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Abstract 

Here we describe  how  the  systematic redesign  of a protein’s hydrophobic  core  alters its structure  and  stability. 
We have  repacked the  hydrophobic  core  of  the  four-helix-bundle  protein,  Rop, with altered  packing  patterns  and 
various side chain  shapes  and sizes. Several  designs reproduce  the  structure  and native-like properties of the wild- 
type, while increasing  the  thermal  stability.  Other  designs,  either with  similar sizes but  different  shapes, or with 
decreased sizes of the packing  residues,  destabilize the  protein. Finally, overpacking  the  core with larger  side  chains 
causes a loss of native-like structure.  These results  allow  us to  further  define  the roles of tight residue  packing 
and  the  burial  of  hydrophobic  surface  area in the  construction  of native-like proteins. 
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What  makes  a  protein a protein  and distinguishes  it from  a col- 
lapsed polymer? A pressing goal  of  protein engineering and de- 
sign is to  understand  the  features  that give rise to  the physical 
properties  associated  with  a  stable,  “native-like”  protein  struc- 
ture. A well-developed secondary  structure is essential and  the 
intrinsic requirements  for  a-helix  and P-sheet formation  are be- 
coming increasingly clear (Regan, 1994; Bryson et al., 1995). Al- 
though  important  for  stability,  the  turn  and  loop  connections 
between elements  of  secondary  structure  often do  not play a 
principal  role  in  specifying the  structure  and  properties  of  a  pro- 
tein (Brunet et al., 1993; Castagnoli et al., 1994; Predki  et  al., 
1996) (A.D.  Nagi & L.  Regan, in prep). By contrast,  the  pack- 
ing  of  residues  in the  hydrophobic  core  appears  to  be extremely 
important  for  the  structure,  stability,  and native-like properties 
of natural proteins (Kellis et al., 1989; Shortle et al., 1990; Sand- 
berg & Terwilliger,  1991; Eriksson  et  al., 1992;  Baldwin et  al., 
1993; Harbury et al., 1993; Jackson et al., 1993; Richards & 
Lim, 1993;  Dill  et al., 1995), although  the  details  are still not 
well understood. 

A number of reports  have  shown  that several de novo de- 
signed proteins  apparently  reproduce  the  desired  overall  fold, 
but nevertheless do  not manifest  all  of  the  properties  that  are 
associated  with  natural  proteins  (Regan & DeGrado, 1988; 
Hecht et al., 1990; Beauregard  et al., 1991; Raleigh & DeGrado, 
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1992; Kamtekar et al., 1993; O’Shea et al., 1993; Quinn et al., 
1994; Tanaka et al., 1994; Yan & Erickson, 1994). These  de- 
signed proteins  have been described  somewhat imprecisely as 
more “molten-globule”-like in character. This term is used in ref- 
erence  to  certain  compact  intermediates  populated  transiently 
during  protein  folding or at equilibrium under  conditions of low 
pH, or with apo-proteins  (Ohgushi & Wada, 1983; Haynie & 
Freire, 1993; Fink, 1995). Such molten  globule  intermediates  dif- 
fer from  native  proteins in that,  although they have high levels 
of  secondary  structure,  their  tertiary  structure,  particularly  the 
packing in the  hydrophobic  core, is no1 well defined.  Conse- 
quently, their physical properties are different from those of nat- 
ural or “native-like’’ proteins  (Kuwajima, 1989; Yutani et al., 
1992). Specifically, equilibrium  molten globules have been shown 
to be  significantly less stable  than  native  proteins  and  display 
shallow or nonexistent  thermal  denaturation  transitions, sug- 
gesting  little or no  enthalpic  component  to their  stability. Their 
chemical denaturation  transitions  may  also  show low coopera- 
tivity. In addition,  the lack  of well-defined tertiary structure  of- 
ten  results  in  poor  chemical  shift  dispersion of their  NMR 
spectra and in  rapid  exchange  rates of  backbone amides with sol- 
vent (Hughson et al., 1990; Jeng et al., 1990; Chyan et al., 1993). 

In the  context of such considerations,  the  aim of the  present 
work was to  investigate  systematically  the  degree  to which the 
internal  packing  of  a  protein  can  be  changed  before  the  struc- 
ture  and native-like properties  are  disrupted.  Our  studies  focus 
on  the  four-helix-bundle  protein  Rop,  the  natural  function  of 
which is to  bind  a specific RNA  complex  and  thereby  regulate 
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Wild-- R o ~  Fig. 1. Ribbon diagram (Kraulis, 1991) of wild-type 
R6p (Banner et al.: 1987) and schematic represen- 
tations showing the hydrophobic core side chains in 
one monomer  of wild-type and the repacked mu- 
tants. Large circles represent leucine; small circles, 
alanine; large squares represent large, non-leucine 
side chains; and small squares represent small, non- 
alanine side chains. Ellipses represent methionine 
residues and triangles represent valine  residues. Col- 
ored side chains indicate  the repacked layers. Be- 
cause Rop is an antiparallel  dimer, residues in the 
upper layers of one monomer interact with residues 
in the lower layers of the other monomer and vice 
versa. 

-8 

the replication of ColEl plasmids (Cesareni & Banner, 1985). 
Rop is a homodimer of two 63-residue helix-turn-helix mono- 
mers (Banner et  al.,  1987)  (Fig.  1). The hydrophobic core of Rop 
can be considered as eight layers of side chains perpendicular 
to  the long axis of the bundle. In  the “heptad  repeat” nomen- 
clature describing associating helices (Cohen & Parry, 1986), 
each layer is formed by two “a” a d  two “d” residues (Fig. 2). 
In most of the layers of the wild-type protein,  the “a” residues 
are relatively small and the “d” residues relatively large, with a 
large residue from  one layer packing against a small residue in 
the preceding and succeeding layers (see schematic in Fig. 1). 

In an earlier study, we demonstrated that it is possible to re- 
pack the  hydrophobic core of Rop using exclusively alanine at 
the “a” positions and leucine at the “d” positions to generate sta- 
ble proteins with  native-like structures and properties (Munson 
et al., 1994a). In the present study, we extend these findings 
by investigating how the stability and structural properties of 
Rop can  be modulated by varying  either the number of repacked 
alanine and leucine layers or the pattern  and identity of the hy- 
drophobic residues at  the  “a”  and  “d” positions. 

Results and  discussion 

Hydrophobic core  designs 

A set of mutants was designed in which either two, four, six, 
or eight of the layers of the  hydrophobic  core were replaced 
by layers containing alanine at the “a” positions and leucine at 
the “d” positions (Fig. 1). Each of the mutants is named accord- 
ing to the identity of the residues at  the “a” and  “d” positions 
of the repacked layer and the  number of repacked layers; for 
example, Ala2Leu2-8 has all eight layers repacked with alanine 
in  the “a” positions and leucine in the  “d” positions (see Mate- 
rials and methods). As can be  seen in the schematic in Figure 1, 
the wild-type Rop  has  a “reversal” in the packing in the second 
and seventh  layers: a large residue  occupies the “a” position, and 
a small residue, the  “d” position. This reversed layer may cause 

a slight curvature at the ends of the bundle and this “end effect” 
may be important  for tight, specific RNA binding. To explore 
the importance of the reversed layer, we  reversed the second and 
seventh layers in the Ala2Leu2-8 mutant to make the packing 
more similar to wild-type; these two layers contain leucines in 
the  “a” positions and alanines  in the  “d” positions (called 
Ala2Leu2-8-rev) (see  Fig. 1). Furthermore, to address the pos- 
sible influence of this end effect on  the properties of the other 

Fig. 2. Heptad repeat diagram of two layers of  Rop showing the posi- 
tions of the “a”  and  “d” residues, which pack between the four helices 
to  form the  hydrophobic core. Helices 1 and 2 are  from  one monomer; 
helices 1’ and 2’ are from  the  antiparallel second monomer.  Arrows in- 
dicate the direction of the peptide chain, in the N-terminal to C-terminal 
direction. 
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repacked mutants, all the  mutants discussed below were created 
in both  the six- and  eight-layer versions. 

In addition  to  the  Ala2Leu2-based  designs, we created  pro- 
teins in which  all the  alanines  and leucines at  the “a” and  “d” 
positions are reversed,  such that  the  amino acid composition  of 
each layer is maintained,  but  the  packing within and between 
layers is changed ( LeuzAlaz).  Other repacked proteins were cre- 
ated with the  “a”  positions,  alanine, but  with the  “d”  position 
residue  varied (Ala,Met, and Ala,Ile,). Note  that  the  total vol- 
ume of the  buried  core residues  in  wild-type Rop is 1,060 A’ 
per monomer  and is very similar, within 20A’, in Leu’Ala,, 
Ala211ez, and  AlazMetz  (Chothia, 1975); the  estimated  buried 
hydrophobic  surface  area per monomer of wild-type is 2,300A2, 
and  the Leu,Ala,, Ala,Ile,, and Ala,Met, are within 90 A2 (less 
than  one alanine residue) of the wild-type (Chothia, 1976). How- 
ever,  the  packing  interactions within and between  layers differ 
substantially  from  wild-type  due  to  the  pattern of packing 
( Leu2Ala2)  and  the side chain  shapes (Ala211e2 and Ala,Met,). 
Finally, designs containing layers in which the sum of side chain 
volumes is either  significantly  decreased (Ala2Va12 and Ala,) or 
increased (Leu4) were constructed to determine  the  effects of 
underpacking  and  overpacking  the  core  (Fig. 1). Ala2Va12 and 
Ala, have  core  volumes per monomer of 940  and  740 A3,  re- 
spectively, and have estimated  buried  surface  areas of 2,160 A *  
and 1,840 A’, respectively. The Leu, has a  total volume of core 
residues per monomer of 1,350 A 3  and  an estimated  buried sur- 
face  area of 2,720 A’. 

Determination of stability and structural  properties 

Genes  encoding  the  repacked  proteins were synthesized and  the 
proteins  overproduced in Escherichia coli, purified,  and  their 
properties  characterized  (Munson et al., 1994a,  1994b). The 
oligomerization  state of the  proteins was determined by analyt- 
ical ultracentrifugation  (Fig. 3 )  and their CD spectra were com- 
pared,  taking  the  mean  residue ellipticity (MRE)  at 222 nm as 
an  indicator of overall helicity (Table I).  The  similarity of the 
structure  of  the  repacked  proteins  to  that of the wild-type  was 
assessed by determining their  ability to bind  to Rop’s RNA  sub- 
strate using a gel mobility  shift  assay (Table I).  The side chains 
involved  directly  in RNA binding  reside on  one helix from each 
monomer: helix 1 and its symmetry  related  partner helix 1’ 
(Predki et al., 1995). Specific, high affinity  binding  requires the 
correct positioning of five residues from each helix, all of which 
are  distributed  along  the  length of the  bundle. It is not  known 
what magnitude of structural  perturbation is required to abolish 
RNA  binding.  Even  a slight change such as  a  rotation  of  the 
helices, which would leave the  structure of the four-helix-bundle 
intact, might  completely disrupt  binding.  However, i f  a  mutant 
does bind RNA with an  affinity  comparable  to  that of the wild- 
type  protein, we can say that  the  structure is very similar to  that 
of the wild-type. Finally,  the  ID ‘ H  NMR  spectra of the  pro- 
teins  were compared  (Fig.  4). 

The  thermodynamic  properties of the  proteins were  assessed 
and  compared  with  those  of  the wild-type by monitoring  their 
thermally  induced denaturation  transitions by both  CD  and  dif- 
ferential  scanning  calorimetry  (DSC),  and  their chemically  in- 
duced  denaturation  transitions by CD (Fig. 5 ;  Tables 1,  2) .  
Also,  the  bulk  ‘H-2H  exchange  rate of backbone  amide  protons 
was measured  for selected mutants  (Fig. 4). Amide  exchange 
studies  allow us to calculate protection  factors relative to  an  un- 
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Fig. 3. Representative sedimentation  equilibrium  data set for Leu2Ala2-8 
at  rotor  speeds 20,000 rpm  (top  curve); 24,500 rpm  (middle  curve); 
and 30,000 rpm  (bottom  curve).  Solid  lines  represent  least-squares  fits 
to  a  monomer/dimer/tetramer  model.  Corresponding  residuals  are 
shown in the  upper  panels. We estimate  that  the  dissociation  constant 
for  the  monomer-dimer  equilibrium  for  the  wild-type,  Ala2Leu2-8-rev, 
Leu2Ala2-R. and Ala211e2-6 proteins is 5 1 pM,  and  that for the  dimer- 
tetramer  equilibrium is > S  mM.  The  dissociation  constant for the 
monomer-dimer  equilibrium for Ala2Met2-8 is estimated  to be 10-100- 
fold  higher  than  that of the  other  proteins  and i t  also  has  the  same 
tendency to  form  tetramers  at  pM  concentrations.  The Leu4-8 pro- 
tein was found to predominantly  associate  as  a  tetramer, even at  pM 
concentrations. 

structured  peptide  and  provide  a  measure of both  the  stability 
and  conformational  dynamics of the  structure  (Bai et al., 1993). 

The  aim of these characterizations was to  determine  not only 
how  stability  changes  as  the  internal  packing is varied,  but  also 
to  what  extent  certain  packing  arrangements  generate  proteins 
with  physical properties  that  differ  from  those of  typical pro- 
teins.  For  clarity,  other  than  for  the  AlazLeuz  family, we only 
show  data  for  the  eight-layer version of the  repacked  proteins. 
In all cases, the behavior of the six- and eight-layer versions was 
qualitatively  similar, with the eight-layer version showing slightly 
higher stability.  The  properties of the  repacked  proteins  can be 
discussed conveniently in terms  of  four  distinct classes. 

Class I 

This class is comprised  of  the  two-,  four-, six-, and  eight-layer 
Ala2Leu,  proteins,  and  also  Ala2Leu2-8-rev  (Fig. 1). The CD 
spectra of all proteins in this class are similar to  that of the wild- 
type, and they are distinguished by their ability to recognize and 
bind  to Rop’s RNA  substrate with affinities  comparable  to  that 
of  the wild-type protein (Table 1). The only protein with reduced 
affinity is Ala,Leu2-8,  whose dissociation  constant is increased 
about five fold relative to wild-type (Munson et al., 1994a). We 
believe that  RNA  binding is compromised in Ala2Leu2-8  because 
it lacks the  “reversed”  end layer discussed above.  This  interpre- 
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Table 1. Summary of thermodynamic stability and activity 

MREa T m  AGOc C m  me Binds 
Rop  mutant (degree  cm2  dmol-I) ("C) (kcal mol") (MI  (kcal mol" M") RNA' 

Wild-type 
Ala2Leu2-2 
Ala2Leu2-4 
Ala2Leu2-6 
Ala2Leu2-8 
Ala2Leu2-8-rev 
Leu2Ala2-8 
Ala2Met2-8 

Ala2Va12-8 
Leu4-8 

Ala4-8 

30,100 
29,200 
28,300 
27,300 
28,500 
21,500 
30,500 
28,600 
<4,800 
<3,400 
25,700 

64 
72 
68 
82 
91 
91 

- g  

48 
<2 

ND 
- B  

-1.7 
-7.7 
-5.8 
-8.1 
-1.5 
-9.9 

-12.8 
-3.1 

N D ~  
N D ~  
NA 

3.3 
2.5 
2.5 
2.7 
3 .O 
3.3 
4.1 
0.73 
N D ~  
N D ~  
6.7 

2.4 
3.2 
2.3 
3.1 
2.8 
3.1 
3.2 
4.9 

N D ~  
N D ~  
4.6 

Y 
Y 
Y 
Y 
Y 
Y 
N 
N 

N D ~  
N D ~  

N 

" ~. 

a MRE is the  mean  residue  ellipticity  recorded  at 222 nm  at 25 "C,  except  for  Ala4-8  and Ala2Va12-8, which  were  recorded 
at 2°C. 

Tm is the melting  temperature  from  the  CD  thermal  denaturation  studies. 

Cm is the  concentration of denaturant  at  the  midpoint of the  denaturation  transition. 
'AGO is the  extrapolated  Gibbs  free  energy  in  the  absence of denaturant. 

e The m value is the  slope  of  the  line  when AG is plotted  against  concentration  of  GuHCI. ' Y, yes, RNA  binding  observed  with  an  affinity  within  a  factor of five to wild-type.  N,  no  RNA  binding  detectable. 
-, no  transition  observable  within  the  temperature  range  accessible by CD. 
ND,  not  determined. 

i NA,  not  applicable.  The  high  stability  and  lack of upper  baseline  precluded  accurate  calculation of AG for Leu4-8.  Esti- 
mating  the  upper  baseline  would  predict  a AG greater  than 30 kcal mol". 

tation is supported  by  the  observation  that  Ala2Leu2-%rev 
binds  RNA  with  an  affinity  equal  to  that  of  the wild-type pro- 
tein.  Therefore,  apart  from  this  end  effect, all the  Class I pro- 
teins  have  structures  that  are very similar  to  the wild-type. 
Ultracentrifugation  studies on Ala2Leu2-%rev, as a representa- 
tive of  this  class, confirm a predominantly dimeric structure (see 
legend of Fig. 3). 

The ID ' H  NMR spectra  of  the  two  most  thermally  stable 
mutants in this  class,  Ala2Leu2-8  and  Ala2Leu2-%rev, were 
compared  (Fig. 4). The  line  widths,  chemical  shift  dispersion, 
and  appearance of the  aromatic/amide  region of the  spectrum 
downfield  of 6 ppm  are  comparable  to  that  of  the wild-type. In 
addition, 2D COSY  and  TOCSY  experiments  on a fully D 2 0  
exchanged  sample  of  Ala2Leu2-8-rev  showed a  single  set of 

cross-peaks  corresponding  to  F14  and Y49, confirming a  sym- 
metrical  dimeric  structure  (data  not  shown). 

All  five  of the  Ala2Leu2  mutants  have elevated  melting tem- 
peratures with  respect to  that of the wild-type (Tables 1,  2). In 
general,  as  the  number  of  AlazLeu2 layers increases,  the melt- 
ing temperature  increases, with a 27 "C  difference between the 
most  stable  Ala2Leu2  proteins  and  the  wild-type. All Class I 
proteins  show  cooperative  thermal denaturation transitions with 
substantial  associated  denaturation  enthalpies clearly evident 
from  the  DSC  studies;  results  for  Ala2Leu2-&rev,  the  most 
thermally  stable  representative  of  this class, are  shown in Fig- 
ure  5A  and B and  Table 2. 

When the stabilities  of the Ala2Leu, proteins  toward chemical 
denaturation by GuHCl  are  compared,  the stability  increases as 

Table 2. Summary of differential scanning calorimetrya 
_ ~ " ~ _ _ _ _ _ _ _ _ _ _ _ _  

t l ,2b  AHCd AC, AAG(73.9 "C)' 
Rop  mutant ("C) (kcal mol") A H ~ ~ / A H , . , ~ ~  (kcal K" mol") (kcal  mol") 

Wild-type 73.9 f 0.8 109.8 f 6.4 0.60 f 0.04 0.56 k 0.39 0 
AlazLeu2-8-rev 94.3 f 1.4 103.6 f 4.4 0.50 f 0.04 I .41 f 0.72  +4.9 
Leu2Ala2-8 114.5 k 0.6 125.7 f 5.1 0.58 f 0.10 (-0.03) + 12.5 
Ala2Met2-8 49.2 k 1.7 94.8 f 10.2 0.51 k 0.08 0.27 f 0.41 -7.5 

__________ . ~~~~~ .~ 

~ _ _ _ _ _ _ _ . . ~ . . _ _ _ _ _ _ _ _ "  ~~ 

a Values listed are  mean  values k the  standard  error of the  mean. 
_ _ _ _ _ _ _ _ _ ~  

f1/2 is the  temperature of half-completion of the DSC thermal  denaturation  transition. 
AHcol is the  calorimetric  enthalpy. 
AHvH/AHcn, is the  ratio  of  the  van't Hoff enthalpy  to  the  calorimetric  enthalpy.  This  should  be 0.5 for a  two-state  transi- 

AC, is the  change  in  heat  capacity  that  accompanies  the  thermal  denaturation. 
AAG(73.9 "C) = AGO, (mutant) - AGO, (wild-type), at  the  value of for the  wild-type  protein (73.9  "C). 

tion of a  dimeric  protein. 
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Fig. 4. ID 'H-NMR of the  wild-type  and selected mutants. A: H 2 0  spectra. B: First spectra  after D20 exchange was initiated. 
C :  Fully  exchanged D 2 0  spectra.  The  first  and  last D,O spectra  are  plotted  at  the  same  scale,  normalized  with  respect to a 
nonexchanging  aromatic  resonance.  The H 2 0  spectra  cannot  be  scaled  in  this way and  are  plotted  to  approximately  the  same 
maximum  peak  heights. * denotes  a  contaminant  peak, likely formate (R.O. Fox,  pers.  comm.). 

the  number of repacked layers  increases (Table 1;  Fig. X ) .  The unclear.  Ala2Leu2-8-rev  has a stability slightly greater  than 
stabilities of Ala2Leu2-2, -4, -6, and -8 are,  however, slightly wild-type,  presumably  related to  the  end effect  described above. 
lower than  that of the wild-type;  considering the increased ther- It  is relevant to  note  that  the  behavior of wild-type Rop in the 
mal  stabilities of these  mutants,  the  reason for this  decrease is presence of GuHCl is unusual-it  takes  about 48 h to completely 
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Fig. 5. A: Representative  thermal denaturation curves monitored by CD 
at 222  nm for wild-type Rop (0), AlazLeu2-8-rev (O), Leu2Ala2-8 (H), 
Ala2Met2-8 (x), and Leu,-8 (A). B: Representative DSC  scans for 
AlazMet2 (A), wild-type (B), Ala2Leu2-8-rev (C),  LeuzAlaz-8  (D), and 
Leu4-8 (E). C: Representative GuHCl denaturation curves monitored 
by CD at 222  nm.  Symbols are the same as in A,  with the addition of 
AlazLeu2-8 (0). 
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unfold in 4 M GuHCl (Munson et al., 1994a). By contrast, all 
the classes of repacked proteins  fold and unfold  rapidly, and, 
for the Class I Ala2Leu2 proteins, the rate increases as the num- 
ber of repacked layers increases (M.  Munson & L. Regan, in 
prep.). 

The bulk rate of exchange of the backbone  amide protons 
with solvent was determined using  NMR to monitor 'H-'H ex- 
change for Ala2Leu2-8 and Ala2Leu2-8-rev (Fig. 4). A  fit of the 
exchange data  to a  double  exponential gave a rate constant of 
about 1.5 x IOp5 s-' for  the slowest phase. At pH 7, this rate 
corresponds to a bulk protection factor, relative to the  rate of 
exchange in an unstructured peptide, of approximately 2 x lo4, 
a value that is comparable to  that observed for stable natural 
proteins (Bai et al., 1993,  1994). The exchange rate of the wild- 
type  protein is  even slower, with an estimated rate constant of 
0.3 x lop5 s - ' ,  and a  protection  factor of 1 x lo5. The mea- 
sured exchange rate provides an  indication of the stability and 
dynamics of the protein. This  bulk  exchange rate, however, can- 
not be used to calculate the global  stabilization free energy of 
the protein because the  rate does not necessarily correspond to 
the slowest exchanging amide  protons. 

The  properties of the Class I proteins  demonstrate that it  is 
possible to use a simple, repetitive, exclusively hydrophobic re- 
packing scheme to generate  proteins that reproduce the struc- 
ture, activity, and native-like properties of the wild-type. It had 
been  suggested that, although  hydrophobic clusters provide the 
driving force for the collapse of an  unfolded protein, specific 
polar  interactions are required to achieve a  unique native fold 
(Behe et al., 1991; Fink, 1995). The properties of the Class 1 mu- 
tants demonstrate that appropriately packed hydrophobic res- 
idues  can generate a unique structure that is not only native-like, 
but is also very thermally stable. 

Class 11 

Class I1 contains the proteins Leu2Ala2 and Ala211e2,  which dif- 
fer from Class I by one key feature: they have lost the ability 
to bind the target RNA complex. Therefore,  although their CD 
spectra are indicative of a high helicity comparable to  that of 
the wild-type, their structures must differ to some degree. U1- 
tracentrifugation studies confirm that both Class I1 proteins are 
predominantly dimers (see  legend of Fig. 3). The thermodynamic 
properties of the Leu2Ala2 protein are discussed  below. Ala211e2 
has very similar properties, to be discussed in detail elsewhere 
(M.A. Willis & L. Regan, in prep.). 

The ' H  NMR spectrum of Leu2Ala2-8 shows good chemical 
shift  dispersion, and again 2D COSY and TOCSY experiments 
confirm the presence of a symmetrical dimer (Fig. 4). The melt- 
ing temperature of Leu2Ala2-8 is remarkably high (Fig. 5A,B) 
and yet a  cooperative denaturation transition can be detected, 
under pressure, with a f1,2 of 115 "C and a significant associ- 
ated enthalpy (Table 2). The protein is also stabilized toward de- 
naturation by GuHCI, with a midpoint of 4. l M (Fig. 5C). The 
rate of amide proton exchange is slow, with an estimated rate 
constant of 0.7 X lop5 s", corresponding to a  protection  fac- 
tor of 4 X lo4. This slightly slower rate of exchange, compared 
with that of Ala2Leu2-8 and Ala2Leuz-8-rev, is consistent with 
its higher thermal and chemical stability. 

The properties of the Class I1 mutants suggest that, although 
the  Leu2Ala2 and Ala211e2 proteins have structures that  differ 
from wild-type, both these arrangements are able to pack well 
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within the context  of the four-helix-bundle to generate extremely 
stable  proteins with  native-like  physical characteristics. 

Class III 

The Class 111 mutants,  Ala2Met2, Ala2Va12, and Ala,, not  only 
lack the  ability  to  bind Rop’s RNA  substrate,  but  are all sig- 
nificantly less stable  than  wild-type  (Tables  1, 2). Only  the 
Ala2Met2-8  protein  forms  dimers  and  ultracentrifugation  stud- 
ies suggest that  the  dimerization  of  Ala2Met2-8 is weaker than 
that of  wild-type (see legend of Fig.  3). The  CD  spectrum  of 
Ala2Met2-8 is similar to  that of the wild-type, with a comparable 
ellipticity at 222 nm.  Its ‘H NMR  spectrum is well dispersed, 
and again the  number of aromatics visible in the fully exchanged 
spectrum is consistent  with the presence  of  a symmetrical  dimer 
(Fig. 4). The  melting  temperature  of  Ala2Met2-8 is reduced by 
16 “C relative to  wild-type, and  the  midpoint of its GuHCI- 
induced  chemical  denaturation is 2.6 M less than wild-type 
(Fig. 5 ) ;  however,  Ala2Met2-8 still displays  cooperative  dena- 
turation  transitions.  The  amide  protons of  Ala2Met2-8  exchange 
extremely rapidly  at p H  7; exchange is essentially complete by 
the  first  time  point  measured.  The  fast  exchange  observed, in 
comparison  with  the  Class I and I1 proteins, reflects the signif- 
icantly reduced stability and  perhaps increased conformational 
dynamics  of  Ala2Met2-8.  These  observations suggest that  the 
presence of  methionine in the  “d” helical positions results in poor 
hydrophobic  core  packing; however,  this  packing is sufficient to 
stabilize a weakly associating  dimer.  Additionally,  Ala2Met2-8 
retains native-like properties,  demonstrating  that  poor packing 
alone  does  not necessarily cause  molten-like  behavior. 

The  two  other  members  of  Class 111 are  the  “underpacked” 
Ala2Va12 and Ala, proteins.  Both  these  proteins  are  predomi- 
nantly  unfolded.  At 2 “C,  the  CD  spectrum  of  Ala4-8 is indic- 
ative  of  some helical structure.  This helicity can be thermally 
denatured with a concentration independent broad  denaturation 
transition,  suggesting  that  the  observed helicity  derives from a 
monomeric species (data  not  shown)  (Marqusee et al., 1989). 
Presumably,  although Ala,-8 cannot bury  sufficient hydropho- 
bic surface  area or volume  to  stabilize a dimeric  structure,  the 
high a-helix-forming  propensity of alanine (Bryson  et al., 1995) 
gives rise to some helical character.  With Ala2Va12-8, the  com- 
bination  of insufficient  buried hydrophobic  volume  and  the low 
intrinsic  a-helix  forming  propensity of  valine (Bryson et al., 
1995) results  in an  unfolded  protein. 

Class IV 

The Leu4-8 mutant of Class IV has a considerably  “overpacked” 
hydrophobic  core.  The  structural  and  thermodynamic  conse- 
quences  of  this  overpacking  are  dramatic.  The Leu4-8 protein 
does  not  bind  RNA, yet  it has  an  MRE  that is indicative of high 
helical content  (Table 1). A combination of equilibrium  and 
velocity sedimentation  ultracentrifugation  studies suggest that 
the  predominant  oligomerization  state of  Leu4-8  is a tetramer, 
rather  than a dimer (see Fig.  3  legend and  Materials  and  meth- 
ods).  The ‘H NMR  spectrum  of Leu4-8 shows  some  chemical 
shift  dispersion,  but  the  spectra  are  qualitatively  poorer  than 
those  of wild-type and  the  other  mutants  studied  (Fig. 4). This 
is probably  caused by a combination of effects:  the  degeneracy 
due  to  the  presence of 36 leucines, a perturbation of the sym- 
metry  of  the  protein,  and  the higher  molecular weight of  the tet- 

ramer.  The  appearance of the  aromatic region of  the fully D 2 0  
exchanged  protein is significantly different from  that of the wild- 
type  and  the  other  repacked  proteins. 

The  thermodynamic properties of this protein  are  remarkable. 
No  cooperative  thermal  denaturation  transition is observed by 
either CD or DSC  (Fig. 5A,B).  A gradual loss of less than  20% 
of  total helicity is observed between approximately 40 “C  and 
80  “C when the  transition is monitored  by  CD,  and when mon- 
itored by DSC, a gradual  increase in heat  capacity is observed 
over the  temperature  range  studied.  It  could  be  that  the  protein 
is extremely resistant to  denaturation by heat,  and we are  un- 
able to reach  the  temperature  needed  to  induce a cooperative 
denaturation transition.  Alternatively, the protein may never un- 
dergo a cooperative  thermal  denaturation  transition,  but  struc- 
ture  may  continue  to  be lost in  the  same  gradual  fashion if it 
could  be  taken to higher temperatures. 

Leu4-8 is also extremely resistant  to  chemical  denaturation 
(Fig.  5C;  Table 1). The  midpoint  of  the  GuHC1-induced  tran- 
sition is 6.8 M, a concentration  more  than 3  M  higher than  that 
of wild-type Rop.  The chemical denaturation behavior  of Leu4-8 
is in contrast  to  the  thermal  denaturation  behavior, because not 
only is a transition  observed,  but it  is  extremely cooperative. 

The  rate  of bulk amide  exchange  for Leu4-8 is somewhat 
faster  than  that  observed  for  the  wild-type.  It  has  an  estimated 
rate  constant  of 0.5 x s-I, corresponding  to a protection 
factor  of  about 6 x lo4,  which is comparable  to  that  observed 
for  the  most  thermally  stable  repacked  mutant,  Leu2Ala2-8. 
The  amide exchange properties of  Leu4-8 are similar to  those of 
typical, stable  natural proteins. By contrast, equilibrium molten 
globules and several  designed proteins have much lower protec- 
tion  factors  (Hughson  et  al., 1990; Handel et al., 1993; David- 
son et al., 1995), the highest  being  in the  range 10-103. 

Summary 

The results we present demonstrate  how  the stability and  struc- 
tural  properties of  a protein  can  be  altered  dramatically by the 
nature of the  hydrophobic  core residues. Repacking  the  core 
with exclusively hydrophobic  Ala2Leu2 layers generates  stable 
proteins with native-like  properties  and  structures very similar 
to wild-type. Alternative  packing schemes can  also  generate well- 
packed  cores.  Leu2Ala2  and Ala211e2, for  example, give rise to 
proteins  that  have  structures  different  from wild-type, but  that 
retain native-like characteristics  and  are extremely stable.  Not 
all  combinations of residues  in the  core,  however, result  in sta- 
ble proteins.  Favorable  steric  interactions  and  burial  of  suffi- 
cient hydrophobic  volume  and  surface  area  are  both  important 
to give a stable  protein.  In  the  Ala2Met2  mutant,  the  methio- 
nine residues, which have similar volume and buried  surface area 
to  leucine, but  are  shaped  differently,  must  pack  poorly in the 
core.  This  packing results  in  a protein  that is significantly less 
stable  than  the  wild-type,  although it  still displays native-like 
properties. Ala, is unable  to  bury  sufficient  hydrophobic vol- 
ume  and  surface  area  to  generate a stably  folded  protein, 
whereas Ala,Va12 cannot  bury  enough  to  overcome  the  desta- 
bilization  due  to  its  poor helical propensity. 

Finally,  with the  overpacked Leu4-8 variant, we have  created 
a protein with unusual  properties.  First,  the  predominant  spe- 
cies is a tetramer,  rather  than a dimer.  Second,  the  protein is ex- 
tremely  resistant to  both  thermal  and  chemical  denaturation, 
and  has a rate  of  amide  exchange  similar  to  natural  proteins. 
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What is the origin of this extreme stability? It is unlikely that 
a  tetramer  containing 72 leucine residues will achieve the com- 
plementary  tight  packing associated with natural proteins and 
predicted for  the Class I and I1 repacked cores. It appears, there- 
fore,  that  for Leu,-8, the increased burial of hydrophobic sur- 
face area of these leucines is sufficient to compensate for  the 
energetic cost of poor packing. This balance of forces is signif- 
icantly different from those that stabilize natural proteins, and 
is reflected in the physical properties of Leu,. Studies to deter- 
mine the exact arrangement and mobility of the hydrophobic 
core residues in Leu4-8 and  the other repacked proteins are in 
progress. 

Materials and  methods 

Cloning and purification 

Mutant  Rop proteins were cloned,  overproduced, and purified 
as previously described (Munson et al., 1994a, 1994b), except 
for  the Leu2Ala2 mutant: this protein was produced from  the 
high copy number plasmid PET1 Id (Novagen) to improve pro- 
tein yields, and an  additional Q sepharose column (Pharmacia) 
was added to the  purification  protocol to improve the purity of 
the final preparation.  The RNA binding assays were performed 
as described previously (Munson et al., 1994a).  Several proteins 
have been renamed in this report: wild-type was previously 
Ropll;  Ala2Leuz-6 was Ropl3; Ala2Leu2-8 was Rop21. The 
naming of the  mutants is in the  form XzY2, where X are the 
"a" position residues and Y are the "d" position residues. In the 
case of the  Ala2Leu2 mutants,  the number of repacked layers 
of the core, starting from the center  of the bundle, is  given at the 
end of the  name, i.e., AlazLeuz-4 means that  the middle four 
layers are  AlazLeu2. The sequence of each of the mutants is: 
GlyThrLysGlnXLysThrYLeuAsnMetXArgPheYArgSerGlnX 
LeuThrYLeuGluLysXAsnGluYAspXAspGluYAlaAspIleXGlu 
SerYHisAspHisXAspGluYTyrArgSerXLeuAlaYXGlyAspAsp 
GlyGluAsnLeu. The wild-type protein contains (in order of ap- 
pearance in the linear sequence): X = Glu, Ala, Thr, Leu, Ala, 
Cys, Ala, Cys, Phe; and Y =Ala, Ile, Leu, Leu, Gln, Leu, Leu, 
Arg. Ala2Leu2-2 has the wild-type sequence except for Ala at 
residue 19 and Leu at 15. Ala2Leu2-4 is Ala2Leu2-2 with Ala at 
residue 38. Ala2Leu2-6 has X = Ala and Y = Leu, except for 
wild-type residues at positions 5, 55, and 56. Ala2Leu2-8 has 
X = Ala and Y = Leu. Ala2Leu2-8-rev has X = Ala and Y = Leu, 
except Ala at 8 and 34, and Leu at 26, 34, and 52. Leu2Alaz-8 
has X = Leu and Y = Ala. Ala2Met2-8 has X = Ala and Y = 
Met. Ala2VaI2-8 has X = Ala, Y = Val.  Ala,-8 has X = Y = Ala. 
Leu,-8 has X = Y = Leu. 

CD and DSC measurements 

The CD measurements were taken on  an AVIV 62DS instrument 
(Lakewood, New Jersey) and the DSC measurements were made 
in either  a DASM-4 calorimeter (Biopribor, Puschino, Russia) 
or an  MC2  instrument  (Microcal,  Inc., Northhampton, Massa- 
chusetts) as described previously (Munson et al., 1994a).  All CD 
measurements were performed using a protein concentration of 
20 pM, whereas the  concentration for DSC was about 0.3 mM; 
this  accounts for  the increased t 1 / 2  over the  CD measured T,,, . 
Protein samples were dialyzed in 100 mM Na phosphate buffer, 
pH  7,200 mM NaCl (plus 1 mM DTT for the wild-type). All the 

MRE values  were calculated from ellipticities recorded at 25 "C, 
except for Ala2Valz and Ala,,  which  were recorded at 2 "C. The 
T, s in Table 1 were estimated by calculating the  temperature at 
which the slope of the first derivative of the  CD data was a min- 
imum (Munson et al., 1994a). GuHCl data for  both Ala2Met2-8 
and Leu,-8 are estimated due  to lack of lower and upper base- 
lines, respectively. Values of AC, evaluated from individual 
DSC experiments are subject to large uncertainty, and introduce 
uncertainties in extrapolations to evaluate AGO at temperatures 
other  than TI,,  by means of the equation: 

AGF = AH71/2 (1 - T/Tl,,) 

+ AC,[T-  TI,, + Tln(T/T,,,)]. 

For the  mutants, we therefore  report values of AAG, relative 
to  the AGO of wild-type Rop,  at 73.9 "C.  The  reported values 
for GuHCl  and  the thermal stabilities for the wild-type protein 
(Ropl 1) and for the GuHCl stabilities of the Ala2Leu2-6 (Ropl3) 
and Ala2Leu2-8  (Rop21)  proteins in Tables 1 and 2 are slightly 
different than reported previously (Munson et al., 1994a) due 
to more  accurate  calculations for  the  GuHCl experiments and 
averaging of additional DSC experiments. 

Analytical ultracentrifugation 

Ultracentrifugation was performed using a Beckman Optima 
XL-A analytical  ultracentrifuge at 25 "C with protein samples 
in 50 mM Na  phosphate buffer,  pH 7.0, 150  mM NaCI; the 
buffer for wild-type also  contained  2 mM 0-mercaptoethanol. 
The  partial specific volumes of all proteins, and estimations of 
hydration (for the sedimentation velocity calculations) were cal- 
culated based on  the  amino acid composition  (Cohn & Edsall, 
1943; Kunz & Kauzmann, 1974). Equilibrium data were col- 
lected at multiple protein  concentrations and multiple speeds 
(ranging from 20,000 to 40,000 rpm) using two sector cells. A 
minimum of three data sets for each protein were subjected to 
global analysis  using the MacNONLIN algorithm (Johnson et al., 
1981). Goodness of fit was determined by examination of the 
residuals and minimization of the variance. Association con- 
stants were estimated using a molar extinction coefficient at 
278  nm  of 2,840 (McRorie & Voelker, 1993). 

Velocity data for  the Leu4-8 protein were collected at 60,000 
rpm  and evaluated by second moment analysis using Origin 
software (Beckman) to yield experimental weight-average  values 
for s. These s, values were compared with theoretical s,, val- 
ues for equivalent hydrated spheres to determine if the measured 
values were consistent with the oligomeric state as predicted 
from the equilibrium experiment. The weight-average s value ob- 
tained was greater than  the theoretical maximum s value calcu- 
lated for  the dimer and was consistent with a  tetramer. 

NMR 

Spectra were obtained at 10 "C on  a Varian  Unity  500 MHz spec- 
trometer. The proton chemical shifts were  referenced  with  respect 
to  the residual water signal assumed to resonate at 4.932 ppm 
at  10°C. Water suppression of the spectra recorded in 90% 
H20/10% D,O was achieved by presaturation of the water 
peak. To initiate the amide proton exchange experiments, pro- 
teins lyophilized from H,O containing 100  mM Na phosphate 
buffer,  pH 7.0, and 200  mM NaCl were dissolved in DzO. The 
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minimum dead-time between addition of D20 to the lyophi- 
lized protein and the start of data acquisition was 3 min. Mul- 
tiple 1D spectra were recorded over a period of 20 h using a 
spectral width of 8,000 Hz in 16,000 data points with a recycle 
delay of 1.5 s. All the spectra were processed using the program 
Felix 2.3 (Biosym Technologies) with a  1  Hz  exponential line- 
broadening window function. At each time point,  the  total NH 
intensities were determined by integration over the downfield 
region  of the spectrum from approximately 7.5 ppm to 9.5 ppm. 
Intensities were normalized with respect to nonexchanging aro- 
matic resonances, the intensities of which remained invariant 
throughout  the exchange experiment. In the absence of any 
sequence-specific assignments, the bulk amide exchange behav- 
ior of the  different mutants were compared to estimate protec- 
tion  factors. It is not possible to fit the bulk exchange kinetics 
to a single exponential because it  is dependent on the decay be- 
havior of many individual amide protons. The curves fit well, 
however, to a  sum of nonlinear exponentials of the  form I = 
I ,  e-k" + Z2e-k21, where Z is the total intensity observed at time 
t ,  kl  and kz are rate  constants  for each decay phase, and II and 
1, are their respective amplitudes.  The quality of the fits were 
assessed by visual inspection of fits and their x' and R values. 
Protection factors were estimated as the  ratio of kinJkexr where 
kin, is the intrinsic amide exchange rate constant at the appro- 
priate pH  and temperature (Bai et al., 1993) and k, is the ob- 
served amide exchange rate  constant. The overall random coil 
exchange rates were obtained by summing the predicted ex- 
change behavior of all the individual backbone amides and fit- 
ting the resultant exchange curve to a mono-exponential decay 
(Bai et al., 1993). The number of amides in the DzO spectra 
were estimated based on  the area  under the peak correspond- 
ing to the assigned Y49 ring resonances from 2D COSY and 
TOCSY experiments. Based on these estimates, of a total of 63 
backbone amides, the slow phase amplitudes correspond to  ap- 
proximately 3 1 protons per monomer for the wild-type, 18 pro- 
tons for Ala2Leuz-8-rev, 15 protons for Ala2Leu2-8, and 44 for 
Leu2Ala2-8. Unambiguous assignment of the  aromatic reso- 
nances in Leu4-8 was not possible;  hence, we have not  at- 
tempted to determine precisely the number of protons in the 
D 2 0  spectrum.  From our exchange analysis, we estimate that 
about 50% of the protons decay with an apparent rate constant 
of 0.5 X 10-5 s-1. 
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