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Abstract 

Based on 2D ‘H-IH  and 2D and 3D ‘H-”N  NMR  spectroscopies,  complete ‘ H  NMR  assignments  are  reported 
for  zinc-containing Clostridium pasteurianum rubredoxin  (Cp  ZnRd).  Complete  ‘H  NMR  assignments  are  also 
reported  for a mutated  Cp  ZnRd,  in which residues  near  the  N-terminus,  namely,  Met 1 ,  Lys 2, and  Pro 15, have 
been changed to  their  counterparts, (-), Ala  and Glu, respectively,  in rubredoxin  from  the  hyperthermophilic 
archaeon, Pyrococcusfuriosus (Pf Rd). The  secondary  structure  of  both wild-type and  mutated  Cp  ZnRds,  as 
determined by NMR  methods, is essentially the  same.  However,  the  NMR  data  indicate  an extension of  the  three- 
stranded  &sheet  in  the  mutated  Cp  ZnRd  to  include  the  N-terminal  Ala  residue  and Glu 15, as  occurs in Pf  Rd. 
The  mutated Cp Rd also  shows  more intense NOE cross peaks, indicating stronger  interactions between the  strands 
of  the  0-sheet  and,  in  fact,  throughout  the  mutated  Rd.  However, these stronger  interactions do  not lead to  any 
significant  increase  in  thermostability,  and  both  the  mutated  and wild-type Cp  Rds  are  much less thermostable 
than  Pf  Rd.  These  correlations  strongly suggest that,  contrary  to a previous  proposal [Blake PR  et al., 1992, Pro- 
tein Sci I :  1508-15211, the  thermostabilization  mechanism  of  Pf Rd is not dominated  by a unique set of  hydrogen 
bonds or electrostatic  interactions involving the  N-terminal  strand  of  the  0-sheet.  The  NMR  results  also suggest 
that  an  overall  tighter  protein  structure  does  not necessarily  lead to  increased  thermostability. 
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The  group  of bacterial and  archaeal iron-sulfur proteins known 
as  rubredoxins  appears to  be ideal  for delineating molecular  de- 
terminants of non-heme  metalloprotein  structure,  thermostabil- 
ity,  and  redox  properties.  Rds  have  in  common  the following 
favorable characteristics for such  investigations:  small size (typ- 
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ically 52-54 residues), a very simple redox active Fe(SCys), site 
(whose  Cys  residues  are  underlined  in  Scheme I), a large  and 
continually  expanding  database  of  amino  acid sequences  (Zeng 
et  al., 1995), at  least five high-resolution  X-ray  crystal structures 
(Sieker  et al., 1994), a characteristic  structural  motif  featuring 
a three-stranded  @-sheet,  and well-characterized proteins  from 
several mesophiles  and  from  the  hyperthermophilic  archaeon 
Pyrococcus furiosus. Pf  Rd is known to be  remarkably  thermo- 
stable compared  to Rds from mesophilic  organisms  (Blake  et  al., 
1991; Day  et  al., 1992). However,  there  are  no  obvious  distin- 
guishing structural or spectroscopic  features  of  the FeS, site in 
Pf Rd compared to  Rds  from mesophiles. Instead, based on  the 
NMR  solution  structure  of  the  zinc-substituted  Pf  Rd  (Blake 
et  al., 1992) and  the  X-ray  crystal  structure of Pf  FeRd  (Day 
et  al., 1992), a unique set of  hydrogen  bonds  and  electrostatic 
interactions  was  proposed  to  inhibit  “unzipping”  of  the  three- 
stranded @-sheet at high temperatures.  This  inhibition  could be 
the  dominant mechanism for  thermal stabilization of  the hyper- 
thermophilic  Rd relative to  mesophilic Rds (cf. A d a m  & Kelly, 
1995 for a more recent discussion of this issue). 
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Scheme 1 
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Rd from  the  mesophile, Clostridium pasteurianum, has been 
cloned and overexpressed in both  iron- and zinc-containing forms 
(Eidsness  et al., 1992; Mathieu et ai., 1992). We report here the 
complete ' H  NMR  assignments for wild-type zinc-containing 
Cp Rd (Cp  ZnRd)  and  for  a mutated Cp  ZnRd  (Ml(-)KZAPISE 
Cp  ZnRd) in which residues near  the N-terminus, namely Met 1, 
Lys 2, and  Pro 15, have been mutated to their counterparts, (-), 
Ala,  and  Glu, respectively, in Pf  Rd.  These residues,  which are 
highlighted in Scheme I ,  were among those  proposed to contrib- 
ute  to  thermostabilization of the  0-sheet in Pf Rd (Blake et al., 
1992). We address this proposed  contribution by correlating 
NOE connectivities among residues  within the  0-sheet  to  ther- 
mostabilities of  wild-type  versus mutated  Cp  Rd. 

Results 

Recombinant protein characterization 

Q-Sepharose  chromatography  completely resolved the  apo-, 
Fe3+,  and  Zn2+  forms of both  recombinant  wild-type  and 
Ml(-)K2APISE  Cp Rds  (Eidsness et ai., 1992). UV/vis absorp- 
tion  spectra of the  Cp  Fe3+-  and  ZnRds  are shown in Figure 1. 
The  absorbance  ratio A,,,/A490 was found to be 2.36  and 2.39 
for  the wild-type and  mutated  recombinant  Cp  Fe'+Rds, re- 
spectively, which are essentially identical  to  the  published ab- 
sorbance  ratio,  2.4,  for  Cp  Fe3+Rd isolated  originally from C. 
pasteurianum (Lovenberg & Walker, 1978). The  absorption  and 
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Fig. 1. UV/vis absorption spectra of recombinant  wild-type  and and 
MI(-)KZAPISE Cp Fe3+- and ZnRds.  Proteins were -40 p M  Fe3+Rd 
and -90 +M ZnRd in 50 mM HEPES, pH 8.2. 

K.A. Richie et al. 

EPR  spectra  (the  latter  not  shown)  for wild-type and  mutated 
Cp Fe'+Rds are essentially identical to each  other,  demonstrat- 
ing that  the  Fe3+(SCys)4 site  is not  detectably  affected by the 
mutations.  ICP-AE  analyses  confirmed  that  the  proteins  iden- 
tified  as ZnRds in this study  contained 1 .O mol  Zn/mol Rd and 
no detectable  iron.  Amino acid  analyses and  N-terminal  amino 
acid sequencing  confirmed  that  the  recombinant wild-type Cp 
ZnRd  has  an  unblocked  N-terminal  Met residue, and  that  the 
MI(-)KZAPISE Cp  ZnRd has an N-terminal  Ala residue. These 
N-terminii are  consistent with previous results on posttransla- 
tional processing of N-terminal Met residues in Escherichia  coli 
(Hire1 et al., 1989). The  half-life of the visible absorption spec- 
trum  at 87 "C in 50 mM  HEPES,  pH  7.8, is approximately 
3  h  for  both  recombinant  Cp wild-type and  Ml(-)K2APISE 
Fe'+Rds,  whereas  this  half-life  under  the  same  conditions, is 
290  h  for  Pf Rd (cf. Supplementary material in Electronic Ap- 
pendix). These comparative results show that the  MI(-)K2APISE 
mutation  does  not significantly  increase the  thermostability of 
Cp Rd toward  that of Pf Rd. 

NMR assignments for recombinant Cp  ZnRds 

Assignments of the ' H  NMR signals  were accomplished using 
standard  methods  (Wuthrich, 1986; Marion et al., 1989a). 
The  spin systems of the  various  amino  acid residues  in the  Rds 
were categorized  and  identified by their  characteristic  patterns 
of chemical shifts in 2D DQF-COSY,  TOCSY, and  3D  'H-"N 
TOCSY-HSQC  spectra.  The  coupling  patterns of spin systems 
were examined with both  2D  TOCSY  and  3D  'H-"N  TOCSY- 
HSQC  spectra,  and  primary connectivities  were established by 
DQF-COSY. 

Wild-type Cp  ZnRd spin system identification 

Cp Rd contains 54 amino  acid residues  (Fig. 2), which can be 
classified as  follows: 19 residues that  normally  have  unique 
chemical  shift patterns in the TOCSY  fingerprint and side-chain 
regions (six Gly, five Val, three  Thr,  and five Pro), 21 residues 
whose C,,H is part  of  an  AMX spin  system (three  Asn, eight 
Asp,  four  Cys,  two  Phe,  one  Trp,  and  three  Tyr),  and 14 resi- 
dues with longer side chains  (one  Gin, five Glu,  four Lys, one 
Met,  two Ile, and  one Leu). 2D  'H-''N  HSQC  (Fig. 3) revealed 
49 peptide NH signals from  a  total of  59 NH cross  peaks.  These 
signals were correlated with those in the  fingerprint region of 
the  TOCSY  spectrum  (Fig. 4) and with those in the  other spec- 
tra  as  described below. 

Seventeen of the 19 spin systems with unique  chemical  shift 
patterns were identified readily:  all six Gly,  two of three  Thr, 
all five Val, and  four  of five Pro.  The  upfield region of the  2D 
TOCSY  and NOESY spectra clearly located  four  Pro  spin sys- 
tems. The  amide region of the 3D 'H-I5N  TOCSY-HSQC spec- 
trum revealed four  NH2  groups,  three of which are  identified 
readily as  Asn by the characteristic  NOESY  cross  peaks between 
NH, and CoHs. The  aromatic spin  systems  were  assigned by 
the NOESY cross  peaks between aromatic  protons  and  CpHs 
of  AMX systems. One  Phe spin system,  later  identified as  Phe 30, 
exhibits  two sets of  aromatic  protons in the  TOCSY  spectrum 
at 25 "C and 35 "C,  but  predominantly  one set a t  15 "C. We in- 
terpret these observations  as  indicating  two  distinct  conforma- 
tions  or  orientations of Phe 30 at  the  higher  temperatures  and 
only one  predominant conformation/orientation at 15 "C.  Phe 30 
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Fig. 2. Summary of secondary  structure  (white  bar,),  NOE  connectivities  (black  bars),  and  residues  exhibiting slow peptide NH 
exchange  rates  (circled)  for (A) wild-type and (B) Ml(-)K2APlSE Cp  ZnRds  deduced  from  the NMR data. Relative  NOE  cross 
peak  intensities  are  indicated by increasingly  thick  bars  for  weak,  medium,  and  strong.  NH(i)-NH(i > I )  NOES  are  between 
beginning  and  ending  residues  only.  Cross  hatches in the  secondary  structure  bars  indicate  extensions of the  P-sheet in the 
mutated  Rd. 

also apparently exhibits  two  chemical  shift values in the  'H-"N  idues.  The  remaining six spin  systems arise  from five Glu and 
2D HSQC  spectrum (one of which is labeled with a question  one Lys residue. 
mark in Fig. 3), but  exhibits  only  one C,, H-NH cross peak in 
2D TOCSY and 3D TOCSY-HSQC  spectra.  Thirteen of 14 long 
side-chain  spin systems a r e  readily located:  Gln 48 by its char- 
acteristic NOES  from  the  amide-NH,  to C, H2, both Ile (12 and  The assigned spin systems are labeled in the  2D  'H-I5N  HSQC 
33) and Leu 41  by their  characteristic side-chain  chemical shift  spectrum  (Fig. 3) and  the  fingerprint region of the  2D  TOCSY 
patterns in TOCSY  and DQF-COSY, and  three of four Lys res- spectrum  (Fig.  4). 'H  and "N chemical  shifts  for all residues 

Sequence-specrfic assignments for wild-type Cp  ZnRd 
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Fig. 3. 2D 'H-I5N  HSQC  spectrum of uniformly  "N-labeled  wild-type Cp ZnRd  observed  at 25 "C. Assigned 'H-I5N cross 
peaks  for  peptide  and  side-chain  (sc)  NHs  are  labeled  by  residue  letter  and  number. 
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Fig. 4. Fingerprint  region of the 25 "C TOCSY spectrum (60-111s mixing  time) of wild-type Cp ZnRd.  Assigned  spin  systems, 
which were detected via their NH resonance  frequencies, are labeled by residue letter and number.  The Met 1 spin  system,  detected 
via its C,,H frequency, is also  labeled. 

of wild-type Cp  ZnRd  are listed in  Table 1. The  assignments 
were initiated at  the various  unique residues identified in the pre- 
ceding section: Gln 48, Trp 37, L41, and  at Ile, Thr,  Asn, Gly, and 
Val. The  backbone  NOESY  connectivities,  C,H(i)-NH(i + 1) 
and  NH(i)-NH(i + 1) in 2D  NOESY  and 3D "N separated 
NOESY spectra were used for the assignments. For  Pro residues, 
the sequential  connectivity, C,H(i)-C6,,. H(i + I ) ,  in 2D NOESY 
spectra was used. The identified  NOESY  connectivities are sum- 
marized  in  Figure 2. The  N-terminal  segment, Met I-Asn  14, 
was assigned  based on  the  standard  C,H(i)-NH(i + 1) NOESY 
cross  peak  pattern  for  Met  I-Thr  7,  NH(i)-NH(i + 1)  from 
Thr 7 to  Tyr 11 and  C,H(i)-NH(i + 1) from Gly 10 to Asn 14. 
The sequence  Thr-Cys-Thr-Val (residues 5-8) is unique in Cp Rd 
(cf.  Scheme 1). Therefore,  the  chemical  shift  patterns  and  con- 
nectivities expected for this fragment, particularly the  AMX cor- 
relation  pattern  expected  for  the  Cys  residue between two  Thr 
residues, were  used as a starting  point  for  establishing  connec- 
tivities in the  Met  I-Asn 14 segment.  The  C,H  and  C,H3 of 
Thr  7, which were absent in the  fingerprint region of the  2D 
TOCSY  spectrum, were observed  in  the 3D 'H-I5N  TOCSY- 
HSQC  spectrum  and  in  the  upfield  region of the  2D  TOCSY 
spectrum.  Although  the  N-terminal residue Met 1-NHs were not 
observed in the  fingerprint region  of the  TOCSY  spectra,  the 
C,H(I)-NH(2)  NOE  connectivity  observed in 2D  NOESY  at 
15 "C identifies the chemical  shift  of  Met 1-C, H.  CBHs of Met 1 
were  in turn  identified  through  the  C,H  resonance  in  2D 
TOCSY.  The  intrastrand  and  interstrand  NOEs were distin- 
guished by the  scalar  connectivity  patterns of the spin  systems 
and  the  overall  NOE  pattern. For example, C, H of  Thr 5 has 
NOEs with two  NH  protons  from  two  AMX  spin  systems, of 
which the  Tyr 13 spin system was assigned by the  NOEs between 
its CBHs  and  aromatic  protons.  The  other  AMX  spin system 

was  assigned as Cys 6. As  discussed below, several  residues  of 
the Met I-Asn 14 segment also show  NOE  connectivities to 
other  remote residues. The sequential  connectivity of Asn 14 to 
Pro 15 was established by their C,,H-C63B, H NOE. 

Other  segments assigned through  sequential  backbone  NOE 
connectivities include Pro 15-Asn 25, Pro 26-Asp 35, and Asp 36- 
Glu 54. The  assignment  for Pro 15-Asn 25 was initiated with 
the Asn residues.  The segment  was interrupted by the  absence 
of  a detectable  NOE between Asn 25-C,, H and  Pro 26-C6.*. H.  
Starting  from a GlyC,H-ThrNH  NOE  pattern,  the assignment 
was extended from  Pro 26 to Asp 35 by the backbone  NOE  con- 
nectivities. In the  assignment of segment Asp 36-Glu 54, sev- 
eral residues  were  used to initiate  the  assignment,  including 
Leu 41, two  Gly, two Val, and  Phe.  No  backbone  NOE was ob- 
served  between Asp 35 and  Asp 36 in 2D  NOESY  recorded  at 
25 "C because the chemical  shift of Asp 35-C,,H is  very close to 
the solvent resonance. The  C,xH(35)-NH(36)  NOE, however, is 
visible in 2D NOESY recorded at 15 "C.  From  Phe  49,  strong- 
or medium-intensity C,H(i)-NH(i + 1) NOE connectivities ex- 
tended  the assigned segment to the  N-terminal  residue, Glu 54. 
These  Phe 49-Glu 54 connectivities are  shown in Figure 5. 

Secondary  structure of wild-type Cp ZnRd 

The  secondary  structural  elements  identified in  this work  are 
shown schematically in Figure 2 .  Three extended  segments were 
identified through  strong  C,H(i)-NH(i + 1) cross peaks in the 
2D NOESY and  3D  NOESY-HSQC  spectra  as  participating in 
an antiparallel @-sheet , Strong  interstrand  NOEs  indicate  that 
the @-sheet involves 12 residues from  three  strands, Lys 3-Cys 6 
(N-terminal),  Tyr 1 I-Asn 14 (middle),  and  Phe 49-Val 52  (C- 
terminal).  These  NOE  connectivities,  shown schematically  in 
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Table 1. 

Residue 

1 Met 
2 Lys 
3 Lys 
4 Tyr 
5 Thr 
6  Cys 
7 Thr 
8 Val 

~~ 

9 cys  
IO Gly 
11 Tyr 
12 Ile 
13 Tyr 
14 Asn 
15 Pro 
16 Glu 
17 Asp 

19 Asp 
20 Pro 
21 Asp 
22 Asn 
23 Gly 
24 Val 
25 Asn 
26 Pro 
27 Gly 
28 Thr 
29 Asp 
30 Phe 
31 Lys 
32 Asp 
33 Ile 
34 Pro 
35 Asp 
36 Asp 
37 Trp 
38 Val 

18 Gly 

39 cys  
40 Pro 
41 Leu 
42 Cys 
43 Gly 
44 Val 
45 Gly 
46 Lys 
47 Asp 
48 Gln 
49 Phe 
50 Glu 
51 Glu 
52 Val 
53 Glu 
54 Glu 
~- 

'H and ''N NMR chemical shifrs of C. pasteurianum ZnRd at 25 'Ca 

NH 

- 
8.77 
8.66 
8.29 
9.62 
9.1 1 
8.23 
9.08 
9.45 
7.80 
9.19 
7.38 
9.48 
8.50 

7.57 
7.19 
7.97 
8.54 

9.35 
7.69 
7.58 
7.44 
8.31 

8.68 
7.01 
9.37 
9.50 
8.89 
7.66 
6.79 

8.78 
8.19 
7.59 
6.32 
8.89 

8.65 
9.01 
7.84 
7.97 
8.12 
8.34 
8.87 
8.14 
8.04 
9.12 
8.74 
8.14 
8.49 
7.97 

~- 

H a  

3.92' 
4.36 
4.83 
5.04 
5.52 
2.95 
4.02 
3.94 
4.95 
4.20, 3.70 
4.19 
4.52 
4.46 
5.06 
5.12 
3.80 
4.62 
4.00, 3.55 
5.19 
4.11 
4.43 
5.20 
4.12,  3.80 
4.13 
4.17 
3.70 
4.12,  3.41 
4.14 
4.53 
3.16 
3.73 
4.50 
3.53 
4.13 
4.63 
4.50 
4.12 
4.42 
4.79 
3.98 
4.41 
4.95 
4.19, 3.86 
4.13 
4.32,  3.97 
4.04 
4.57 
4.86 
5.52 
4.84 
3.15 
3.83 
4.25 
4.08 

HP 

2.37 
2.15 
1.68 
2.28 
3.66 
2.76, 2.50 

2.39 
3.19,  2.50 

3.19, 3.00 
1.49 
3.18, 3.00 
3.03, 2.51 
2.54, 1.91 
2.19,  1.80 
2.72, 2.65 

3.05, 2.87 
2.30 
2.67 
4.82 

1.87 
2.66, 2.54 
2.23, 1.21 

3.74 
2.60 
2.19 
1.65 
2.69, 2.42 
0.93 
2.34, 1.90 
2.72, 2.41 
2.77, 2.54 
2.89,  2.83 
1.42 
3.10, 2.95 
2.41, 1.72 
2.17 
3.11, 2.45 

1.87 

1.81 
2.80 
2.39,  2.28 
3.76, 2.48 
2.14 
1.75 
1.75 
2.16,  2.14 
2.10, 1.95 

Other H 

2.95,  2.02,  1.94, 1.82 
2.81,  1.57,  1.50,  1.37 
H2,6  6.66;  H3,5  6.46 
yCH3  0.95 

yCH,  1.26 
yCH3  0.91,  0.82 

H2,6 7.33; H3.5 7.09 

H2,6 7.16; H3.5 6.37 
yCH2 0.86; 6CH3 0.72; yCH,  0.60 

6CH2 3.94,  3.87; 2.12 
yCH, 1.77 

6CHZ 3.92, 3.84; 2.10 

yCH,  0.74,  0.59 

6CH2 3.40, 2.93; 1.79, 1.58 

OH 6.47;  yCH3  0.98 

H2,6d  5.81; 5.65'; H3,Sd  6.38, 6.35'; H4d  6.68, 6.67' 
2.95, 1.43, 1.37, 1.27 

yCH2 0.51, 0.15;  yCH, -0.01; K H ,  -1.29 
6CH2 3.22, 2.70; 2.01 

H2  7.06;  NH 11.52; H4  7.29;  H5  6.87;  H6 5.72; H7  6.62 
yCH3  0.51,  0.28 

6CH2 3.74, 3.58;  2.01, 1.98 
yCH 1.65, 1.51, 1.05, 6CH,  0.79 

yCH3  0.74,  0.60 

2.63,  1.58,  1.19 

2.15 
H2,6 7.27; H3,5 7.49; H4 7.59 
1.83, 1.80 
1.57 
yCH, 0.76, 0.67 
1.95, 1.84 
1.81 

887 

~~~ . " ~~ 

~ 

l 5 ~ b  

123.93 
120.12 
118.24 
115.78 
132.77 
122.1 1 
126.45 
123.05 
113.20 
127.03 
128.67 
126.45 
127.03 (113.09) 

114.02 
106.02 
105.70 
117.37 

132.30 
114.61 (120.00) 
105.00 
121.76 
118.13 (113.32) 

112.73 
116.13 
120.59 
128.55, 128.91? 
115.43 
116.84 
124.57 

127.62 
115.20 
124.45 (130.90) 
116.37 
121.29 

121.29 
122.34 
112.38 
118.83 
104.71 
116.37 
115.55 
116.95 (113.44) 
122.81 
119.18 
125.16 
125.86 
128.21 
128.20 

_____" ___ "____ _____ 
"6  + 0.01 ppm relative to DSS for ' H  

'At 15 "C. 
Peptide  (side  chain) 6 + 0.05 ppm relative to liquid NH,. 

Both  shifts observed at 25 "C. 
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Fig. 5.  2D  strips  from  a 3D 'H-I'N  NOESY-HSQC  spectrum of uni- 
formly  '5N-labeled  wild-type Cp  ZnRd  showing  sequential C,, H(i)- 
NH(I + 1) NOE  connectivities  for residues Phe 49-Clu 54. The spectrum 
was obtained  at 25 "C with  a  mixing  time  of 150 ms. 

Figure 6, indicate the presence of three hydrogen bonds between 
the N- and  C-terminal  strands  (two between  residues 5 and 50, 
and  one between  residues  3 and 52), and  an  additional  three be- 
tween the  middle  and  N-terminal  strands  (two between  resi- 
dues 4 and 13 and  one between residues 6 and 11). Although  the 
C-terminal  C,,H(i)-NH(i + 1) NOE  connectivity  extends  to 
Glu 54, the  absence of detectable  interstrand C, H-C, H NOEs 
between Lys 2 and Glu 53 at all three temperatures indicates that 
no  hydrogen  bond is formed by the  carbonyl oxygen  of  Met 1 
with  the  amide  proton of Glu 54. We failed  to  observe a 
Q48C,H-F49NH  NOE, which would be needed for inclusion 
of residue 48 in the  0-sheet. 

Several segments  are  identified  to  form tight turns by the 
strong  characteristic  NH(i)-NH(i + 1) NOEs.  The  absence  of 
C,H(i)-NH(i + 3) NOEs indicates no helical structure in any 
of these  segments.  Immediately  following the N-terminal strand 
of the  0-sheet, residues Thr 7-Gly 10 form a  well-defined Type 
I turn  (Baker & Hubbard, 1984), indicated by strong  sequen- 
tial NH(i)-N(i + 1) NOEs (shown  schematically  in  Fig. 6). This 
turn is characterized by hydrogen bonding of the  Thr 7 carbonyl 
group to the Gly 10 peptide N-H.  The side-chain hydroxyl group 
of Thr 7 also likely participates in  a hydrogen  bond  to  the  pep- 
tide  N-H  of  Cys 9 to  form  an Asx turn  (Rees  et  al., 1983; Kis- 
singer et al., 1991). This turn connects  the  N-terminal and middle 
strands of the  &sheet. 

6 h- 0 H-H 0 

Fig. 6. Schematic  representation of the  triple-stranded &sheet and  the 
turn  connecting  the  N-terminal  and  middle  strands for (A) wild-type Cp 
ZnRd  and (B) Ml(-)K2AP15E Cp  ZnRd. Double-headed  arrows  indi- 
cate observed NOEs  that were used in determining residues in the @sheet. 
Dotted  double-headed  arrows  indicate NOEs not  observed  due  to  de- 
generacy of the  cross  peaks.  Inferred  interstrand  hydrogen  bonds  are 
shown by dashed  lines.  Slowly  exchanging NH  protons  are circled. 

Additional  turns were identified by their well-defined, sequen- 
tial NH(i)-N(i + 1) NOEs. Four type I/Asx turns were identified 
with Asp or Asn being the  initiators  of the  turns: Asn 14-Gly 18, 
Asp 19-Gly 23, Asp 25-Thr 28, and  Asp 29-Asp 32. These turns 
are  defined by medium  to  strong  sequential  NH(i)-NH(i + 1) 
NOEs of Glu 16-Gly 18, Asp 21-Asn 22,  Gly  27-Thr  28, and 
Phe 30-Asp 32, respectively. Residues  Cys 39-Gly 43 also  form 
a Type I/Asx turn  defined by the  NH(41)-NH(42)  and  NH(42)- 
NH(43)  NOEs, which differs  from  the  other  Type I/Asx turns 
by the likely involvement of Cys  39 Ss in a hydrogen  bond with 
Leu 41 amide  group.  Two  Type 1 turns  are  formed by residues 
lie 33-Trp 37 and Gly 45-Gln 48; these turns were identified by 
the  strong  continuous  NH(i)-N(i + 1) NOEs  of  Asp  36-Trp 37 
and Lys 46-Gln 48, respectively. Based on  our NMR data, seven 
residues in Cp  ZnRd  participate in neither turns  nor 0-sheet: the 
two N-terminal residues, the  two C-terminal residues, and Val 24, 
38, and 44. Val 24  is likely involved in two hydrogen bonds:  the 
Val 24 carbonyl  group with the  Asp 19 amide  group  and  the 
Val 24 amide  group with the  Asp 19 carbonyl  group. These bonds 
are  manifested by the  NH(19)-NH(24)  and  CmH(20)-NH(24) 
NOEs. 

Slowly exchanging peptide NHs in wild-type Cp ZnRd 

Eleven slowly exchanging  peptide NH  protons were observed  in 
the  2D  NOESY  and  TOCSY  spectra  of  Cp  ZnRd.  These spec- 
tra were recorded at 25 "C within 20 h of exchanging the sample 
into  D20  and  storage  at 4 "C. Six of these  slowly exchanging 
NH  protons,  those  of  Thr 5 ,  Cys  6, Cys 9,  Tyr  11,  Tyr 13, and 
Glu 50, were assigned to  residues either within the 6-sheet or to 
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the  turn connecting the first two  strands of the 0-sheet, as shown 
in  Figure 5. The  remaining five slowly exchanging peptide  NHs 
were assigned  to Val 38,  Cys  39,  Leu  41,  Cys  42,  and Val 44. 
With  the  exception of Val 38, these latter residues occur in turn 
regions of secondary  structure,  as  identified  in  this  study. Res- 
idues  with slowly exchanging  peptide  NHs,  as  defined in this 
work,  are circled  in Figure 2. 

MI(-)K2APISE  Cp  ZnRd spin system identification 

Spin systems for  the  mutated  Cp  ZnRd were  identified by com- 
paring the  patterns of  scalar  correlations in the  2D  TOCSY spec- 
trum  and  NOEs  in  the  2D  NOESY  spectrum  recorded  at 25 "C 
for  the  mutant sample with the  2D spectra  recorded for the wild- 
type  protein  under  the  same  conditions.  Although  the chemical 
shift  of  Ala 2 NH2  (Ala 2  being the  N-terminal  residue in this 
mutant,  cf. Fig. 2B) was  not  observed,  Ala 2-C,H was identi- 
fied by the  strong  CaH(2)-NH(3)  NOE  cross  peak in the  2D 
NOESY  spectrum.  The ' H  chemical  shifts  for  all residues  of 
Cp  M1  (-)K2AP15E  ZnRd  are listed in  Table 2. 

Comparisons of the  MI(-)KZAPISE  Cp  ZnRd  NMR 
data to that of wild-type Cp  ZnRd 

A  plot of  the peptide NH  'H  chemical shift  perturbations in the 
mutated versus  wild-type ZnRd is shown in Figure 7. The larg- 
est such  perturbation (= 1 ppm)  occurs  for  the  peptide  NH of 
Tyr  4,  and  the  peptide  NHs  of  Gly 27 and  Phe  30  also  show 
chemical shift  perturbations of 20.5 ppm.  The  aromatic  NH  of 
Trp 37 is shifted 1.20 ppm upfield  in the  mutated relative to  the 
wild-type Cp  ZnRd.  In  contrast  to  the wild-type, Phe 30 in 
M  1 (-)K2AP 15E Cp  ZnRd  shows  only a  single set of  aromatic 
resonances  in the  TOCSY spectrum at all three temperatures (15, 
25,  and 35 "C). 

The  NMR  data  for  the  mutated  Cp  ZnRd  define a triple- 
strand @-sheet analogous  to  that  observed in the wild-type Cp 
ZnRd.  The  NOEs  that  define  this &sheet  in the  mutated  Rd  are 
shown  schematically in Figure 6B. The  NOEs  for  the  mutated 
ZnRd  also indicate that  the residues involved in turn regions are 
the  same  as  those  for wild-type ZnRd, when the  sequences  are 
aligned  as in Figure 2. Two  important differences from  the wild- 
type  ZnRd  are  noted. A hydrogen  bond between the  carbonyl 
of  the  N-terminal  residue,  Ala  2,  and  the  amide of Glu 15 is in- 
dicated by the  strong  C,H(3)-CaH(14),  CaH(3)-NH(3),  and 
medium  CaH(3)-NH(15)  NOEs.  The absence  of NH(3)-NH(52) 
and C, H(2)-CaH(53)  NOEs indicates no hydrogen bond  formed 
between the Lys 3 amide  group  and  the Val 52  carbonyl  group. 
The  second  important  difference is the  more  intense  NOE  cross 
peaks  in  the  spectrum of the  mutated Rd  versus  wild-type Rd, 
as  illustrated by comparison  of  the  normalized  NOESY  spectra 
in Figure 8. 

The  most  upfield  signal in the 'H NMR  spectrum  of  the 
wild-type Cp  ZnRd  has been  assigned to  the  &methyl  group of 
Ile 33. This signal is shifted 0.14  ppm downfield for  the  mutated 
Cp  ZnRd.  The  &methyl  group  of  Ile 33 has several NOEs  to 
other  protons, which appear in the  NOESY  spectra  of  both 
wild-type and  mutated  proteins.  As  shown in Figure  9,  the  nor- 
malized NOE cross  peak  intensities of Ile 33 are  stronger  for  the 
mutated  than  wild-type  Cp  ZnRd. 

Residues identified  as having slowly exchanging peptide  NHs 
in  the  D20-exchanged  sample  of  the  mutated  ZnRd  are circled 

in  Figure 2. The  mutated  Rd  exhibits  three slowly exchanging 
peptide  NHs in addition  to  those  observed in the wild-type Rd, 
namely,  those  of Val 8, Ile 33,  Gly 43. All of these additional 
slowly exchanging peptide  NHs lie in turn regions, as identified 
by our  NMR  data. 

Discussion 

Comparison of Cp  ZnRd structure deduced from  NMR 
data versus Cp FeRd X-ray crystal structure 

Our  NMR  data  have  identified 48 of  54 residues  in the  recom- 
binant wild-type Cp  ZnRd  as  participating in  specific kinds of 
secondary  structural elements. From  the X-ray  crystal structure 
of Cp  Fe3+Rd  (Watenpaugh et al., 1979; Sieker et al., 1994), a 
three-stranded,  antiparallel @-sheet consisting of  residues 3-7, 
11-13, and 48-52 was identified, based on  backbone  conforma- 
tion.  These  ranges  are close to those  found  for  Cp  ZnRd in the 
present NMR  study based on  NOE connectivities: 3-6, 11-14, 
and 49-52. Except  for  that between the  Q48  carbonyl  and K7 
peptide  NH,  the  backbone  hydrogen  bonding  pattern in this 
@-sheet inferred  from  the  observed  interstrand  NOEs is identi- 
cal to  that  observed in the  crystal  structure  (Watenpaugh et al., 
1979). Eight well-defined Type 1 (Baker & Hubbard, 1984) or 
Type l/Asx turns (Rees et al., 1983) were identified by NOE con- 
nectivities, and the regions defining  these turns (Fig. 2) are essen- 
tially identical  to  those  observed in the  X-ray  crystal  structure. 
One  turn  connects  the  N-terminal  and  middle  strands of the 
0-sheet  (Fig. 6 ) ,  and  the  remaining seven turns  are located be- 
tween the  end of the  middle  strand of the @-sheet (Asn 14) and 
the beginning of  the  C-terminal  strand  of  the  0-sheet  (Phe 49). 
The 11  peptide  NHs  of wild-type Cp  ZnRd  that we classify as 
slowly exchanging with solvent (circled in Fig. 2) include  those 
of  the  only  four  Cys  residues,  6,  9, 39, and  42.  These residues 
are  known  to  provide  the  metal  ligands  to  the M(SCys), site. 
The  X-ray  crystal  structure of Cp  FeRd  shows  that  the  peptide 
NHs  of Cys 9,  Tyr 11, Leu 41,  Cys  42, Val 8, and Val 44 are in 
position to  form N-H-S  hydrogen bonds involving the  four Cys 
residues (Watenpaugh et al., 1979). Of  these NHs,  all  but  that 
of Val 8 were identified as slowly exchanging  NHs in the wild- 
type  Cp  ZnRd,  and  the Val 8 NH was added to the slowly ex- 
changing  group in the  mutated  Cp  ZnRd. 

Comparisons of NMR and structural data among 
wild-type Cp  ZnRd,  MI(-)KZAPISE  Cp  Zn  Rd, 
and Pf ZnRd 

Significant  NH ' H  chemical  shift  perturbations  occur in mu- 
tated versus wild-type Cp ZnRd  for residues that  are sequentially 
both  proximal  (e.g.,  Tyr 4,  Asn 14, and Glu 16) and distal (e.g., 
Gly 27, Phe 30, Val 52, and  Trp 37 aromatic  NH)  to  the  mutation 
positions, 2 and  15, in the  sequence  (cf. Fig. 7 and  Tables  1,2). 
Only  one ' H  of  the  metal-binding Cys  residues,  a Cys 39 H 0 ,  
shows a significant chemical shift  perturbation in the  mutated 
ZnRd,  consistent with the lack  of any  detectable  spectroscopic 
perturbation  of  the FeS, site  in the  mutated  Fe3+Rd. 

The  secondary  structure  of  both wild-type and  mutated  Cp 
ZnRds,  as  determined by NMR  methods,  includes  one  triple- 
stranded 0-sheet and eight turns.  The beginning and  ending res- 
idues  for  the  turns  are essentially the  same in the wild-type and 
mutated  Cp  ZnRds, when the  sequences  are aligned as  shown 
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Table 2. 
~- 

Residue 

2 Ala 
3 Lys 
4 Tyr 
5 Thr 
6  Cys 
7 Thr 
8 Val 
9 cys  
I O  Gly 
I I  Tyr 
12 [le 
13 Tyr 
14 Asn 
15 Glu 
16 Glu 
17 Asp 
18 Gly 
19 Asp 
20 Pro 
21 Asp 
22 Asn 
23 Gly 
24 Val 
25 Asn 
26 Pro 
27 Gly 
28 Thr  
29 Asp 
30 Phe 
31  Lys 
32 Asp 
33 Ile 
34 Pro 
35 Asp 
36 Asp 
37 Trp 
38 Val 

40 Pro 
41 Leu 
42 Cys 

44 Val 

39 c y s  

43 Gly 

45 Gly 
46 Lys 
47 Asp 
48 Gln 
49 Phe 
50 Glu 
51 Glu 
52 Val 
53 Glu 
54 Glu 

~~ 
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'H NMR chemical shifts of C. pasteurianum MI(-)K2APlSE-ZnRd at  25 'Ca 

NH 

- 

8.74 
9.31 
9.47 
9.21 
8.27 
9.08 
9.47 
7.94 
9.21 
7.29 
9.47 
8.80 
8.51 
7.85 
7.01 
7.93 
8.53 

9.32 
7.75 
7.67 
7.50 
8.39 

8.07 
7.14 
9.  I6 

10.22 
8.80 
7.64 
6.84 

8.82 
8.21 
7.67 
6.30 
8.92 

8.64 
9.05 
7.98 
8.00 
8.14 
8.34 
8.86 
8.19 
8.05 
9.03 
8.88 
8.43 
8.50 
8.02 

- 

H a  

4.13 
5.46 
4.95 
5.55 
3.05 
4.54 
3.99 
4.99 
4.23, 3.71 
4.22 
4.72 
4.63 
4.84 
3.85 
3.84 
4.71 
4.05, 3.62 
5.21 
4.12 
4.47 
5.15 
4.68, 3.85 
4.18 
4.23 
3.70 
3.85,  3.62 
4.09 
4.38 
3.37 
3.82 
4.52 
5.76 
4. I7 
4.81 
4.52 
4.16 
4.43 
4.77 
3.99 
4.53 
4.99 
4.04, 3.61 
4.34 
4.36,  4.00 
4. I O  
4.60 
4.71 
5.56 
4.85 
3.49 
3.93 
4.28 
4.1 I 

HP 

1.57 
1.57, 1.48 
2.59, 2.39 
3.70 
2.86, 2.55 
4.05 
2.43 
3.23, 2.51 

2.99, 3.20 
1.53 
3.31, 3.08 
3.02, 2.51 
2.20 
2.25 
2.80,  2.66 

3.06, 2.94 
2.26 
2.72 
3.05, 2.94 

1.89 
2.70, 2.58 
2.27, 1.40 

3.84 
2.66, 2.54 
2.55, 2.19 
I .77 
2.49 
3.52 
2.43 
2.77, 2.46 
2.71, 2.50 
2.92 
I S O  
3.82,  3.04 
2.52,  1.83 
2.15, 1.75 
3.19,  2.50 

2.31 

2.88,  2.80 
2.44, 2.35 
3.82, 2.52 
2.23, 2.18 
I .87 
1.82 
2.24, 2.15 
2.13 

a 6 5 0.01 ppm  relative to DSS. 

2.87, 1.40, 1.21 
H2,6  6.61; H3.5 6.45 
yCH, 1.01 

yCH, 1.20 
yCH,  0.91,  0.89 

H2,6  7.35;  H3,5 

H2,6  7.15;  H3,5  6.37 
yCH2  0.96,  0.94, 6CH3 0.78, yCH3  0.65 

1.88 
1.85 

4.03,  3.87, 2.15 

yCH, 0.80,  0.61 

3.46, 1.83, 1.63 

OH 6.52, yCH, I .01 

H2,6  6.15; H3.5 6.49;  H4  6.76 
2.96,  1.69, 1.35 

yCH2  0.57,  0.15;  yCH3  0.02; 6CH3 - 1. I4 
3.80, 3.31, 2.12, 1.99 

H2 7.1 1; NH 11.25; H4 7.31 H5  6.83;  H6  5.75;  H7 6.65 
yCH,  0.36 

3.74,  2.19,  2.10 
1.59, 1.11,  0.88 

yCH, 1.16, 1.09 

2.16,  2.04, 1.87 

2.23 
H2.6 7.34; H3.5 7.51;  H4  1.62 
1.98, 1.83 
1.67 
yCH, 0.78 
2.04, 1.91 
1.99,  1.84 

" 

in Figure 2. However, our NMR  data  indicate  an  extension of the  &sheet,  and, in fact,  throughout  the  mutated  Rd.  Peptide 
the &sheet in  the  Ml(-)K2APlSE  Cp  ZnRd  to  include  Ala 2 NHs of three  additional residues, Val 8, Ile 33, and Gly 43, were 
and Glu 15. The  mutated  Cp Rd also  shows  more intense NOES identified as slowly exchanging  in the  mutated  Cp  ZnRd. Ile 33, 
(Fig. 8), indicating  stronger  interactions between the  strands of which lies within the  hydrophobic  core of Cp  Rd  (Watenpaugh 
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Residue Number 

Fig. 7. Histogram of peptide  NH 'H  NMR  chemical shifts of 
MI(-)KZAPISE Cp  ZnRd relative to  those of wild-type Cp  ZnRd. 

et a]., 1979), shows relatively stronger NOEs between its 6-methyl 
and  surrounding  protons in the  mutated  Cp  ZnRd  (cf.  Fig.  9). 
The  Phe 30 NH in the  mutated  Cp  ZnRd shows additional  NOE 
cross peaks to an Asp 29 C,jH  and a  Cys 39 C,H, which are  not 

Wild-type . I I .  0.0 . 

*:= 1 "0 4.0 

'" 1 5.0 

observed in spectra of the wild-type protein. These  observations, 
together with the single set of  aromatic  resonances  for  Phe 30 
versus two  sets in the wild-type Cp  ZnRd  spectra,  all  indicate 
that  the  Ml(-)K2APlSE  Cp  ZnRd  has  an overall tighter  struc- 
ture  than  does wild-type Cp  ZnRd. 

We have not detected any significant  inconsistencies between 
our assignments  for  the  two  Cp  ZnRds  and  those  made previ- 
ously for  similar  residues  in  Pf  ZnRd  (Blake et al., 1991). The 
NOEs and  chemical  shift  patterns in the  mutated  Cp  ZnRd  are 
generally more reminiscent  of those seen  in Pf  ZnRd  (Blake 
et al., 1991). For example, they indicate  formation of a hydro- 
gen bond between the  Ala 2 carbonyl  and  Glu 15 amide in both 
the  mutated  Cp  and  Pf  ZnRds  (Blake et al., 1991). In addition, 
only a  single set of Phe 30 aromatic  resonances is observed  for 
both  the  mutated  Cp  and  Pf  ZnRds  (Blake  et al., 1991). Based 
on  X-ray  crystallography  (Day et al., 1992), the  Phe 30 NH in 
Pf Rd forms a hydrogen bond  to a  side-chain carboxylate oxygen 
of Glu 15. The  analogous  hydrogen  bond  could be the  reason 
for  our  observation of only  one set of Phe 30 aromatic  reso- 
nances for  the  MI(-)K2APISE  Cp  ZnRd versus two  sets  for 
wild-type Cp  ZnRd, where the  analogous  hydrogen  bond  can- 
not form.  Although we did  not  detect  NOES between the  Phe 30 

Ml(-)K2AP15E 
a I * ,  0.0 

0 

* 6  0 

I 

L 6.0 

7 .O 

8.0 

9.0 

Fig. 8 .  2D NOESY spectra  observed at  25 "C with a  mixing  time of 300 ms for wild-type and  MI(-)KZAPISE Cp ZnRds.  Both 

Tyr 14. 
spectra  are  plotted  to  the  same  contour level and  normalized to equal  intensities of aromatic  cross  peaks of Phe 49, Tyr 1 1 ,  and 
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Wild-Type 

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 

- I  .6 

-1.2 
PPm 

Fig. 9. Portions of the 2D NOESY spectra showing Ile 33 cross peakr for wild-type and  mutated C p  ZnRd.  Both spectra are 
plotted to the same contour level and normalized as described in the legend to Figure 8. Assigned cross peaks are labeled by 
residue letter  and number. 

NH  and  any  Glu 15 proton in spectra of the  MI(-)K2APISE 
Cp  ZnRd, neither were such  NOES  reported for Pf ZnRd (Blake 
et al., 1991, 1992). 

Secondary structure and thermostability of Rds 

The  interstrand  interactions within the 0-sheet  of the  mutated 
Cp Rd  derived from  our  NMR  study resemble those seen in Pf 
Rd (Blake et al. 1991, 1992; Day et al., 1992), particularly  the 
extension of the  0-sheet  to  include  Ala  2  and  Glu 15. This ex- 
tension,  plus  the  shortening of the  N-terminus by one residue 
in the  mutated  Cp  Rd, could  facilitate favorable electrostatic  in- 
teractions involving the  N-terminal  Ala 2 amino  group with the 
side-chain  carboxylates of Glu 52 and  Glu 15, as proposed  for 
Pf Rd (Blake et al., 1991). An  additional  hydrogen  bond in Pf  
Rd, involving the  indole  NH of Trp 4 and  the  carboxylate of 
Glu 15 (cf. Scheme 1) was also  proposed to contribute  to  ther- 
mostabilization of the P-sheet (Blake et al., 1992; Day et al., 
1992). Although  the  corresponding residue, Tyr  4 in Cp  Rd, was 
not  mutated in the present study,  Elkin (1995) showed  that  an 
Ml(-)KZAY4WTSVT7KP15E mutated  Cp  Fe3+Rd in which all 
but one of the residues in the first two strands of the &sheet were 
changed to their counterparts in Pf Rd (cf.  Scheme 1) had  a vis- 
ible absorption  half-life  at 87 “C of -6 h  compared  to  -3  h  for 
wild-type Cp  Fe3+Rd  and  290  h  for Pf Fe3+Rd (cf. Supple- 
mentary  material in Electronic  Appendix).  These  results,  to- 
gether with those in the  present  NMR  study, suggest strongly 
that the key  to the extraordinary thermostability of  Pf Rd does 
not lie  in a  unique set of hydrogen bonds and electrostatic in- 
teractions that inhibit “unzipping” o f f h e  N-terminal strand of 
the @-sheer. The NMR  results  also suggest that  an overall  tighter 
protein  structure  does  not necessarily lead to increased thermo- 

stability. Further  studies  on  “chimeric”  Pf/Cp Rds are in prog- 
ress in order to delineate which regions of the Pf Rd structure 
contribute  to its extraordinary  thermostability. 

Materials  and methods 

Construction of’ plasmids containing Rd  genes 

Molecular biology procedures generally followed those described 
in Sambrook et al. (1989) or in Ausubel et al. (1990).  Nucleotide 
sequences of all new plasmids  constructed in this  work were ver- 
ified by DNA sequencing in the  Molecular  Genetics Instrumen- 
tation Facility  at the University  of Georgia.  Oligonucleotides 
were purchased  from  Integrated  DNA  Technologies,  Inc.  Pro- 
cedures for  cloning,  amplification,  and  other  manipulations of 
the  Cp Rd  gene  followed those described by Zeng  et al. (1995). 
A synthetic gene coding  for  Cp Rd (Eidsness et al., 1992) was 
corrected to  that coding for  a  more recently published wild-type 
amino acid sequence  (Mathieu et al., 1992) and ligated into  the 
Nde I/Hind 111 restriction sites of plasmid pT7-7 (Tabor, 1990). 
The resulting plasmid,  pNNQ, was transformed  into E.  coli 
strain BL21(DE3) (Novagen,  Inc.)  (Studier et al., 1990). The 
mutation,  K2A,P15E,  was  introduced  into  the Rd gene of’ 
pNNQ by PCR, as described by Elkin (1995). The resulting plas- 
mid,  pCE-I, was transformed  into E. coli strain BL21(DE3). 

Overexpression, purification, and characterization 
of recombinant Rds 

Freshly transformed E. coli BL21(DE3)[pNNQ] was cultured 
in 1-L batches of Luria-Bertani  medium  containing 100 pg/mL 
of ampicillin in an  incubator/shaker at 37 “C until OD,,,,, = 1 .O, 
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at which point  IPTG  was  added  to a final  concentration  of 
0.4  mM.  The  cultures were incubated with shaking  for  an  addi- 
tional 3  h a t  37 "C  and  the cells were then  harvested by centri- 
fugation (5,000 x g, 4°C)  and  stored  at  -80°C if not used 
immediately. 

The  harvested cells were lysed by three -80 "C  freezelthaw 
cycles (Johnson & Hecht, 1994) and resuspended  in 50 mM Tris- 
HC1, pH 7.4.  After  centrifugation (30,000 X g at 4 "C),  the re- 
sulting  supernatant was concentrated in an  Amicon cell fitted 
with a  YM-3 membrane  to a volume of -5.0 mL.  The  Rd was 
purified  on a Q-Sepharose  column  (Pharmacia LKB) in 50 mM 
Tris-HCI, pH 7.4, with  a  linear gradient  from 0.2-0.5 M NaCl, 
which separated  the  FeRd  from  ZnRd  (Eidsness et al., 1992). 
The  Cp  MI(-)K2APlSE Fe- and  ZnRds were overexpressed, 
isolated, and purified from E. coli BL21(DE3)[pCEI] using pro- 
cedures  identical  to  those  described  for  Cp  ZnRd. Yields were 
-6  mg/L  culture  for  FeRds  and - 12  mg/L  culture  for  ZnRds. 
Uniformly "N-enriched wild-type Cp  ZnRd was obtained  from 
cultures  of freshly transformed E. coli BL21(DE3)[pNNQ]  grown 
on  M9 minimal medium  supplemented with 0.4% glucose, 1 .O g/L 
of "NH4CI (Isotec  Inc.,  99.9% ISN isotopic abundance), 0.1 mM 
CaCl,  and 2 mM MgSO,, and 100 pg/mL of ampicillin.  One- 
liter cultures were grown  at 37 "C  to  an OD,, = 1 .O, at which 
point  IPTG was added  to 0.4 mM, followed by  25 mg of ZnSO,. 
Further  incubation of cultures,  harvesting of cells, and  protein 
purification  and  storage were conducted in a manner  identical 
to  that  described  above  for  the  natural  isotopic  abundance  Rd. 
Addition  of  the  ZnS0, resulted in  overexpression of essentially 
only  the  ZnRd. Yield of "N-labeled Cp  ZnRd  was -5 mg/L 
culture.  The purified Fe- and  ZnRds were stored at -80 "C until 
used. 

Inductively coupled  plasma-atomic emission (ICP-AE)  anal- 
yses of  the  metal  contents in the  Rds were performed in the 
Chemical  Analysis Laboratory  at  the University of Georgia. Cp 
ZnRd  protein  concentrations were estimated using ezg0 = 9,530 
M" cm-l  (Eidsness et al., 1992). UV/vis absorption  spectra 
were obtained  on a Shimadzu  UV-2101PC  spectrophotometer. 
N-terminal  amino  acid  sequencing  of  ZnRds was performed  at 
the  Harvard  Michrochemical  Facility,  Cambridge,  MA. 

NMR sample  preparation 

The purified Cp  ZnRds were dialyzed against 100 mM phosphate 
and 150 mM  sodium  sulfate,  pH  6.0, in an  Amicon cell fitted 
with  a  YM-3 membrane.  The  samples were concentrated  to 
approximately 4 mM  Rd in 90%  H20/10% D,O containing 
100 mM  sodium  phosphate  and 150 mM sodium  sulfate,  pH 7.0. 
Uniformly  lSN-labeled  Cp  ZnRd  sample was prepared in a man- 
ner  identical to  the  natural  isotopic  abundance  sample  and was 
approximately 6 mM  in  Rd.  Wild-type  and  mutated  Cp  ZnRd 
samples  (4  mM)  in D 2 0  were prepared  from  the  phosphate- 
buffered H 2 0  samples by four cycles of lyophilization  and re- 
dissolution in D 2 0  (100.0% D isotopic  abundance,  Aldrich 
Chemical  Co.). 

NMR spectroscopy 

All spectra  were  acquired on a Bruker  AMX400  spectrometer 
(400.1373 MHz,  'H).  'H  chemical  shifts were referenced to  
DDS, via the  HDO  resonance  frequency  at 4.86 ppm  at 15 "C, 
4.76 ppm  at 25 "C  and 4.66 ppm  at 35 "C.  I5N  chemical  shifts 

were referenced to  liquid  NH, via ammonium  chloride (Srini- 
vasan & Lichter, 1977). 2D  Phase-sensitive ' H  DQF-COSY 
(Rance et al., 1983), TOCSY  (HOHAHA, Bax & Davis, 1985). 
and  NOESY (Jeener et  al., 1979) spectra were recorded  at 15,  
25, and 35 "C with a spectral width of 6,410 Hz  for  both dimen- 
sions.  The  water signal  was suppressed by a Dante pulse train 
(Morris & Freeman, 1978) consisting of  5" pulses separated by 
100-ps intervals, followed by a 40-60-ms SCUBA  sequence 
(Brown et al., 1988) to allow for  magnetization recovery of res- 
onances close to  the  water  frequency. A total  of 2,048 complex 
data  points were  collected with 512 t l  increments  and 64 tran- 
sients  for  each t l  increment.  Quadrature  detection in the t l  di- 
mension  was obtained using hypercomplex  mode  (States et al., 
1982). For 2D TOCSY  experiments, a spin lock field of 10.5 kHz 
was  used during  the  DIPSI-2  (Shaka et al., 1988) mixing time 
of 60  ms, which includes I-ms trim pulses. NOESY spectra were 
recorded with 150- and 300-ms mixing  times. The  2D NOESY 
and  TOCSY  spectra of samples in D 2 0  were recorded  at 25 "C 
within 20 h after exchanging the  samples  into D,O and  storage 
at 4 "C. 

2D  IH-''N  HSQC  (Bodenhausen & Ruben, 1980; Bax et al., 
1990) spectra were acquired  at 25 and 35 "C  for  the  uniformly 
"N-labeled Cp  ZnRd with a  spectral  width of 6,410  Hz  for  the 
' H  dimension  and 2,433 Hz  for  the "N dimension.  The spec- 
trometer  frequency in ' H  dimensions was set on  the  water res- 
onance  to  achieve  water  suppression using the  Dante pulse 
sequence followed by the  SCUBA pulse sequence,  as described 
above. 3D 'H-I'N  TOCSY-HSQC  and  3D  'H-''N NOESY- 
HSQC  (Fesik & Zuiderweg, 1988; Marion et al., 1989a, 1989c) 
spectra were recorded at 25 "C with spectral  width of 6,410  Hz 
for  the  'H  dimensions  and  2,433  Hz  for  the "N dimension. 
For all 'H-''N  experiments,  quadrature  detection in the  indi- 
rectly observed  dimensions was obtained using States-TPPI 
methods  (Marion et al., 1989b) and initial increment delays were 
set so as  to  achieve  the  zero-order  and  first-order  phase  correc- 
tions of  90°, -180", respectively  (Bax  et al., 1991). A total of 
1,024 complex  points were  collected  with 128 t ,  ( 'H)   and 40 t2  
("N)  increments  and 32 transients  for each increment. For the 
TOCSY-HSQC  experiment, a  spin  lock  field of 10.5 kHz was 
used during  the  DIPSI-2 mixing time  of 60 ms. The NOESY 
spectrum was recorded with  a 150-ms mixing time. 

All of  the  NMR  data were  processed and analyzed on a Sili- 
con  Graphics  Indigo2  Workstation using NMRPipe,  CAPP,  and 
PIPP software  (NIH).  The  2D  'H  data were processed with 
60O-shifted sine-bell-squared functions for NOESY and TOCSY 
spectra and with 5O-shifted sine-bell-squared functions for DQF- 
COSY  spectra.  The  data  sets were zero-filled to a  final matrix 
size of 2,048 X 2,048  real points  prior  to  Fourier  transforma- 
tion.  The  2D  'H-I5N  HSQC were  processed  with 45"-shifted 
sine-bell-squared  functions in both  lH-"N  dimensions  and 
zero-filled  to 2,048 X 1,024  real data  points  prior  to  Fourier 
transformation.  The left half of the  data in ' H  dimension were 
extracted to yield a  final  matrix size of 1,024 x 1,024 real points. 
The 3D TOCSY-HSQC  and NOESY-HSQC data were processed 
using a  lowpass solvent filter prior to applying  a 80"-shifted sine- 
bell-squared function  and left-extracted after  Fourier  transfor- 
mation in the t3 dimension.  An SOo-shifted sine-bell-squared 
function was applied in the t l  ('H)  dimension, followed by 
zero-filling,  Fourier  transformation,  and baseline correction. 
The t2 ("N)  interferograms were processed with an SOo-shifted 
sine-bell-squared function, zero-filling, and Fourier transforma- 
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tion.  The  spectra  had a final  matrix size of 512 x 128 x 1,024 
real data  points. 

Supplementary material in Electronic Appendix 

Thermostability  data  at 87 "C in the  form of fractional  absor- 
bance  at 490 nm versus time  for C. pasteurianurn wild-type, 
M 1 (-)K2AP 15E and M 1 (-)K2AY4WTSVT7KP  15E Fe3+rub- 
redoxins,  and P. furiosus wild-type Fe3+rubredoxin  are  found 
in the  Electronic  Appendix. 
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