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Multiple Replacements at Position 21 1 in the CY Subunit of Tryptophan Synthase 
as a Probe of the Folding Unit Association Reaction7 
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ABSTRACT: Equilibrium and kinetic studies on the folding of a series of amino acid replacements a t  position 
21 1 in the a subunit of tryptophan synthase from Escherichia coli were performed in order to determine 
the role of this position in the rate-limiting step in folding. Previous studies [Beasty, A. M., Hurle, M. R., 
Manz, J. T., Stackhouse, T., Onuffer, J. J., & Matthews, C. R. (1986) Biochemisty 25, 296529741 have 
shown that the rate-limiting step corresponds to the association/dissociation of the amino (residues 1-1 88) 
and carboxy (residues 189-268) folding units. In terms of the secondary structure, the amino folding unit 
consists of the first six strands and five a helices of this a/P barrel protein. The carboxy folding unit comprises 
the remaining two strands and three a helices; position 21 1 is in strand 7. Replacement of the wild-type 
glycine at  position 21 1 with serine, valine, and tryptophan at most alters the rate of dissociation of the folding 
units; association is not changed significantly. In contrast, glutamic acid and arginine dramatically decelerate 
and accelerate, respectively, both association and dissociation. The difference in effects is attributed to 
long-range electrostatic interactions for these charged side chains; steric effects and/or hydrogen bonding 
play lesser roles. When considered with previous data on replacements a t  other positions in the a subunit 
[Hurle, M. R., Tweedy, N. B., & Matthews, C. R.  (1986) Biochemistry 25, 6356-63601, it is clear that 
P strands 6 (in the amino folding unit) and 7 (in the carboxy folding unit and containing position 21 1) dock 
late in the folding process. 

x e  determination of the mechanism of protein folding re- 
quires detailed information on the structures of partially folded 
forms and the transition states which link these forms and the 
native conformation. Structures of folding intermediates are 
beginning to become available through advances in technology 
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Present address: Department of Biochemistry, Duke University 
School of Medicine, Durham, NC 27710. 

8 Present address: Department of Pharmaceutical Chemistry, Univ- 
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such as the recent combination of hydrogen-exchange and 
two-dimensional nuclear magnetic resonance (2D NMR) 
spectroscopy (Udgaonkar & Baldwin, 1988; Roder et al., 
1988) and peptide synthesis (Oas & Kim, 1988; Marqusee & 

Abbreviations: 2D NMR, two-dimensional nuclear magnetic reso- 
nance; NaDodSO,, sodium dodecyl sulfate; G211X (where X = D, E, 
R, S, V, and W), single amino acid code with the first letter designating 
the wild-type residue followed by the position and the second letter 
designating the mutation, Le., G211 D referes to the replacement of 
glycine by aspartic acid at position 21 1 ,  and E, R, S, V, and W refer to 
glutamic acid, arginine, serine, valine, and tryptophan, respectively; C,, 
urea concentration at the midpoint of the transition between species x 
and y. 
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Baldwin, 1987). Information on the structures of transition 
states for the rate-limiting steps in folding can be obtained by 
observing the effects of single amino acid replacements on the 
folding kinetics (Matthews, 1987). Application of this mu- 
tagenic approach to the folding of the a subunit of tryptophan 
synthase (Beasty et al., 1986) and dihydrofolate reductase 
(Perry et al., 1987) has shown that some positions play key 
roles in the respective transition states while others are involved 
in establishing stabilizing interactions in the native or inter- 
mediate conformations. 

The a subunit of tryptophan synthase has been a particularly 
intriguing case because the folding involves a stable inter- 
mediate whose conversion to the native form is the rate-limiting 
step in folding (Beasty et al., 1986). The solution of the X-ray 
crystal structure (Hyde et al., 1988) has led to the startling 
discovery that this intermediate corresponds to a folded con- 
formation for the first six strands and five a helices of this a/P 
barrel motif protein; the remaining two strands and three 
helices are apparently unfolded. Folding studies (Matthews 
et al., 1983; Beasty et al. 1986) on a collection of randomly 
generated mutants in the a subunit (Yanofsky et al., 1969; 
Murgola & Yanofsky, 1974) showed that replacements in 
strands 1 (F22L), 7 (G21 lE), and 8 (G234D) alter the energy 
of the transition state relative to the energies of the folding 
intermediate and the native conformation. In contrast, re- 
placements in strands 2 (E49M) and 6 (Y175C) (Hurle et al., 
1987) appear to alter the energies of the intermediate and the 
native conformations, respectively. As noted above, mutants 
which perturb the energy of the transition state are of special 
interest in understanding its structure. 

Examination of the X-ray structure reveals that positions 
22 and 234 are in adjacent strands in the barrel and conti- 
guous, as are positions 175 and 21 1 (Hyde et al., 1988). On 
the basis of the above mutagenic results, one would conclude 
that the interaction between side chains at positions 22 and 
234 plays a key role in the transition state. However, the 
apparently conflicting responses at positions 175 and 21 1 
(equilibrium effect at 175 and kinetic effect at 21 1)* prevent 
a definitive assignment of the role of their interaction in the 
folding of the a subunit. 

To resolve this ambiguity, the effects of a series of amino 
acid replacements at position 21 1 on the folding and stability 
of the a subunit were investigated. The results indicate that 
long-range electrostatic effects can play a significant role in 
the behavior of the mutants at this position and are the primary 
reason that the replacement of glycine by glutamic acid acts 
as a kinetic mutant; steric effects appear to play a lesser role. 
When the unique effect of the electrostatic interaction of 
glutamic acid 21 1 is taken into account, the principle effect 
of replacements at position 21 1 is to alter the energy of the 
native conformation. The similar behavior of mutations at 
positions 175 and 21 1 suggests that these two positions dock 
late in folding, after the transition state for the rate-limiting 
step in folding. 

MATERIALS AND METHODS 
Protein Isolation and Purification. The wild-type a subunit 

was isolated from Escherichia coli strain W3110 (AtonB- 

Tweedy et al. 

trp)BA17 his containing plasmid pBN55 (a gift from Brian 
Nichols). TheG211D, G211E,G211R, G211S,G211V, and 
G211 W mutant proteins used in this study were isolated from 
bacterial strains A46ASP, A46, A23, A23FR2, A46PR9, and 
2102, respectively. These bacterial strains were a generous 
gift from Dr. Charles Yanofsky. The proteins were isolated 
from Escherichia coli cultures of the respective strains and 
purified according to procedures described previously (Beasty 
et al., 1986). The purity of the proteins was ascertained by 
the presence of a single band on Coomassie Blue stained native 
and NaDodS0,-polyacrylamide gel electrophoresis. The 
activities of all the isolated a subunit proteins were determined 
by measuring their ability to enhance the activity of the P2 
subunit of tryptophan synthase in the condensation of indole 
and serine to form tryptophan; the maximum specific activity 
in this assay is 5500 units/mg (Kirschner et al., 1975). The 
activitiesof theG211D,G211E,G211R,G211S, G211V,and 
G211W mutants were 4900,4100,2486,5033,1954, and 5101 
units/mg, respectively, with an error of &IO%. Protein con- 
centrations were held constant in any given experiment and 
were in the range of 0.6-1.5 mg/mL as ascertained by using 
the extinction coefficient of 12600 M-'. 

Chemicals. Ultrapure urea was purchased from 
Schwarz/Mann and used without further purification. All 
other chemicals were reagent grade. 

Methods. The equilibrium unfolding data were obtained 
by measuring the ultraviolet difference spectrum at 287 nm 
using the tandem cell technique (Herskovits, 1967) on a Cary 
1 18CX spectrophotometer. The data were fit to a three-state 
model as described previously (Beasty et al., 1986). Unfolding 
(refolding) kinetic jumps were initiated by adding measured 
volumes of protein (protein and urea) to premeasured volumes 
of urea/buffer solution. The solutions were manually mixed, 
and the time dependence of the absorbance change at 287 nm 
was recorded by a Digital PDP-11 computer interfaced to the 
spectrophotometer. These changes were fit to a sum of ex- 
ponentials as described previously (Beasty et al., 1986). The 
buffer used in all experiments was 10 mM potassium phos- 
phate, 0.2 mM EDTA, and 1 mM 2-mercaptoethanol, pH 7.8. 
The equilibrium and kinetic studies were performed at 25 OC 
for the wild-type and all mutant proteins except G211R which 
was studied at 4 OC. 

* The designation of equilibrium and kinetic effects is derived from 
transition-state theory and is explained more extensively elsewhere 
(Beasty et al., 1986; Matthews, 1987). A kinetic mutation is defined as 
one in which the rates of both unfolding and refolding are affected 
equally without any significant change in stability. An equilibrium 
mutation is defined as affecting either refolding or unfolding with an 
accompanying change in stability. 

RESULTS 

Equilibrium Unfolding Experiments 
The urea-induced unfolding reactions of the wild-type a 

subunit of tryptophan synthase and all mutants examined thus 
far are consistent with a three-state equilibrium model, in- 
volving a native form, N, a stable intermediate, I, and an 
unfolded form, U (Matthews & Crisanti, 1981; Beasty et al., 
1986). The intermediate can be detected in optical experi- 
ments using absorbance spectroscopy at 287 nm (monitoring 
the solvent exposure of buried tyrosines) and circular dichroism 
spectroscopy at 222 nm (monitoring the secondary structure). 
In both cases, an inflection in the plot of the apparent fraction 
of unfolded protein, Fapp, as a function of the urea concen- 
tration indicates the presence of the intermediate. 

Neutral Side-Chain Replacements. The transition curves 
for the wild-type a subunit (Gly211) and the mutant proteins 
containing serine (G21 lS), valine (G21 lV), and tryptophan 
(G211W) at position 211 are shown in Figure 1. These 
neutral replacements vary in size, hydrophobicity, and hy- 
drogen bonding capability. The entire Fapp curve for the 
G211S protein is displaced slightly to lower urea concentrations 
while that for the G211V protein occurs at slightly higher urea 
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Table I: Eauilibrium Parameters for Urea-Induced Unfolding of a Subunit Proteins at pH 7.8' 
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25 wild type 5.7 (0.4) 2.2 (0.2) 5.0 (0.6) 1.2 (0.2) 2.62 (0.02) 4.18 (0.06) 
G211E 8.1 (0.6) 3.0 (0.2) 5.5 (0.5) 1.5 (0.1) 2.73 (0.02) 0.3 (0.1) 3.72 (0.04) -0.7 (0.1) 
G211D 5.4 (0.9) 2.0 (0.4) 4.2 (0.5) 1.2 (0.3) 2.70 (0.09) 0.2 (0.2) 3.61 (0.15) -0 .7  (0.1) 
G211S 5.9 (0.8) 2.4 (0.3) 5.2 (0.8) 1 . 3  (0.2) 2.46 (0.04) -0.4 (0.1) 3.97 (0.07) -0 .3  (0.1) 
G211V 5.4 (0.9) 1.9 (0.4) 6.9 (1.7) 1.6 (0.4) 2.78 (0.06) 0.3 (0.1) 4.30 (0.09) 0.2 (0.2) 
G211W 4.1 (1.8) 1.8 (0.8) 3.9 (2.0) 1 . 1  (0.5) 2.25 (0.15) -0.7 (0.5) 3.62 (0.20) -0 .5  (0.2) 

G211R 2.2 (0.5) 1.6 (0.4) 7.3 (3.3) 2.2 (1.0) 1.40 (0.08) -0.4 (0.2) 3.28 (0.11) 0.3 (0.3) 
4 wild type 5.0 (1.7) 3.1 (1.1) 6.0 (0.9) 1.9 (0.3) 1.63 (0.07) 3.17 (0.09) 

'Units are as follows: AGxyHZ0 (free energy of unfolding in the absence of denaturant), kilocalories per mole; A (urea dependence of the free 
energy of unfolding), kilocalories per mole per molar (urea); AAG, kilocalories per mole; C, (transition midpoint), molar urea; errors represent 95% 
confidence limits and are shown in parentheses. bCalculated at the wild-type N - I midpoint, 2.62 M urea (25 "C) and at 1.63 M urea (4 "C), 
where AG = AGHZ0 + A[urea at C,] and AAG = AG(mutant) - AG(wi1d type). 'Calculated at the wild-type I - U midpoint, 4.18 M urea (25 "C) 
and at 3.17 M urea (4 "C) as above. 

I . ( , ,  , , , , , , , 1 

0.71 

i 1 
- 

310 410 510 ,b i'0 sb 90 
[UREA],M 

FIGURE 1 : Apparent fraction of unfolded protein, R,,, as a function 
of the urea concentration for the neutral replacements at position 21 1 
in the presence of 10 mM potassium phosphate, 0.2 mM EDTA, and 
1 mM 2-mercaptoethano1, pH 7.8,25 OC, for the wild-type (glycine) 
(-)and theG211S (0--0),G211V (O-O),andG211W (O---O) 
mutant proteins. Lines represent computer fits to the data using a 
three-state model as described previously (Beasty et al., 1986). 

concentrations, relative to wild-type a subunit. The G211W 
curve shows more significant differences from the wild-type 
protein in both the N - I and I - U transitions; both occur 
at  lower concentrations of urea. 

These data can be fit to the three-state model and the 
relevant thermodynamic parameters extracted (Beasty et al., 
1986). The values for the free energy of folding in the absence 
of denaturant, AGHzO, the midpoint of the transition, C,, and 
the dependence of the apparent free energy of folding on the 
denaturant concentration, A ,  are shown in Table I. When 
the errors in each of these parameters are taken into account, 
these replacements appear to have rather little effect on the 
stability or cooperativity of the unfolding induced by urea. 

In considering the effects of amino acid replacements on 
stability, it appears to be more reasonable to compare the free 
energy differences at the urea concentration corresponding to 
the midpoint of the wild-type protein, AAG, than in the absence 
of denaturant, AGHzO (Cup0 & Pace, 1983). As can be seen 
above, the extrapolation required to obtain the value in the 
absence of urea introduces errors which are comparable to the 
changes in stability caused by the replacements. According 
to the latter approach, the G211S mutant is seen to be 0.4 
kcal/mol less stable in the N - I transition and 0.3 kcal/mol 
less stable in the I - U transition than the wild-type protein 
(Table I, columns 6 and 8). The G211V mutant is 0.3 
kcal/mol more stable than wild type in the N - I transition 
and of the same stability in the I - U transition. The re- 
placement of glycine-211 by tryptophan has the most no- 
ticeable effect on the N - I transition: the stability decreases 
by 0.8 kcal/mol. The stability between I and U decreases by 
0.4 kcal/mol. Overall, with the exception of the G211W 

0.7 

0.5 

-0.11 ' I 1 ' ' ' I I I 
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 BO 9.0 

[UREA], M 

FIGURE 2: Apparent fraction of unfolded protein, Fam, as a function 
of the urea concentration for the wild-type (-) and the G211E 
(0--0) and G211D (O---O) mutant proteins. Lines represent 
computer fits to the data. Conditions were as described in Figure 
1. 

mutant protein, there is rather little effect of these neutral 
replacements on the stability of the a! subunit. 

Charged Side-Chain Replacements. The replacement of 
glycine with anionic aspartate or glutamate side chains again 
has little effect on the N - I transition; however, there is a 
pronounced effect on the I - U transition (Figure 2 and Table 
I). The N - I transition for the G211E mutant is slightly 
stabilized, 0.3 kcal/mol, while that for the G211D is un- 
changed within experimental error. However, the I - U 
transitions for both mutants are destabilized by 0.7 kcal/mol 
(Table I, columns 6 and 8). 

The introduction of a positive charge at  position 21 1 was 
examined with the G211R mutant. In preliminary experiments 
at 25 OC, the G211R mutant was found to unfold and refold 
substantially faster than wild-type a subunit. Because only 
very small quantities of this mutant could be purified, limited 
equilibrium and kinetic studies were performed at 4 OC. The 
lower temperature slowed folding kinetics sufficiently so that 
manual mixing methods could be used on the amounts of 
protein available. The equilibrium unfolding transitions for 
the G211R and wild-type proteins at 4 "C are shown in Figure 
3. The midpoint of the N - I transition is lowered by 0.23 
M urea and the stability by 0.4 kcal/mol, relative to the 
wild-type protein at the same temperature (Table I, columns 
5 and 6). The decreased slope for this transition indicates that 
the cooperativity is lowered as well. There is no significant 
effect on the I - U transition. For comparison, the equilib- 
rium unfolding transition for the G211E mutant at 4 OC was 
investigated; the results are also shown in Figure 3. The 
midpoint of the N - I transition is increased to 2.0 M urea 
and the stability by 1.3 kcal/mol, relative to wild-type protein 
(Table I).  As is the case for the G211R mutant, the I - U 
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FIGURE 3: Apparent fraction of unfolded protein, FaW, as a function 
of the urea concentration for the wild-type (0-0) and the G211R 
( 0 - - - 0 )  and G211E ( t -0)  mutant proteins at 4 OC. Lines represent 
computer fits to the data. 

Ul u, 

& +!E$iL, 

, Pro , f Folding Unit 8 
M O H  

Isomer. associati6n7 NH, 
Domen COOH Dissociation coo- Domain 

coo- coo- 

* I  I2 I3 N 
FIGURE 4: Proposed folding model for the subunit of tryptophan 
synthase from Escherichia coli. N, I, and U represent native, in- 
termediate, and unfolded forms, respectively. Inset illustrates the urea 
concentration dependence of the three kinetic folding phases observed 
for the wild-type protein at pH 7.8 and 25 "C.  

transition is coincident with that for wild-type CY subunit. 

Kinetic Folding Experiments 
A kinetic folding model has been proposed for the CY subunit 

(Hurle & Mathews, 1987). The model includes a native 
conformation, N, three intermediates, I,-I,, and three unfolded 
forms, U1-U3 (Figure 4). The kinetic intermediates I, and 
I, correspond to the equilibrium intermediate I and the kinetic 
intermediate I , ,  and the three unfolded forms UI-U3 corre- 
spond to the equilibrium species U. I1 is considered as an 
unfolded form because it has spectroscopic properties similar 
to those for the unfolded form (Matthews et al., 1983). The 
rate-limiting steps in refolding involve the interconversion of 
the intermediates, I,, I,, and I,, described by relaxation times 
71 and T,, and the folding of species I, to the native form with 
relaxation time 7,. The 7, and 7, relaxation times are only 
detected in refolding and are independent of the urea con- 
centration. The rate-limiting step in unfolding is the N - I, 
reaction, the microscopic reverse of the I, - N reaction. 
Semilog plots of the urea dependences of these relaxation times 
reveal characteristic behavior which has been interpreted in 
terms of slow isomerization reactions for T~ and 7, and the 
association of the amino and carboxy folding units for 7, 
(Beasty et al., 1986; Hurle & Matthews, 1987). 

The reaction of interest in this study is the rate-limiting step 
which appears in both unfolding and refolding, N - I,. The 
relaxation time 73 proceeds though a maximum, T-, near the 
midpoint of the N - I equilibrium transition and shows a 

' O O 0 l - - - - - 7  

101 I I I 1 
0.0 10 2.0 3.0 4.0 5.0 6.0 
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FIGURE 5: Relaxation times as a function of urea concentration for 
the wild-type (-) and the G211S (O---O), G211V (0--O), and 
G211W ( 0 - 0 )  mutant proteins at pH 7.8, 25 "C. Lines represent 
computer fits to the data. Data at and above the urea concentration 
of rmX for each protein were obtained by unfolding while those at 
and below T,,, were obtained by refolding. 

'oooov 
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FIGURE 6: Relaxation times as a function of urea concentration for 
the wild-type (-) and the G211E (0-0) and G211D (@---e) 
mutant proteins. Lines represent computer fits to the data. 

logarithmic dependence on the urea concentration. Below 1.5 
M urea in refolding, the 7, phase becomes rate limiting. This 
behavior is shown in the inset to Figure 4. At high urea 
concentration, the relaxation time for the 7, phase is very 
nearly equal to the reciprocal of the unfolding rate constant 
and, at  low urea concentration prior to the onset of the 
urea-independent 7, phase, the reciprocal of the refolding rate 
constant (Matthews, 1987). 

Neutral Side-Chain Replacements. The replacement of 
Gly-211 with Ser has very little effect on the 7, relaxation time 
(Figure 5). For G21 lV, the unfolding relaxation times de- 
crease by approximately 33%, while the refolding relaxation 
times are unaffected, within experimental error. A decrease 
of 33% is very close to our limits of detection and represents 
a change in the activation free energy of only 0.2 kcal/mol. 
The G211W data are more limited, however, it appears that 
unfolding is accelerated by a factor of 2.6 at 4 M urea and 
refolding is only marginally, if at  all, altered. Thus, the in- 
troduction of three neutral side chains which vary considerably 
in their volumes, hydrophobicities, and hydrogen bonding 
capabilities has a significant effect only on the kinetics of the 
unfolding reaction, N I-, I,, for one of the three mutations, 
G211 W. There are no significant effects on the T~ and T~ 

relaxation times; the magnitudes of the 7l relaxation times are 
not significantly affected by the replacements at position 2 1 1 
and are omitted from Figure 5 for clarity. 

Charged Side-Chain Replacements. As reported previously 
(Matthews et al., 1983), the replacement of glycine by glu- 
tamate at  position 21 1 dramatically increases both the un- 
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occurs at -1.2 M urea, reflecting the decreased stability 
(Figure 3, Table I). The slower phase has a very complex urea 
dependence, demonstrating that a number of elementary 
processes are involved. The faster phase in the unfolding of 
the G211R mutant was confirmed as the folding unit disso- 
ciation reaction by measuring the activation energies of both 
phases at 3 M urea. The activation energy of the fast phase 
is 4.7 kcal/mol, the same as that observed previously for the 
folding unit dissociation reaction in the wild-type protein 
(Hurle et al., 1987). The activation energy of the slow phase 
is 22 kcal/mol, similar to that reported for the 71 and 7 2  phases 
in refolding (Hurle & Matthews, 1987). Therefore, although 
the decrease in temperature has significant effects on the 
rate-limiting steps in folding for both the wild-type and G211R 
proteins, the folding unit association/dissociation reaction is 
still the dominant phase for both. 

Comparison of the relaxation times for the folding unit 
dissociation/association reaction, Le., the 73 phase, for the 
wild-type and G211R mutant proteins (Figure 7A,B) shows 
that both unfolding and refolding are accelerated in the mu- 
tant. At 3 M urea, the unfolding relaxation time for the 
G211R mutant is 17-fold smaller than that for the wild-type 
protein; for refolding to 1 M urea, the relaxation time is 
3.5-fold smaller for the mutant protein. 

DISCUSSION 
The replacement of glycine at position 21 1 iff the a subunit 

of tryptophan synthase from E.  coli with a series of amino 
acids which vary the volume, charge, hydrophobicity, and 
hydrogen bonding capability strongly suggests that electrostatic 
interactions are the predominant reason that the G211E 
protein was previously observed to behave as a kinetic mutant 
in the folding unit association reaction (Matthews et al., 1983). 
Serine and valine have little or no effect on the kinetics of this 
rate-limiting step in folding, and tryptophan only significantly 
affects the unfolding reaction. In contrast, glutamic acid and 
arginine have significant and opposing effects on both un- 
folding and refolding relaxation times and therefore act as 
kinetic mutants (Matthews, 1987). The observation that 
aspartic acid has no effect on the kinetics is puzzling but may 
reflect a different placement for this side chain compared to 
that for glutamic acid. Glutamic acid and aspartic acid re- 
placements have been observed to adopt different spatial 
orientations in T4 lysozyme (Alber et al., 1987) and staphy- 
lococcal nuclease (Hibler et al., 1987). Obviously, X-ray 
structures of these mutants are required to provide a definitive 
answer to this apparent discrepancy. 

The unique effects of arginine and glutamate on the folding 
unit association reaction most likely reflect their potential for 
long-range electrostatic interactions. Tryptophan is larger than 
the side chains of either glutamic acid or arginine; however, 
the van der Waals and hydrogen bonds with which tryptophan 
can interact with its surroundings are necessarily short-range. 
Therefore, when only direct interactions of the side chain at 
position 21 1 are considered, it is clear that the residue at this 
position does not play a significant role in the transition state 
for the folding unit association reaction. If the side chain is 
sufficiently bulky (Trp), the principal effect of replacements 
at this position is to alter the relaxation time for unfolding and, 
therefore, the energy of the native conformation. This con- 
clusion resolves the apparent contradiction between the Y 175C 
mutation in strand 6 (equilibrium mutant) and the G211E 
mutation in strand 7 (kinetic mutant) which are adjacent in 
the X-ray structure. If long-range interactions are eliminated, 
replacements at both sites principally affect the energy of the 
native conformation. 

‘0°00, 

I I 1 I I 
0.0 1.0 2.0 3.0 4.0 5.0 6.0 

[UREA], M 

1000 , , I I I 

n o  

0 0  c t . a  1 

101 I I I I I I 
0.0 1.0 2.0 3.0 4.0 5.0 6.0 

[UREA], M 

FIGURE 7: Relaxation times as a function of urea concentration for 
the (A) wild-type and (B) G211R mutant proteins at 4 OC. Symbols 
represent the observed slow ( 0 , O )  and fast (m, 0 )  phases. Data at 
and above 2 M urea in (A) and 1.5 M urea in (B), respectively, were 
obtained by unfolding while those below 2 M urea (A) and 1.5 M 
urea (B) were obtained by refolding. 

folding (8-fold at 6 M urea) and refolding (4-fold at 2 M urea) 
relaxation times for the T~ reaction but has no effect on the 
72 reaction (Figure 6 ) .  The T~ reaction is also unaltered by 
this replacement [Figure 3 in Matthews et al. (1983)l and is 
omitted from Figure 6 for clarity. Surprisingly, the 73 re- 
laxation time for the mutant with aspartate at this position 
is identical with that for the wild-type protein at all urea 
concentrations (Figure 6 ) .  Asp and Glu are obviously quite 
different in terms of their effects on the kinetics of the N - 
I3 reaction. 

To provide a basis for comparison for the kinetics of folding 
of the G211R mutant protein at 4 OC, the kinetics of the 
wild-type protein were also examined at this temperature. 
Figure 7A shows that nearly the same qualitative behavior is 
observed for the T~ phases; the quantitative differences reflect 
the relevant activation energies (Hurle et al., 1987) and the 
lower stability (Figure 3, Table I). The one significant dif- 
ference at low temperature is the sudden drop in the 73 re- 
laxation time near 2 M urea. Below this point, 73 recovers 
and follows the previously observed pattern. Betton et al. 
(1 985) have also observed this phenomenon in the folding of 
phosphoglycerate kinase. A second difference is the absence 
of the urea-independent behavior of the faster phase in re- 
folding at low urea concentrations. Both of these variations 
from the patterns at 25 OC can be simulated by using the above 
kinetic model and some plausible alterations in rate constants 
due to the lower temperature (N. Tweedy, unpublished re- 
sults). 

At 4 OC, the G211R mutant has two detectable kinetic 
phases in both unfolding and refolding when manual mixing 
methods are used (Figure 7B). The faster phase has a urea 
concentration dependence which is similar in most respects 
to that for the 73 phase in the wild-type protein. The T,,. ,~~ 
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Examination of the X-ray crystal structure of the wild-type 
a subunit suggests that repulsive/attractive interactions be- 
tween the Arg or Glu side chain at position 21 l and Glu-49 
may selectively alter the relative energy of the transition state 
for the folding unit association reaction. The carboxylate side 
chain of Glu-49 is the only formal charge that can be found 
within 5 A of a glutamate placed at position 21 1 by computer 
graphics manipulation. The distance between carboxylate 
oxygens ranges from 4 to 10 A depending on the placement 
of the glutamate at position 21 1. Given that folding is slowed 
by the incorporation of a negative charge at position 21 1 and 
accelerated by a positive charge, the simplest interpretation 
in terms of this environment is that repulsive interactions 
between Glu-211 and Glu-49 raise the relative energy of the 
transition state while attractive interactions between Arg-211 
and Glu-49 lower it. The differential effects on the relaxation 
times for unfolding and refolding suggest that the relative 
energies of the native and intermediate conformations are also 
perturbed to some extent by these substitutions. The net result 
is that the Glu-211 protein must scale a higher energy barrier 
and Arg-211 a lower barrier to access the transition state. 
Note that the presumption of an effect of a replacement at 
position 21 1 on the energy of the intermediate is contradictory 
to the conclusions from previous studies from our laboratory 
(Beasty & Matthews, 1985) and others (Miles et al., 1982) 
that the carboxy folding unit is devoid of structure. This point 
will be considered below. 

Another potential explanation is that attractive/repulsive 
interactions of the side chain at position 21 1 with the positive 
end of the helix 8' dipole moment could alter the energies of 
the native and intermediate conformations relative to that of 
the transition state. A third explanation involves attrac- 
tive/repulsive interactions of Glu/Arg-211 with arginine@) 
at positions 179 and/or 188, located in a nearby mobile loop 
region. These latter possibilities focus attention on the elec- 
trostatic interactions between Glu/Arg-211 and the native and 
intermediate conformations, not the transition state. 

The first explanation is supported by the results of an ex- 
periment in which the folding kinetics studies for the G211E 
mutant protein were repeated in the presence of 0.5 M NaCl. 
It was found that while the unfolding relaxation times of the 
wild-type protein increased slightly in salt (1 .5-fold), those for 
the G211E were unaffected by salt (data not shown). The 
absence of a screening effect by added salt suggests that the 
electrostatic interactions are inaccessible to solvent, consistent 
with the observed environment between positions 21 1 and 49 
in the native conformation (hydrophobic interior of the barrel). 
The latter two possibilities seem less likely since these inter- 
actions would occur near the surface of the protein and would 
be expected to be perturbed by salt. The putative role of 
Glu-49 can be tested by replacement with a neutral side chain; 
these experiments are in progress. 

The stable folding intermediate for the a subunit is thought 
to have a folded amino folding unit (residues 1-188) and an 
unfolded carboxy folding unit (residues 189-268) (Higgins 
et al., 1979; Crisanti & Matthews, 1981; Miles et al., 1982; 
Beasty & Matthews, 1985). In terms of this model, one would 
expect that the I - U transition for replacements in the 
carboxy folding unit at position 21 1 would be coincident to 
that for the wild-type a subunit. The observation that these 
transitions are not coincident for the G211 W, G21 lE, and 
G211D mutants at 25 "C (Figures 1 and 2 and Table I) shows 
that the folding units are interacting with each other. In a 
previous study, Hurle (1 987) found that the I - U transition 
curves for wild-type protein and the G211E mutant are 
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coincident in the presence of 0.5 M NaCl. It was proposed 
that long-range electrostatic interactions are responsible. 

Further information on this issue was obtained in the present 
study, where at 4 OC the I - U transitions for the wild-type, 
G21 lE, and G211R proteins are coincident (Figure 3). The 
different effects of these replacements on the I - U transition 
at 4 and 25 OC may be understood in terms of the concept of 
cold denaturation (Brandts, 1964; Privalov et al., 1986; Chen 
& Schellman, 1988; Privalov & Gill, 1988). If the sequence 
from 189-268 in the equilibrium intermediate has residual 
structure at 25 OC, position 21 1 could be sufficiently close to 
the amino folding unit that electrostatic or steric interactions 
are possible. Lowering the temperature to 4 OC may disrupt 
this residual structure by the cold denaturation process and, 
thereby, eliminate these interactions. This explanation pre- 
sumes that the residual structure involves hydrophobic in- 
teractions which are especially susceptible to cold denaturation. 
A hydrophobic cluster could have escaped detection in the 
previous studies. 

The proposal that the a subunit of tryptophan synthase folds 
in stages and that the folding units correspond to recognizable 
elements of secondary structure must be subjected to further 
tests. It is not clear at this point whether the actual folding 
units correspond precisely to the proteolytic fragments or 
whether the boundaries are upstream or downstream from 
Arg-188. As noted previously, the segment from 178-191 was 
not located in the X-ray crystal structure (Hyde et al., 1988), 
suggesting significant mobility and a potential role in the 
division of the two folding units. It also appears that the 
carboxy folding unit may have some residual structure at 
intermediate urea concentrations. Nevertheless, the data 
available strongly support a multistate folding model and 
independent folding of the first six and last two p strands in 
the protein. 

It is interesting to speculate on whether the 6 + 2 folding 
pattern observed for the a subunit also is applicable to other 
proteins which have the barrel motif [ 14 such structures have 
now been elucidated (Chothia, 1988)l. The successful trans- 
position of the last two strands of the phosphoribosyl-an- 
thranilate isomerase barrel from positions 7 and 8 to positions 
1 and 2 by genetic engineering (Luger et al., 1989) may be 
another manifestation of the same 6 + 2 folding mechanism. 
It would be interesting to learn if other strand permutations, 
e.g., 5 + 3, could also result in folded a / p  barrels. 
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ABSTRACT: Steady-state nuclear Overhauser effects (NOE), two-dimensional (2D) nuclear Overhauser effect 
spectroscopy (NOESY), and 2D spin correlation spectroscopy (COSY) have been applied to the fully 
paramagnetic low-spin, cyanide-ligated complex of sperm whale ferric myoglobin to assign the majority 
of the heme pocket side-chain proton signals and the remainder of the heme signals. It is shown that the 
2D NOESY map reveals essentially all dipolar connectivities observed in ordinary 1D NOE experiments 
and expected on the basis of crystal coordinates, albeit often more weakly than in a diamagnetic analogue. 
For extremely broad (-600-Hz) and rapidly relaxing ( T1 - 3 ms) signals which show no NOESY peaks, 
we demonstrate that conventional steady-state NOES obtained under very rapid pulsing conditions still allow 
detection of the critical dipolar connectivities that allow unambiguous assignments. The COSY map was 
found to be generally less useful for the hyperfine-shifted residues, with cross peaks detected only for protons 
>6 A from the iron. Nevertheless, numerous critical COSY cross peaks between strongly hyperfine-shifted 
peaks were resolved and assigned. In all, 95% (53 of 56 signals) of the total proton sets within -7.5 A 
of the iron, the region experiencing the strongest hyperfine shifts and paramagnetic relaxation, are now 
unambiguously assigned. Hence it is clear that the 2D methods can be profitably applied to paramagnetic 
proteins. The scope and limitations of such application are discussed. The resulting hyperfine shift pattern 
for the heme confirmed expectations based on model compounds. In contrast, while exhibiting fortuitous 
'H N M R  spectral similarities, a major discrepancy was uncovered between the hyperfine shift pattern of 
the axially bound (F8 histidyl) imidazole in the protein and that of the imidazole in a relevant model compound 
[Chacko, V. P., & La Mar, G. N.  (1982) J .  Am. Chem. SOC. 104, 7002-70071, providing direct evidence 
for a protein-based deformation of axial bonding in the protein. 

M y o g l o b i n  (Mb) * is a small (- 16-kDa) hemoprotein 
whose function in tissue is to reversibly bind molecular oxygen, 
which it carries out with remarkable variability with genetic 
origin of the polypeptide chain. Mb can exist in both the 
reduced iron(I1) state as well as oxidized iron(II1) state, and 
both the diamagnetic and paramagnetic derivatives have been 
the subject of intense physicochemical studies to elucidate the 

+This research has been supported by a grant from the National 
Institutes of Health (HL16087). 

mechanism of control of ligand binding (Antonini & Brunori, 
1971). The wide study of hemoproteins in general is due, in 
large part, to the ability to compare properties of not only 
diverse genetic variants but also the intact protein with the 
extracted prosthetic group (i.e., model compounds), thereby 

I Abbreviations: Mb, myoglobin; metMbCN, cyanide-ligated ferric 
myoglobin; NOE, nuclear Overhauser effect; DSS, 2,2-dimethyl-2-sila- 
pentane-5-sulfonate; NOESY, two-dimensional nuclear Overhauser effect 
spectroscopy; COSY, two-dimensional correlation spectroscopy; DQF- 
COSY, double-quantum-filtered COSY. 
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