precipitate was removed by centrifugation.  The deuterated 
protein was lyophilized again, and resuspended in 0.5 mL of 
200  mM acetic-d,-acid-d, pH* 5.3, with 1 mM trimethylsilyl 
propionate (Aldrich) as a chemical shift reference. Trace pre- 
cipitate, if present, was  removed by centrifugation before trans- 
ferring to a 5-mm NMR tube.  Spectra were taken at 40 "C on 
the Yale-490 MHz in the Chemistry  Instrumentation  Center at 
Yale University or a Bruker AM-500. 

The assignments of the H'I histidine peaks were performed 
by comparison to  the wild-type protein  spectrum.  The reso- 
nances that corresponded to the cis and the trans conformations 
were differentiated by the  addition of CaZ+ and the competitive 
inhibitor pdTp.  Conformational exchange between the cis and 
trans peaks  of  individual  histidine protons was confirmed 
through magnetization transfer experiments (Evans et al., 1989). 
Spectra were transformed and analyzed using the  program Fe- 
lix (Hare Research). 

The  fraction of molecules with a cis Lys 116-Pro 117 peptide 
bond was obtained from  the relative areas of the resolved his- 
tidine resonances of spectra  acquired at 40 "C.  The  nonlinear 
least-squares curve fitting of the Lorentzian lines was performed 
using the Leverberg-Marquardt  algorithm (Press et al., 1986). 
Errors in the fitting parameters were estimated by applying nor- 
mally distributed  shifts to  the experimental data  and repeating 
the curve fitting to yield a distribution of fitting parameters. The 
AG values for  the cis/trans equilibrium were obtained using 
AG = -RT In K ,  where K is the equilibrium  constant for  the 
isomerization from cis to trans. 

Thermodynamic  stability determinations 
The thermodynamic  stability  of nuclease and its variants was 
measured by GuHCl  denaturation, monitoring the fluorescence 

of the single tryptophan  at residue 140. Protein  concentrations 
were 6 pM (0.1 mg/mL) in a  buffer of 200  mM sodium acetate, 
pH 5 . 5 .  The excitation wavelength was 300 nm,  and emission 
was monitored at 340 nm using an SLM  model SO00 fluorimeter. 
Extrapolation to zero denaturant  concentration provides an es- 
timate of AGD in the absence of denaturant (Pace, 1975). 

Crystallization and X-ray intensity data collection 
Nuclease  K116D,  K116N, and K116E  were  crystallized from low 
salt  buffer (10.5 mM potassium  phosphate, pH  8.15,2 mg/mL 
protein) using 2-methyl-2,4-pentanediol as a precipitant (Arnone 
et al., 1969), yielding bipyramidal crystals in space group P41. 
A single crystal was  used  in  each  of the three data sets  described 
in Table 2. X-ray diffraction intensities were measured using an 
area detector system and CuK, radiation from  a rotating anode 
generator.  Redundant symmetry-related reflections were aver- 
aged and yielded reasonable R-merge statistics. The effective  res- 
olution of a data set  is  best defined by D2, the highest resolution 
shell with a mean intensity greater  than or equal to  20(I). D2 
varied from 1.9 to 2.0 A resolution for the  three data sets. De- 
tails of the  data collection and reduction are given  in Table 2. 

Crystallographic refinement 
Starting phases and coordinates for all three structures were de- 
rived from  the structure of nuclease A (Hynes & Fox, 1991)  with 
the solvent molecules removed. To avoid model bias, residues 
112-1 18, a solvent exposed loop, were omitted from  the nucle- 
ase A structure. This edited structure was then rigid-body  refined 
to the low resolution diffraction data (15-3 A), where the en- 
tire  protein is treated as a rigid body.  An overall temperature 
factor was then computed and applied to  the model. Further 
rigid-body minimization and overall B-factor refinement were 
performed using data  from 15 A to 2 A resolution. With resi- 
dues 112-1  18 still omitted,  the model was refined to  the origi- 
nal data using alternate cycles  of positional and individual 
restrained B-factor refinement. All refinement, including rigid- 
body minimization, positional, and  B-factor, and simulated an- 
nealing refinements were carried out  through  the program 
X-PLOR (Briinger et al., 1987). 

Nuclease crystals diffract anisotropically, with stronger  am- 
plitudes along the c* axis relative to the a* and b* axes. To 
correct this anisotropy, the original data were scaled to the cal- 
culated data using a local scaling program (Hynes & Fox, 1991) 
adapting the methods of Matthews and Czerwinski (1975). In 
this  procedure,  a local scale factor is calculated as C(Fca,c)/ 
C(F,,) for a 5 X 5 x 5 (hkl units) box of reflections excluding 
the central reflection to prevent bias. The resulting scale factor 
is applied to  the central F,, which  was omitted. Prior B-factor 
refinement of the model to the original data should preserve the 
overall temperature  factor information in the anisotropic scal- 
ing of the data. 

Each model  was  refined  with the scaled data from 6 to D2  res- 
olution  through the simulated annealing omit technique (Hodel 
et al., 1992) where  residues 112-1  18  were omitted from the struc- 
ture. A Fa - F, electron density map was calculated in the res- 
idue 112-1  18 region from each annealed edited model. Electron 
density analysis and model  building  were performed through the 
graphics  program  FRODO  (Jones, 1985). 

The SA-omit Fa - F, map  for  the variant K116E demon- 
strated  a good fit to the  loop  conformation of residues 112-1  18 
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Table 2. Crystallographic and geometric parameters at the conclusion of refinement 

a, bo (A) 
c (A) 
Resolution  range (A) 
Number  of  unique  reflections 
Percent  unique  reflections  (to  resolution) 
D2a (A) 

R-factorc (070) 
Number  of  protein  atoms 
Number of water  molecules 
Number of total  atoms 
Mean  B-factor 

Main-chain  atoms 
Side-chain  atoms 
Backbone  atoms  residues 112-1 17 
Side-chain  atoms  residues 112-1 17 
Water 

Bond  lengths (A) 
Bond  angles (") 

Rsyrnrnetry' (070) 

Deviations  from  ideal  geometry 

K116E 

47.4 
63.4 

6.0-1.9 
10,190 

99 
1.9 
5.0 

18.8 
1,092 

55 
1,147 

27.2 
23.2 
30.1 
30.0 
38.7 
32.0 

0.007 
1.62 

K116D K116N 

48.2 
63.1 

6.0-1.9 
8,957 

88 
1.9 
5.6 

18.9 
1,091 

52 
1,143 

30.5 
26.4 
33.5 
34.0 
44.0 
37.1 

0.006 
1.54 

47.2 
63.0 

6.0-2.0 
7,157 

92 
2.0 
6.1 

18.0 
1,091 

57 
1,148 

30.2 
26.1 
33.0 
40.1 
55.2 
40.1 

0.009 
1.72 

a D2  represents  the  resolution shell where  the ( I )  = 20. ' Merging  R-factor for symmetry-related  reflections  defined  as ( ( I )  - I I / C ( I )  
Crystallographic  R-factor  defined  as C I Fobs - F,,/,I /x Fobs. 

found in wild-type nuclease A. The Lys  116 side chain was re- 
placed with glutamate and this new model was refined through 
alternating cycles of positional and B-factor  refinement.  Or- 
dered water molecules were added to the model and  the struc- 
ture was refined to an R-factor of 18.7%. 

The electron density maps calculated from  the K116D and 
K116N data were  weak and patchy in the residue 112-1  18 region, 
suggesting the need for further refinement of these models. With 
residues 112-1  18 still omitted, the  annealed models were then 
subjected to multiple rounds of positional and B-factor refine- 
ment. Water molecules that were not in contact with the resi- 
due 112-1  18 region  of the proteins were then added to the model 
structures. Further positional and B-factor refinement yielded 
models of K116D and K116N with R-factors of 20.2% and 
18.5%, respectively. To obtain clear maps at the protein surface, 
we decided to calculate electron density maps using data  from 
40 A to D2. A bulk solvent correction was added to  the low  res- 
olution data utilizing a solvent mask filled with constant elec- 
tron density.  The  B-factors of both models were then refined 
with the solvent mask present. F, - F, omit electron density 
maps were then calculated for the residue 112-1  18 region from 
the complete modified data set. 

The density of the Fa - F, omit map  for  the K116D variant 
suggested a radical change in the conformation of the residues 
112-117 compared to  that of nuclease A. A Fa - F, SA omit 
map contoured at 1.80 clearly defines the positions of residues 
112,  113, and 116-1 18, including a trans 116-1  17 peptide bond. 
When the map is contoured at 1.50, the  path of the backbone 
trace for residues 114 and 115 becomes  visible. A model for this 
conformation was built into  the 1 . 8 ~  density, positioning resi- 
dues 114 and 115 in unstrained conformations (with regard 
to  the backbone 4 and $ angles) that were consistent with the 

1.50 density. The full model of  K116D  was then refined to an 
R-factor of 18.9% using data  from 6 to 1.9 A. 

The density of the F, - F, omit  map for the K116N variant 
had similar features to that of  K116D. The electron density dem- 
onstrated  a  good fit to  the K116D loop model in residues 116- 
118, but  not in residues 113-1  15. The density suggests small 
changes in the  conformation of residues 113-1 14, and a  differ- 
ent orientation of the 115-1  16 peptide  group  compared to  the 
K116D model. A separate model of residues 112-1  17 was built 
into  the density starting with the K116D loop model (see Fig. 8). 
Both the model with the K116D conformation  and  the rebuilt 
model were refined to the data (using data from 6.0 to 2.0 A res- 
olution)  through  rounds of positional and B-factor refinement. 
Both models yield the same R-factor of 18.0%. 
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