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Abstract 

A new approach  to  NMR  solution  structure  refinement is introduced  that uses paramagnetic  effects  on nuclear 
chemical  shifts  as  constraints  in energy minimization  or  molecular  dynamics  calculations.  Chemical  shift  differ- 
ences  between  oxidized and  reduced  forms  of  horse  cytochrome c for  more  than 300 protons were used as  con- 
straints  to  refine  the  structure of the wild-type protein in solution  and  to  define  the  structural  changes  induced 
by a Leu 94 to Val mutation.  A single round  of  constrained  minimization, using the  crystal  structure  as  the  start- 
ing  point,  converged  to a low-energy structure with an RMS  deviation between calculated  and  observed  pseudo- 
contact  shifts  of 0.045 ppm, 7.5-fold  lower than  the  starting  structure.  At  the  same  time,  the  procedure  provided 
stereospecific  assignments  for  more  than 45 pairs  of  methylene  protons  and  methyl  groups.  Structural  changes 
caused by the  mutation were determined to  a precision of  better  than 0.3 A .  Structure  determination based on 
dipolar  paramagnetic  (pseudocontact)  shifts is applicable  to molecules containing  anisotropic  paramagnetic cen- 
ters with short electronic relaxation times,  including numerous  naturally  occurring  metalloproteins,  as well as  pro- 
teins or nucleic acids to  which a paramagnetic metal  ion or ligand  may be attached.  The long  range of paramagnetic 
shift  effects  (up to  20 A from  the  iron in the  case  of  cytochrome c) provides  global  structural  constraints,  which, 
in conjunction with conventional  NMR distance and  dihedral angle constraints, will enhance  the precision of NMR 
solution  structure  determination. 
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It  has  long been known  that  the  effect of unpaired  electrons on 
NMR spectral parameters such  as  chemical  shifts and relaxation 
times is a  valuable  source of information  on  molecular  struc- 
ture (e.g.,  Mildvan & Cohn, 1970; Barry  et al., 1971; Wiithrich, 
1976; Jardetzky & Robert, 1981; Lee & Sykes, 1983; Geraldes, 
1993; La  Mar & de  Ropp, 1993). The  idea of  using chemical 
shifts to  determine  structure is attractive because of  their  rela- 
tive ease  and  accuracy of measurement.  The  theory  of  dipolar 
paramagnetic  (pseudocontact) shifts is  well understood (Kurland 
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& McGarvey, 1970; Horrocks & Greenberg, 1973), and  their 
structural  interpretation is more  straightforward  than  for  dia- 
magnetic  shifts (e.g., Osapay & Case, 1991; de Dios et  al., 1993). 
Because of their relatively long-distance range,  paramagnetic ef- 
fects can provide  global structural  constraints  that  are especially 
valuable in conjunction  with  the  nuclear  Overhauser  effect, 
which provides  abundant  short-range  distance  information. 
Nevertheless,  there  has been only limited use of paramagnetic 
effects  for  quantitative  structure  determination. 

Electron-nuclear  interactions involving a  paramagnetic cen- 
ter with rapidly relaxing electron  spins in an  anisotropic  ligand 
field give rise to  large  shifts in NMR  frequencies.  These  para- 
magnetic  shifts  can  be divided into  two  components,  a  scalar 
(through-bond)  contact  shift, which propagates  no  further  than 
four  or five bonds  from  the  metal  site,  and  a  dipolar  (through- 
space) pseudocontact  shift. Using a  polar  coordinate system de- 
fined by the  principal axis  of the  g-tensor,  the  pseudocontact 
shift vpc experienced by a nucleus at  position (r, 8, 4) can be ex- 
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pressed as  follows  (Kurland & McGarvey, 1970; Horrocks & 
Greenberg, 1973): 

pS(s + 1 )  
vpc = 

9kTr3 
[g,,(3 cos2 e - 1) + ig,,(sin2 e cos 2411 

(1) 

where p is the  Bohr  magneton, S is the  electron  spin  quantum 
number,  Tis  the  absolute  temperature,  and k is Boltzmann’s 
constant.  The  axial  and  equatorial  components of the  aniso- 
tropic  g-tensor  are  defined by: 

g,, = gz‘ - (s.? + g.: 112; g,, = g.r - g.,, . 2 2  (2) 

Equation 1 applies  to  metal  complexes  with  only  one  thermally 
populated  multiplet with unpaired  electron  spin effectively  lo- 
calized at  the metal  ion. More general situations  can be described 
by an  analogous  equation with two  terms  containing  the  prin- 
cipal components of the magnetic  susceptibility tensor  and  iden- 
tical geometric  terms  (Kurland & McGarvey, 1970; Bleany, 1972; 
Williams  et  al., 1985). Although  Equation 1 permits a direct 
comparison with EPR  data,  the  following  analysis  remains  un- 
changed if one  chooses  the  more general description  in  terms  of 
the  magnetic  susceptibility  tensor. 

The  graphic  representation of Equation 1 in Figure 1 illus- 
trates  the  pronounced  angular  and  distance  dependence of 
pseudocontact  shifts  that  form  the basis for their application  as 
a structural  tool. Because of the I/r3 distance  dependence,  the 
effect is relatively long  range,  extending  as  far  as 20 A from  the 
metal  site. If the  g-tensor  and  the  nuclear  coordinates  are 
known,  the pseudocontact term can be calculated  exactly. How- 

Fig. l. Contours of constant pseudocontact shift (k5.0, k0.5, ~ 0 . 1  
ppm)  calculated  according  to  Equation 1 in the  principal  axis  system  of 
the  heme,  superimposed onto the  structure of oxidized  horse  cytochrome 
c (Bushnell et al., 1990; PDB file 1hrc.pdb). Regions  of  positive shift 
are shown  in red, negative  in blue,  and  zero in gray. The heme x-axis 
is vertical  and the z-axis is horizontal in the  plane of the page. 
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ever,  the  inverse  problem is complicated by the  degeneracy of 
vpc(r, 8 ,  4), as  illustrated by the  contours in Figure 1. 

Williams et al. (1985) used Equation 1 to  calculate  pseudo- 
contact  shifts  for  tuna  cytochrome c from  crystal  structure  co- 
ordinates  and  found  that  small  adjustments in EPR  g-tensor 
parameters resulted  in a significant  improvement between pre- 
dicted and observed  shifts.  Feng et al. (1990) applied an extended 
method, which included  quantitative  error  analysis,  to investi- 
gate structural differences between oxidized (Fe3+)  and reduced 
(Fe2+)  forms of horse  cytochrome c. Their  observations were 
consistent  with the  crystallographic analysis  of tuna  (Takano & 
Dickerson,  1981a, 1981 b) and yeast cytochrome c (Berghuis & 
Brayer, 1992) in both  oxidation  states, which revealed  small 
structural  changes  mainly in some of the  more  polar regions of 
the  protein.  Pseudocontact  shift  analysis  of yeast  iso-1 cyto- 
chrome c (Gao et al., 1991) and recent I3C NMR results on 
horse  cytochrome c (Turner & Williams, 1993)  led to similar con- 
clusions.  Other  proteins investigated by this  approach  include 
cytochrome b5 (Veitch et al., 1990) and  cytochrome cSsl (Tim- 
kovich & Cai, 1993). Paramagnetic  effects  have  also been  used 
to  obtain  resonance  assignments in conjunction with magneti- 
zation  transfer  methods to correlate  resonances in diamagnetic 
and  paramagnetic  forms of the  protein (Keller & Wiithrich, 
1978; Feng & Roder, 1988; Emerson & La  Mar, 1990;  Feng 
et al., 1990, 1991; Veitch et al., 1990;  Guiles et al., 1993). 

In the case of  a heme protein, such  as  cytochrome c, the chem- 
ical shift difference  due  to  the  change in iron oxidation  state  can 
be  written  as 

A v d ~ s  = vo,v - vrcd = vc + vpc + % *  (3) 

where v,, vred are  the  chemical  shifts  measured in  oxidized 
(paramagnetic)  and reduced (diamagnetic)  forms, respectively; 
v,. is a contact  shift experienced only by protons  of  the heme 
and its direct  ligands  (Shulman et al., 1971; Wuthrich, 1976; 
Feng et al., 1990); and v, represents  any  remaining  chemical 
shift  differences  due  to  changes in the  diamagnetic  properties 
between the reduced and oxidized forms. Possible contributions 
to us are redox-related  changes  in structure  and heme  ring current 
effects. Previous studies on  horsecytochrome  c(Fenget al., 1990) 
have demonstrated  that v, is substantial  for main-chain protons 
of  residues 39-43 and 50-60 as well as  some  side-chain  protons 
in the vicinity of the axial  ligands and 60’s helix. Pseudocontact 
shifts  calculated from a 1.9-A crystal structure  of oxidized horse 
cytochrome c (Bushnell  et al., 1990) showed  remarkable  agree- 
ment with experimental  shifts  for  the  remainder  of  the  protein 
backbone  and  for  many  methyl  groups,  indicating  that v, is 
negligible for  these  regions.  These  observations  are  consistent 
with crystallographic  analysis of two  homologous  proteins in 
both reduced and oxidized forms  (Takano & Dickerson, 1981a, 
1981b; Berghuis & Brayer, 1992). Another possible contribution 
to AvObs can  arise if the  crystal  structure used to  calculate up,. 
differs  from  the  actual  structure  in  solution. We found  that this 
uncertainty  can be largely eliminated by using the  paramagnetic 
shifts  to  calculate a  refined solution  structure,  as  demonstrated 
below for wild-type cytochrome c and  the L94V variant. 

Earlier  studies relied on  crystal  structure  coordinates  for  the 
calculation  of  pseudocontact  shifts  and were unable to  account 
for  any  structural differences  between  crystal and  solution. We 
show  here  that  this  limitation  can  be  overcome by incorpo- 
rating  the  measured  paramagnetic  shifts  as  constraints in a 
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molecular  dynamics program  for  the  structure refinement  of me- 
talloproteins  in  aqueous  solution.  Using  horse  cytochrome c a s  
a  test case, we found  that a simple  constrained  energy  minimi- 
zation  protocol was sufficient to  obtain a low-energy structure 
consistent with more  than 300 experimental  constraints.  In  the 
case  of  a cytochrome c variant,  the  structure  changes associated 
with a Leu to Val substitution at position 94 (L94V) were defined 
to within 0.3 A ,  illustrating  the  potential of paramagnetic  shifts 
as a quantitative  structural  tool. 

Results 

Refinement of the g-tensor 

The  magnitude  and  orientation  of  the  g-tensor  describing  the 
electronic  properties  of  the  heme  iron were optimized  against 
a set of  reference  protons  according  to  published  procedures 
(Williams et al., 1985;  Feng et  al., 1990). Coordinate  transfor- 
mation  from  the  heme  coordinate system to  the  g-tensor  prin- 
cipal axis  system  (Fig. 1) is effected by rotations  around  Euler 
angles ( a ,  0, y). The five independent  variables, g,, geq, a ,  0, 
y, were optimized by calculating  the best  fit of vpc (Equation 1) 
to  AvObs (Equation 3) for a set of  reference  protons, using  a 
nonlinear  least-squares  program.  Transformation  from  crystal 
coordinates  to  the  heme  principal axis  system  (cf.  Fig. 1 in Feng 
et  al., 1990) was  obtained by using the  center  of  mass  of  the 4 
heme  pyrrole  nitrogen,  Na,  Nb,  Nc,  Nd  as  the  origin,  the  unit 
vector  along  Nb-Nd  as  the  x-axis,  and  the  y-axis  perpendicu- 
lar to  x in the  plane  defined  by  the  vectors  Nb-Nd  and  Na-Nc 
(atom labels as defined  in the  Brookhaven  Protein  Data Bank). 

Pseudocontact shift constraints 

The precision with which the position  of a proton can be defined 
by pseudocontact shifts  varies widely, depending on its distance 
and  relative  orientation  with respect to  the  heme (Fig. 1). A 
quantitative  error  function  can  be  obtained by calculating  the 
maximum  gradient  of  the  pseudocontact  shift  tensor  at a given 
position: 

where 6d  is the  displacement  along  the steepest gradient  (Feng 
et  al., 1990). To permit  quantitative  structure  calculations, 
pseudocontact  shift  constraints were included as  part of the en- 
ergy function in the  program  XPLOR  (Brunger, 1992). Thus, 
in addition  to  the  conventional  empirical energy functions  de- 
fining  bond  lengths  and  angles,  dihedral  angles,  and  van  der 
Waals interactions  (electrostatic  terms were omitted), we defined 
an explicit “energy”  term  for  the  pseudocontact  shift: 

which allows for  an  error of  0.02 ppm in  measuring the shift  dif- 
ference AvAbS. The index i runs  over  all  measured  shifts  andf, 
is a force  constant. Values of 300 kcal mol-’ ppm-’ for  amide 
protons  and 400 kcal mol” ppm-’ for  all  other  protons were 
empirically  found  to  be  adequate.  Energy  minimization using 
XPLOR  was  carried  out  on a Silicon Graphics  Iris  4D35, using 

a heme-based  coordinate system with fixed pyrrole  nitrogens. 
The  contribution of the  pseudocontact  shift energy term  to  the 
gradient was calculated  from  partial  derivatives of Equation 5 
in  the  x, y ,  and z directions. 

Pseudocontact shift measurements 

Proton resonance  assignments have previously been reported for 
wild-type cytochrome c in both  oxidation  states  (Feng et al., 
1989; Wand  et  al., 1989). In  order  to  obtain a consistent set of 
experimental  pseudocontact  shifts, uobs, we recorded  TOCSY 
spectra  at 600 MHz  for reduced and oxidized cytochrome c un- 
der  matching  conditions  (20°C,  pH 5.7).  Assignment  of the 
L94V variant  proved  to  be a relatively  simple extension, using 
standard  homonuclear  2D  NMR  methods  (Wiithrich, 1986). 
Spectral  perturbations  caused by the  mutation were  relatively 
small and limited to residues in close proximity to  the site of  mu- 
tation.  Most  assignments were made by matching  the  patterns 
of cross peaks between amide  and side-chain protons in TOCSY 
spectra  of wild-type and  mutant  cytochrome c recorded  under 
identical  conditions.  DQF-COSY  spectra were  useful for  iden- 
tifying  some  aliphatic  spin systems. 

Solution structure refinement by energy minimization 
with pseudocontact  shift constraints 

The  a-protons of  residues  7-13, 15,  20,  22,  25,  26,  30, 36,  61, 
62, 64-70, 72,  73,  75,  76,  79, 81, and 85-101 were  selected as 
reference  protons  for  optimizing  the  electronic  g-tensor.  These 
protons were chosen on  the basis of previous NMR (Feng et al., 
1990) and crystallographic (Takano & Dickerson, 1981a, 1981b; 
Berghuis & Brayer, 1992) results, which indicated  that these 
main-chain segments do  not undergo significant redox-dependent 
structure  changes.  The  optimized  g-tensor  parameters  thus  ob- 
tained  for wild-type horse cytochrome c ( g ,  = 5.25, grq = - 1.83, 
a = 102.93, 0 = 12.74, and y = 247.52) and  for  the L94V vari- 
ant (ga~y  = 5.19, g ,  = -2.09, a = 104.48, 0 = 12.69, and y = 
245.64) are very similar to those  reported previously (Feng et al., 
1990). 

As a starting  point  for  the  solution  structure  refinement  of 
wild-type cytochrome c, we used the  crystal  coordinates  for ox- 
idized horse cytochrome c reported by Bushnell et al. (1990). Al- 
ternatively, one could  use for this purpose  an NOE-based  NMR 
solution  structure, such as  the recently reported  structure  for re- 
duced  horse  cytochrome c (Qi et al., 1994). Initially, we applied 
273 constraints  corresponding to experimentally well-defined 
pseudocontact  shifts (v, = 0, vs - 0). Protons in regions known 
to undergo  oxidation-state-dependent structure changes (Takano 
& Dickerson, 1981a,  1981b; Feng et al., 1990) and  those of the 
heme  ligands ( H a  of  residues 14,  17,  39-42,48-60;  NH  of 39- 

80, 85; H6 of 57, 80, HE of  Met  80,  and  the ring protons of 
His 18) were not used in  this  calculation. By matching  predicted 
with  observed  paramagnetic  shifts in  several cycles of con- 
strained  minimization,  the pseudocontact  shift  calculation even- 
tually resulted  in stereospecific  assignments for 45 pairs of 
glycine a protons, side-chain  methylene and methyl groups,  and 
aromatic ring protons.  In  the  final  minimization, a total  of 309 
constraints was  used  (cf. Table 1). For  the L94V variant,  an  ap- 
proximate  starting  structure was obtained by simply replacing 
the  residue  and  side-chain  atom  names for residue 94 and de- 

42,49-61; HP Of 4,  16-18,39,47,50,57-68, 80; H y  of 57-58, 
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Table 1. Effect of energy minimization in the presence and absence of pseudocontact  shift constraints 
on energies and chemical shift differences fo r  wild-type and L94 V cytochrome c 
____” 

.~ 

Initial structure Final structure 
No. of 

E(tota1) E(shift) Deviationa  E(tota1) E(shift) Deviation” constraints 
____. 

Unconstrained 
Wild type (crystal) 4,956 0 0.343 154 0 0.257 0 
L94V (model) 5,496 0 0.340 154 0 0.257 0 

Constrained 
Wild type (solution) 18,847 14,043 0.343 371 64 0.045 3 09 
L94V (solution) 20,695 15,198  0.340 373 55 0.045 294 
~. .~ 

a RMS deviation  between  observed  and  calculated  pseudocontact shift, [ E ( A u O b s  - U ~ , . ) ~ / N ]  ”*, where N is the total num- 
- 

ber of protons (cf. Equations 1 and 3). 

leting  the yCHz group  of Leu 94.  Initial  trial  runs  made  use of 
257 shift  constraints,  and  the  final  minimization was based on 
294 constraints  (Table I ) .  

Because of the  nonlinear  form of dipolar  chemical  shifts 
(Equation I ) ,  the  pseudocontact  shift energy surfaces  vary in 
shape,  depending  on  the  location  of a proton in the  g-tensor 
field.  A  representative  example is shown in  Figure 2A. Interdep- 
endency of the x, y ,  and z coordinates helps to  define  atomic 
positions with a high  degree  of  precision.  Figure 2B shows  the 
effect of pseudocontact  shift  constraints  on  the  progress of en- 
ergy minimization.  Each  run consisted  of 5 0 0  cycles of  minimi- 
zation, which required  -2,000 s CPU time on a Silicon Graphics 
Iris 4D35  with  negligible increase in time  due  to  the  additional 
energy constraint.  The energy  reached  a  nearly constant  plateau 
after  about 300 cycles in constrained  minimization  runs,  com- 
pared  to  about 150 cycles in unconstrained  runs.  The  reduction 
in pseudocontact  shift  “energy”  during  minimization is accom- 
panied by a  parallel decrease in other energy terms to final values 
near  those  observed in an  unconstrained  run  (Table l ) ,  indicat- 
ing  that  satisfaction  of  pseudocontact  constraints  does  not re- 
sult in a large  increase in other energy terms.  For  the wild-type 
protein,  the  decrease  in energy during  the  course  of  minimiza- 
tion was monotonous.  The L94V mutant, however,  showed sev- 
eral  sharp spikes  in the  pseudocontact  term  and  the  total energy 
(Fig.  3),  corresponding  to a temporary  motion  along a positive 
energy gradient, which probably  reflects  side-chain  rearrange- 
ments  in  the vicinity of  the  mutation.  In  each  case,  the  minimi- 
zation  routine was able  to recover after these fluctuations  and 
continued  toward a lower  energy minimum.  In  other  cases, it 
may be necessary to use molecular  dynamics or simulated  an- 
nealing  to  move  the system out of local  minima.  At a late  stage 
of  the  process,  the g-tensor  was optimized  again  for  the refined 
structure;  another  round of minimization  produced negligible 
structure  changes.  The  fact  that very similar  g-tensors were 
found  for wild type  and L94V further  confirm  that  the  refined 
structures  are  not very sensitive to  the exact choice  of  g-tensor 
parameters. 

The  final  structures were found  to  conform well with  stan- 
dard stereochemical  criteria. No bond length  violations and only 
two  bond  angle  violations (- 19”  and - 16”, both in the  Trp  59 
indole  ring) were found.  The  latter  appear  to  be  caused by a 
computational  artifact  because  they  occurred  irrespective  of 

whether or not  shift  constraints were applied to  the  protons  of 
Trp 59. Ramachandran  plots  before  and  after  minimization 
showed  no  unusual  backbone  dihedral  angles. 

Constrained energy  minimization  resulted  in  dramatically im- 
proved  agreement between calculated and measured pseudocon- 
tact  shifts,  as  documented in Table 1 and  Figure 3. Both  for 
wild-type and L94V cytochrome c, the RMS deviation between 
AvObs and vpc decreased by a factor  7.6  upon  constrained  mini- 
mization,  reaching a final value of 0.045 ppm  (Table I ) .  The 
most impressive reduction in shift  discrepancies  on minimiza- 
tion is observed  for  protons in the vicinity of the  heme  group, 
even though  most of  these  were not  included in the  initial list 
of constraints.  The ability to accurately  predict  pseudocontact 
shifts  for  protons in the  immediate vicinity of the  heme  group 
indicates  that  the simple dipolar  description  (Equation 1) is still 
adequate, even at  these short  distances  from  the  paramagnetic 
center  (>4.5 A), as  long  as  there is no  contact  shift  contribu- 
tion. In this  case,  a  small  change in coordinates can  cause a large 
change in pseudocontact  shift.  For  example,  for  the  NH of 
Cys  17, which forms a thioether  linkage  to  the  heme,  the  shift 
discrepancy uDc - AvObs was  reduced from  -0.59 to 0.01 on re- 
finement.  In  the  case of the Gly  29 01 protons,  the initially  cal- 
culated  shifts  (-5.72/-1.50  ppm)  did  not  permit a clear 
distinction between two alternative combinations of reduced and 
oxidized shifts (-8.08/-0.86, or -4.74/-4.19 ppm),  whereas 
the  shifts  predicted by the  structure  after  the  first  stage  of re- 
finement (-5.44/-4.26 ppm) agreed more closely with the sec- 
ond  option  above  and  thus  provided stereospecific  assignments 
for  the  Gly 29 cx protons.  For  other residues (Phe 10, Glu  69, 
and Tyr 97), the predicted  shifts  could be consolidated with pub- 
lished assignments  only  after  rearranging  the  assignments  for 
some  of  the  protons within these side chains.  The  following 
corrections were applied  to  published  (Wand et al., 1989) as- 
signments  for  the  reduced  form:  Phe IO H2 (6.98 ppm),  H6 
(7.18ppm),H3(7.17ppm),H5(6.12ppm);E69~1(2.00ppm), 
0 2  (2.1 1 ppm);  and  for  the oxidized form: Tyr 97 H2 (7.16 ppm), 
H 6  (6.41 ppm), H 3  (6.86 ppm), H5 (5.73  ppm).  Alternative as- 
signment  options  for several stereospecific  pairs were checked, 
especially for  residues  near  the site of  mutation. 

For  main-chain  protons  outside  the  immediate vicinity of the 
heme group,  the effect of minimization on  pseudocontact  shifts 
was small  (Fig. 3), indicating  that, in terms  of  backbone  con- 
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Fig. 2. A: Surface of the  pseudocontact energy functipn  for one of the Leu 94 C6 methyl groups in wild-type cytochrome c. 
Three views of  the  surface are shown spanning k2.5 A around the  optimal position in the directions indicated. The z-axis is 
the value of the pseudocontact shift energy EF in kcalhol.  B: Progress curves of XPLOR energy minimization runs in the ab- 
sence (top)  and presence (bottom) of pseudocontact shift constraints carried out separately for wild-type horse cytochrome c 
(left) and the L94V variant  (right). Curves shown represent: - , total energy; - - - - -, van der Waals energy; - - - -. 
dihedral  angle energy; and ----, pseudocontact shift energy. These final minimization runs included 147 main-chain and 
162 side-chain constraints for the wild type, and 136 main-chain and 158 side-chain constraints for L94V. 

formation,  the  crystal  structure is an  accurate  representation  of 
the  structure in  solution.  However, for  some side-chain protons, 
pseudocontact  shifts calculated from  the crystal coordinates  did 
not  match  experimental  shifts very well, and  minor  rearrange- 
ment  of  these  side  chains  during  constrained  minimization re- 
sulted  in a significantly  improved  fit. 

Figure 4 illustrates  the  maximum precision with which pro- 
ton  positions  can  be  defined  on  the basis of  pseudocontact  shift 
constraints,  calculated  according  to  Equation 4, assuming  that 
the  experimental  chemical  shifts  are  reproduced by the  model 
within 0.045 ppm,  the  final RMS chemical  shift  deviation  ob- 

tained after  constrained minimization  (Table 1). In this  case, the 
positional  uncertainty for many  protons  can  be  as small as 
+O. 1 A, and  about 90% of  the  residues  are  defined  to within 
0.5 A, whereas  only a few residues in peripheral  regions  of  the 
structure  are  poorly  constrained (within 2 A). This surprisingly 
high degree  of precision  in average  positions for some  protons 
is due  to  the  steep  gradients  of  the  pseudocontact  shift  tensor 
in the vicinity of the heme. A comparison  of  the  different struc- 
tures in terms  of RMS differences is  given  in Table 2. Energy 
minimization of  the  X-ray  coordinates (Bushnell  et  al.,  1990), 
using  the  standard  energy  terms  of XPLOR, results in  small 
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Fig. 3. A: Plot of experimental versus cal- 
culated pseudocontact shifts for all  assigned 
protons in wild-type cytochrome c before 
and after constrained minimization. B: Plots 
of the difference between  observed and cal- 
culated chemical shifts before (---. 0) 
and after (-, D) constrained minimi- 
zation, for NH, 01, p, methyl, and aromatic 
protons. For methyls and rapidly rotating 
aromatic rings, shift values  were computed 
by averaging the calculated values for all 
equivalent protons. A scale of +1 to - 1  
ppm was used; arrows indicate larger shift 
differences  found for the unrninimized 
structure. Residues 39-42 and 50-60 were 
omitted. 

structural  rearrangements (0.60 A RMS  difference), suggesting 
relaxation  of  the  structure  due  to  some  strain in the  crystallo- 
graphic  model.  However,  these  changes  could  also reflect im- 
perfections in the  empirical  energy  terms, or the  fact  that  these 
calculations were performed  without  inclusion of bulk  water 
other  than crystallographically  defined  water  molecules. On the 
other  hand, we found  that  the  structure  obtained  after  con- 
strained  minimization is very similar to  the relaxed structure 
(0.3 1 A RMS  difference),  indicating  that energy minimization 
does  not  introduce  serious  artifacts. 

Structural changes ussociafed with  the L94V mutation 

Leu 94 is located  in  the  C-terminal  a-helix  (residues 87-102) of 
cytochrome cat  the  interface with the  N-terminal  a-helix (resi- 
dues 3-14). In  the  wild-type  structure,  the  side  chain of Leu  94 
is  involved  in van  der Waals contacts with main-chain  atoms of 
Gly 6 and  Phe 10 and  the side chain  of IIe 9  (Bushnell et  al., 
1990). A variant  with a valine  substitution  at  position  94  was 
prepared in collaboration with Fred  Sherman  (University of 

Rochester)  as  part  of  an  ongoing  mutagenesis  study  on  the  con- 
tribution of these helix-helix packing interactions to protein  sta- 
bility (cf.  Fredericks & Pielak, 1993) and  their  role in folding. 
Our interest in  this  region of  cytochrome c is based on earlier 
studies on  the  folding mechanism  of cytochrome c by pulsed hy- 
drogen  exchange  and NMR methods, which showed  that asso- 
ciation of the N- and  C-terminal helices is an essential event  at 
an  early  stage of the  folding  process  (Roder et al., 1988; Elove 
& Roder, 1991; Wu  et  al., 1993; Roder & Eldve, 1994). 

The  structural  changes  associated with the Leu to Val substi- 
tution  at position 94 are illustrated  in  Figure 5. Fortunately, res- 
idue 94 lies in  a  highly  sensitive region  of  the  g-tensor field, 
approximately 1 1  A from  the  heme  iron, so that  the  structure 
changes  associated  with  this  mutation  can  be very well defined 
by using pseudocontact  shift  constraints. For many residues near 
the site of  mutation,  the  positional  uncertainty is less than 
0.3 A ,  and  some  protons,  including  the  methyl  groups of both 
Leu  94 and Val 94,  can be placed with a  precision better  than 
0.1 A (Fig. SA). Val 94 Cp is within 5 A of parts of  residues 
Leu 68 (C61, C62), Arg 91 (Cy]), Leu 98 (C61, C62), IIe 95 (N), 
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Fig. 4. Illustration of the theoretical precision to which protons of wild-type cytochrome c can be determined by pseudocon- 
tact shift constraints.  The precision is calculated according to Equation 4, assuming that  any residual chemical shift differences, 
Avobs - upc, are within +0.045 ppm. Precision is color coded as indicated by the key to the left. 

Gly 6 (N, Ca ,  C), and Ile 9 (C61, Cy). Overall, the  mutation 
induces only minor changes in backbone  conformation (0.14 A 
RMS difference). The largest displacement is found in the 
C-terminal helix,  where the main chain between  residues 93 and 
95 is displaced by 0.5 k 0.1 A toward the N-terminal helix, fill- 
ing some of the space created by the loss of a methylene group 
on mutation. Val 94 Cp is displaced by 0.74 f 0.10 A relative 
to the original leucine side chain, changing the  orientation of 
the new valine side chain. The Val 94 y 1 methyl points between 
the original Leu 94 y and 61 methyl groups and  the Val 94 y2 

methyl points out toward the 62 methyl of the original leucine. 
Several adjacent  groups move toward Val 94, including the 
Leu 68 61 (by 0.4 k 0.04 A), Asp 93 (0.4 k 0.4 A), Ile 85 
(0.30 & 0.07 A), and  Phe 10 (by 0.25 k 0.02 A), partially com- 
pensating for the decrease in side-chain volume caused by the 
leucine to valine substitution. Nevertheless, a small cavity re- 
mains between the Val 94 methyl groups and the ring of Phe 10. 
The Leu 98 side chain moves  away from the site of mutation by 
0.3 k 0.06 A at  the  Cy  to avoid contact with Val 94 Cyl.  Struc- 
tural changes for more  distant residues are minimal, with one 

Table 2. Comparison of cytochrome c structures  before and after constrained  energy  minimizationa 

Wild type minimized L94V minimized 
Crystal 

structure  Unconstrained  Constrained  Unconstrained  Constrained 

Crystal  structure 0 0.53  0.48  0.54  0.52 
Wild type minimized unconstrained 0.60 0 0.28 0.07 0.26 
Wild type minimized constrained 0.58 0.31 0 0.30  0.12 
L94 minimized unconstrained 0.60 0.08 0.33 0 0.28 
L94V minimized constrained 0.62  0.30  0.14  0.32 0 

~~~~~ ~ 

a RMS deviations for heavy atoms of the backbone are shown above  the  diagonal, and those for all heavy atoms except side 
chain of residue 94 are shown below the diagonal. 
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A B 

notable exception. The Val 20 y 1 methyl shifts by 0.54 & 0.05 A. 
Given the 9.6-A distance of Val 20 from  the site of mutation, 
this must be a secondary effect propagated through some of the 
intervening  residues,  such as Phe 10 or Leu 98. The limited struc- 
tural rearrangements found here are typical of the effect of sim- 
ilar conservative amino acid changes in other  proteins, such as 
T4 lysozyme (Eriksson et  al., 1992). 

Discussion 

Assessment of paramagnetic shuts for quantitative 
structure  determination 

The applications presented  here demonstrate the power of using 
paramagnetic effects on proton chemical shifts as structural con- 
straints in the refinement of protein  structures in solution. In 
favorable regions relative to the  paramagnetic  center, it is pos- 
sible to determine nuclear positions at  an unprecedented level 
of precision, often less than 0.1 A. The pseudocontact effect has 
a much longer range (as far as 20 A in the case of cytochrome 
c )  than  the  NOE, which  is limited to proton-proton distances 
of less than about 5 A. Thus, by including pseudocontact shift 
constraints, it should be possible to avoid the potential bias in- 
troduced by the short-range nature of NOE constraints (Wagner 
et al., 1992; Clore et al., 1993; Nakai et al., 1993), which should 
lead to NMR structures with enhanced global precision. Al- 
though the method requires two sets of resonance assignments, 
one for  the paramagnetic form of the molecule and  another for 
a suitable diamagnetic reference state,  this is still more straight- 
forward and  far less time consuming than the laborious task of 
extracting distance constraints from NOE spectra. Furthermore, 
a simple iterative procedure can  be  used to confirm assignments 
and  obtain new ones, including stereospecific assignments. 
Chemical shifts can inherently be measured more accurately than 
NOE intensities. Moreover, in refining structures on the basis 
of pseudocontact shifts, one directly fits the experimentally ob- 
served parameter, which depends only on the position of one 
nucleus independent of all others,  in  contrast to  the distances 
derived from NOE intensities, which are model dependent and 
highly coupled. Thus, inclusion  of pseudocontact shifts enhances 
the precision of a solution  structure and permits a more direct 
assessment of its accuracy. Energy minimization or molecular 

Fig. 5. Structural  changes of cytochrome 
c induced  by mutation of Leu 94 to 
Val (L94V). A: Color-coded  map of the 
precision to which  protons  in  the  region of 
mutation  are  determined  by  the  pseudo- 
contact shift tensor  as  in  Figure 4, but  as- 
suming  an  uncertainty of k0.03 ppm  in 
AvObs - vpc. For the  residues shown, the 
RMS difference  between  calculated  and 
observed shift is 0.03 ppm for side-chain 
protons, and 0.045 ppm for main-chain 
protons. B Comparison of constrained 
and  minimized  structures of wild-type 
(green)  and  L94V  (gray)  cytochrome c in 
the  vicinity of residue 94. 

dynamics calculations with pseudocontact  shift  constraints are 
computationally efficient and robust. 

The method is, of course, limited to molecular systems with 
suitable paramagnetic centers,  typically  tightly bound metal ions 
with rapidly relaxing electron spins. Another potential problem 
is the requirement for a diamagnetic reference state with essen- 
tially identical structure. In  the case of a redox  protein like cy- 
tochrome c, this means that  the method cannot be applied to 
parts of the protein that undergo significant structural changes 
upon reduction or oxidation. Fortunately,  most regions of the 
cytochrome c structure, including the site of our mutation at the 
interface between the N- and C-terminal helices, are highly con- 
served in the two oxidation  states. 

Outlook 

Because of their distinct physical properties, paramagnetic shift 
constraints and NOE distance constraints are highly  complemen- 
tary,  and their combined application will be especially power- 
ful. Pseudocontact  shift  constraints can easily be incorporated 
into constrained molecular dynamics and simulated annealing 
protocols,  along with NOE distance bounds, which will make 
it  possible to determine more precise solution structures. Because 
the method was found to be quite insensitive to the choice of 
g-tensor parameters, we  expect that a low-resolution  NOE-based 
model will  be sufficient as a starting  structure for  an initial esti- 
mate of the g-tensor parameters and a first round of pseudocon- 
tact  shift refinement, followed by several iterations of g-tensor 
optimization and constrained molecular dynamics. It will also 
be interesting to explore other nuclei, especially 13C (Turner & 
Williams, 1993), which  will provide many additional constraints 
and may permit refinement of larger molecules. Moreover, 13C 
chemical shifts are expected to be less  sensitive than  proton shifts 
to redox-dependent structural changes,  especially  if these involve 
changes in hydrogen bonding. 

Molecules amenable to structural analysis by this method in- 
clude a large number of metalloproteins containing intrinsic 
paramagnetic centers with favorable electronic properties, such 
as low-spin forms of Fe3+ and high-spin forms of Co2+. In 
other cases, it may be possible to replace a diamagnetic metal, 
such as Mg2+, Ca2+, or Zn2+, with a suitable paramagnetic an- 
alogue,  such as  Co2+  or  certain  lanthanides (e.g., Shelling 
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et al., 1985; Michael et al., 1992). Replacement of divalent  cat- 
ions by lanthanides is facilitated by their similar atomic radii and 
the tight binding of the  substituted  metal  ions (Bertini & Luchi- 
nat, 1986). The possibility of  introducing new metal  binding sites 
into proteins is suggested by several recent  studies,  including the 
work of Toma et al. (1991), who used site-directed  mutagenesis 
to transfer a calcium  binding loop  from thermolysin to a  homol- 
ogous  protease,  as well as several reports of model  proteins  de- 
signed to  bind  metals  (Regan & Clarke, 1990; Handel et al., 
1993) or heme groups  (Robertson et al., 1994). Thus, we antic- 
ipate  that  paramagnetic  shifts in conjunction with molecular 
modeling approaches will find  more widespread application  for 
the  investigation of macromolecular  structures in solution. 

Materials and  methods 

NMR sample  preparation 

Horse  cytochrome c was purchased  from  Sigma  Chemical  Co. 
(Type VI). A variant  of  horse  cytochrome c with  a Leu to 
Val substitution  at position 94 (L94V cyt c )  was  generously pro- 
vided for  these  preliminary  structural  studies by Fred  Sherman 
at  the University of Rochester  Medical Center.  The  mutant was 
constructed by standard  oligonucleotide-directed  mutagenesis 
techniques  (Kunkel et al., 1987), based on a previously described 
synthetic  gene  encoding wild-type horse  cytochrome c (Hickey 
et al., 1991), and expressed in  yeast. Further details on the prep- 
aration  and  biophysical  characterization  of L94V cyt c will be 
reported elsewhere (G.A.  Elove, W. Colon, P. Wakem, F. Sher- 
man, & H. Roder, in prep.).  NMR samples of 1.5 mM wild-type 
or mutant  cytochrome c were prepared in 90% H20/10% D 2 0  
solutions  containing 50 mM  potassium  phosphate  and 50 mM 
acetic  acid  d4  buffer  at  pH 5.7. To ensure  complete  oxidation, 
the  samples were treated with small  amounts of ferricyanide, 
which was subsequently  removed by  gel filtration  (Sephadex G25 
spinning  columns).  Following  NMR  analysis in the oxidized 
form,  the  samples were reduced by adding  -2  mM  dithionite. 

NMR spectroscopy 

All proton  NMR  spectra were recorded  at  20  "C on a Bruker 
AM-600 spectrometer. For DQF-COSY  (Shaka & Freeman, 
1983) and  TOCSY  (Braunschweiler & Ernst, 1983) spectra, 64 
scans of 2,048  complex data  points were acquired in TPPI  mode 
(Marion & Wuthrich, 1983) for 512 increments ( 5  p s  to 23 ms), 
corresponding  to a spectral  width of 1 1,111 Hz in both  dimen- 
sions.  The  water  resonance was suppressed by selective irradi- 
ation  during a 1 . 5 s  delay  preceding the  first  pulse. A  65-ms 
MLEV-17 mixing sequence (Bax & Davies, 1985) was  used for 
TOCSY  experiments.  The  program Felix 2.3 (Biosym  Technol- 
ogies,  San  Diego,  California) was used for  NMR  data process- 
ing on a Silicon Graphics Iris workstation (4D-35). The  final 
data  matrices  consisted of  2,048 x 2,048 data  points (5.4 Hz/ 
point). 
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