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ABSTRACT: The folding mechanism for bacteriophage T 4  thioredoxin is best described by a four-state box 
mechanism, N - U, - Ut - I, - N, where N indicates native, U, the unfolded form with the cis proline 
isomer, Ut unfolded with the trans proline isomer, and I, a compact form with a trans proline isomer. Both 
manual mixing fluorescence and size-exclusion chromatography indicate that there is a cis-trans proline 
isomerization that is important to  the folding pathway. Furthermore, the data suggest that the cis-trans 
isomerization can also occur in a compact nativelike state which is refered to  as I,. The  slow phase seen 
in fluorescence seems to be monitoring the cis-trans isomerization in the compact form, not the isomerization 
which occurs in the denatured state. 

%e crystal structures of both Escherichia coli thioredoxin, 
EcTrx (Holmgren & Branden, 1975; Katti et al., 1989), and 
bacteriophage T4 thioredoxin, T4Trx (Siiderberg & Branden, 
1978), are known. The secondary structure of residues 22-108 
of EcTrx is similar to that of residues 1-87 of T4Trx which 
is missing the first 21 residues of the E .  coli protein (Holmgren 
et al., 1975; Sijderberg et al., 1978). In this 87-residue region 
of structural homology, there are only 9 residues in common 
between the 2 proteins. However, like its E .  coli counterpart, 
T4Trx has a single disulfide group in a short peptide loop 
which is central to its redox function. LeMaster (1986) has 
developed a strain of E .  coli and appropriate plasmid, pDL59, 
for the simultaneous overproduction of EcTrx and T4Trx. This 
system provides an opportunity to study how proteins with very 
different amino acid sequences arrive at similar tertiary 
structures. 

Stellwagen and co-workers have extensively studied the 
folding pathway of EcTrx using both fluorescence and size- 
exclusion chromatographic techniques (Kelley & Stellwagen, 
1984; Kelley et al., 1986; Shalongo et al., 1987). They have 
shown that the folding data are best fit by the "cubic" reaction 
cycle shown in Scheme I (Shalongo et al., 1987). N and U 
denote native and denatured species, respectively. I is a 
compact intermediate containing one or more nonnative proline 
isomers. The subscripts c and t denote the cis or trans forms 
of two proline residues presumed to undergo isomerization. 
Of the four proline residues in the protein, the isomerization 
of Pro-76 has been shown to be responsible for the slowest step 
in the folding pathway (Kelley & Richards, 1987). A second 
proline residue is thought also to be involved but has not yet 
been positively identified. 

The two proteins have different spectral properties as ex- 
pected from the amino acid composition. EcTrx has two 
tryptophan and two tyrosine residues while T4Trx has four 
tyrosines and no tryptophans. These aromatic residues are 
not in analogous positions in the 3D structure of the two 
proteins (see Figure 9). The fluorescence changes seen in 
EcTrx are thought to be due to the two trp residues while those 
in T4Trx can only reflect changes in the environment of the 
Tyr residues. In  spite of the substantially lower magnitude, 
the fluorescence changes in T4Trx can be used to monitor the 
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Scheme I 

folding process. This paper reports both fluorescence and 
size-exclusion chromatographic studies of the folding of T4Trx. 
We will conclude that the present data are adequately de- 
scribed by the reactions shown in Scheme 11. The symbol 
I represents an intermediate with nativelike volume but with 
a trans isomer of proline-66 which is cis in the native protein. 

MATERIALS AND METHODS 
LeMaster (1986) has described the isolation and cloning 

of the bacteriophage T4 thioredoxin gene nrdC. This gene 
along with the E. coli thioredoxin gene, trxA, was placed in 
the plasmid pDL59 (LeMaster & Richards, 1988). The 
bacterial growth and protein purification were carried out 
according to LeMaster and Richards (1988). 

All protein samples were made up in 50 mM sodium 
phosphate buffer, pH 6.0. Except in multimixing experiments, 
samples were equilibrated overnight in the appropriate 
guanidine hydrochloride (GuHCl) concentration, and for re- 
naturation were diluted and allowed to stand overnight again 
before measurement. Guanidine hydrochloride was ultrapure 
grade from Sigma. GuHCl concentration was determined by 
refractive index measurements. 

Fluorescence. Equilibrium fluorescence measurements were 
conducted on a Perkin-Elmer MPF3 spectrophotometer with 
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1:l mixing ratios. The excitation wavelength used was 280 
nm. A Pyrex glass filter between the observation chamber and 
the photomultiplier tube was used to block the scattered ex- 
citation light. All samples were filtered with 0.22-pm filters 
as usual, and all buffers were degassed for at least half an hour. 
Protein concentration for these experiments ranged from 4 to 
15 pM. Samples were equilibrated in a 20 OC water bath for 
at least 20 min before mixing to prevent schlieren effects. 
Spectra were recorded by taking pictures of the oscilloscope 
traces and worked up as described for the chart records under 
manual mixing. The fast and slow kinetic phases could not 
both be seen on a single trace because the time constants were 
too far apart; an f'- was estimated which was the apparent 
asymptote to the faster decay (refolding only) and was used 
in the time constant and amplitude calculations for the fast 
phase. To determine the final value, fm, the scope was triggered 
20 min later to ensure that the slower folding phase had gone 
to completion. (The oscilloscope did not have a time base slow 
enough to monitor this reaction continuously.) 

Circular Dichroism. Measurements for both the near- and 
far-UV regions were performed on an Aviv 60DS spectropo- 
larimeter at the Yale Instrumentation Center. The spectra 
were collected at ambient temperature, ranging from 25 to 
30 "C. In the far-UV, 1-mm path-length cells were used, and 
protein concentrations were close to 20 pM. Scans were made 
from 250 to 200 nm. Due to the absorbance at higher GuHCl 
concentrations, readings extended only to 210 nm. In the 
near-UV, 1-cm path-length cells were used with scans from 
310 to 260 nm. 

Size-Exclusion Chromatography. The procedure is de- 
scribed in detail by Shalongo et al. (1987). The experiments 
were carried out in the laboratory of E. Stellwagen at the 
university of Iowa. The separations were done at 4 OC with 
the column in a cold box. Absorbance was monitored at 225 
nm, an isosbestic point. The experiments were arranged in 
sets. Each set consisted of (1) an unfolding experiment, (2) 
a refolding experiment, (3) an equilibrium experiment, and 
(4) a 30-s pulse-denature experiment. In ( l ) ,  a native protein 
sample was applied to the column; in (2), a sample of dena- 
tured protein; in (3), a sample equilibrated in the chromato- 
graphic running buffer; and in (4), a sample placed in 6.2 M 
GuHCl for 30 s before being loaded on the column. The 
separation pattern was obtained in about 10 min after sample 
loading. The native protein elutes at about 8.5 min and the 
denatured protein at 7.5 min. The elution times are somewhat 
solvent dependent, but there is typically a 1-min separation 
between the elution times of the native and denatured forms. 
A transition width of 1 M or less was used in the simulations. 

RESULTS 
The equilibrium unfolding transition is shown in Figure 1. 

The process was monitored by changes in fluorescence and in 
circular dichroism spectra in both the near- and far-UV. Due 
to interference from Raman scattering in the fluorescence 
measurements, shifts in the maximum wavelength of the 
fluorescence as denaturation proceeds could not be resolved. 
Another technical problem is the weakness of the tyrosine 
signal in both the near UV CD and fluorescence. The actual 
data with error bars are shown in panels A-C of Figure 1, 
while the derived curves for f, (eq 1) for all three data sets 
are shown in panel D. 

The fluorescence intensity of T4 thioredoxin increases by 
2-fold upon denaturation at 25 OC. Renaturation studies 
indicate that folding is reversible. The transition midpoint is 
at 1.2 M GuHCl (Figure 1). The transition is unusually sharp 
with the entire transition occurring in a range of 0.7-1.6 M 

1-cm path-length cells. A circulating water bath held the cell 
temperature at 25 or 4 OC. At the lower temperature, dry 
nitrogen was circulated through the sample chamber in order 
to prevent fogging. The emission wavelength was 304 nm, and 
the excitation wavelength was 280 nm. Slit widths for emission 
and excitation were 10 and 4 nm, respectively. 

The protein concentration varied from 2 to 15 pM and was 
measured on a Varian 219 Cary spectrophotometer by mon- 
itoring the absorbance at 280 nm. The molar absorptivity was 
assumed to be 6500 M-' cm-I (Berglund & Siiderberg, 1970). 
Fluorescence intensity from the chart record was normalized 
by the protein concentration. 

From the plots of intensity versus denaturant concentration, 
the fluorescence of the sample in the native state, y N ,  and the 
denatured state, yD,  was determined from the asymptotic values 
a t  low and high concentration, respectively. With the known 
protein concentration, these yielded the calibration factors hN 
and hD in chart units per micromolar protein for later use in 
the kinetic experiments. With the assumption of a two-state 
process under these equilibrium conditions, one can estimate 
the fractions of the sample in the folded, fN, and unfolded, fu, 
states: 

and 
Kunf = f U / f N  or AGunf = -RTln c f U / f N )  (2) 

where Kunf and AGUnf are the equilibrium constant or the 
equivalent free energy change for the unfolding reaction at 
the particular denaturant concentration of the experiment. 

In kinetic measurements using manual mixing, all samples 
were filtered by using 0.22-pm filters and mixed via inversion. 
The dead time varied from 20 to 30 s. To interpret the re- 
corded data of fluorescence intensity versus time, the chart 
traces were digitized by hand. Within experimental error, the 
plots of the logarithm of fluorescence intensity versus time were 
linear over the time intervals recorded and were fitted by linear 
regression to a single exponential of the form y = A exp(-t/.r), 
where 7 is the time constant for the reaction. The large range 
of relaxation times was covered in a series of different ex- 
periments, each of which could be fit by a single exponential 
within the error of the data. The slowest time constants are 
denoted by the subscript 1 with increasing numbers referring 
to faster phases. To minimize instrumental drift, the final 
intensity, fm, was estimated from the plateau level after 20 min. 
The rates at 25 OC were all fast enough that 20 min was 
effectively infinite time. However, in the 4 OC studies, the 
final intensity, fm, was measured at 2 h. 

The initial intensity at t = O,fo, was defined as the original 
fluorescence of either the native or the denatured protein 
depending on whether the experiment was following the un- 
folding or the folding reaction. The value offo was calculated 
by multiplying the known protein concentration by the cali- 
bration factor hN or hD previously determined in the equilib- 
rium experiments. 

Following Kelley and Richards (1987), the phase amplitude, 
ai, was calculated as 

h - f m  ai = - 
f - f  (3) 
J O  J m  

where fm is the y intercept of the semilog plot. Each time 
constant T~ has a corresponding a, determined in the same run. 

The stopped-flow kinetic measurements were made on a 
DGI 10 rapid-mixing fluorometer at the University of Con- 
necticut, thanks to T. Schuster. The mixing device provided 



Folding of T4 Thioredoxin Biochemistry, VoZ. 29, No. 12, 1990 3073 

( A = 2 7  

- 2ooo t 1 

- ' O O O O t  I 
T C +  

0 t 
0.8 l-ol 
0.4 

f" 

0 I .o 2.0 3.0 4.0 

GuHCl  ( M I  
FIGURE 1: Near-UV CD, far-UV CD, and fluorescence measurements 
as a function of denaturant concentration. yN and yD are the intercept 
values used for the calculation of the fraction of unfolded protein. 
In panel A, [e] is the molar ellipticity per tyrosine from the near-UV 
CD data collected at  X = 277 nm shown as a function of GuHCl 
concentration. (X) represents renaturation, and (0) represents de- 
naturation experiments. Each point represents the average of duplicate 
runs made on the same sample. Panel B contains the molar ellipticity 
per residue at X = 225 nm versus [GuHCl]. (0) represents dena- 
turation experiments, and the error bars are derived from standard 
deviations on multiple samples. (+) indicates renaturation experiments 
where only duplicate runs of the same sample were done. Panel C 
depicts fluorescence intensity normalized for protein concentration 
(micromolar). (0) and error bars are as described above. (X) 
represents renaturation experiments. (0) and (+) represent dena- 
turation and renaturation experiments where duplicate runs of the 
same sample were averaged. In panel D, the curves off, (eq 1) derived 
from the data in panels A-C are shown. 

GuHCl. The corresponding AG is -5.0 kcal/mol. There are 
four tyrosine residues, three localized around the active site 
and the fourth at  the C-terminus of the protein. The distri- 
bution of the fluorescence signal among these four residues 
is unknown. 

The CD spectrum of the native protein in the far-UV shows 
a bilobed profile with minima at  208 and 225 nm and a local 
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FIGURE 2: Phase amplitudes, a,, versus final denaturant concentration. 
The amplitude of the slow phase, a,, was determined via fluorescent 
manual mixing studies and the fast phase, a2, by stopped-flow methods. 
Protein concentration varied from 2 to 15 pM. (0) a1 at 25 "C; (0)  
a1 at 4 OC; (W) a2 at 20 OC. Error bars represent standard deviation. 
The points are simply connected by lines for ease in viewing. Present 
models do not provide a predicted shape for these curves. 

maximum at 217 nm. This is quite different from the case 
of E.  coli thioredoxin which has only one lobe with a minimum 
at 219 nm. The transition midpoint for T4trx is at  1.45 M 
GuHC1. However, the slope is substantially smaller than in 
fluorescence. The transition width is about 2 M in GuHCl 
with a AG of -3.0 kcal/mol. 

In the CD spectrum in the near-UV, there is a single 
maximum at 277 nm which corresponds to the tyrosine resi- 
dues. The midpoint at  1.60 M GuHCl is higher than that of 
either the far-UV CD or the fluorescence curves. The slope 
of the curve is slightly sharper than the corresponding 
fluorescence curve with the transition width again unusually 
narrow and a corresponding AG of -6.5 kcal/mol. 

Kinetic experiments were carried out using fluorescence as 
the monitor of the folding/unfolding transition. The slower 
refolding phase was studied in manual mixing experiments, 
but both the fast refolding phase and unfolding required 
stopped-flow procedures. The rates of the various phases were 
sufficiently different that semilog plots of the fluorescence 
traces were essentially linear over the time period of a given 
experiment. Each run yielded an amplitude and a time con- 
stant as described under Materials and Methods. 

The amplitudes of the refolding phases are shown in Figure 
2. At both 4 and 25 OC, the values of al increase with 
decreasing final concentration of GuHCl. This is the opposite 
behavior from that seen in E.  coli thioredoxin. Although 
showing some dependence at  4 "C, the time constant 71 at 25 
"C is essentially independent of the final GuHCl concentration 
and has a value of about 2.5 min (Figure 3).  This general 
time frame and the lack of strong dependence on denaturant 
concentration would suggest that T~ represents a cis-trans 
proline isomerization. Previous work has shown that the time 
range for such a reaction can vary from 0.2 to 7.7 min (Brandts 
et al., 1975) and is specifically 10-100 s for RNase A (Schmid 
& Baldwin, 1978). The final GuHCl concentration was varied 
for both unfolding and refolding. 

In the case of unfolding, only one kinetic phase was found. 
Refolding yielded two phases and a1 + a2 = 1;  thus, apparently 
no faster phases were missed. The data in Figure 3 do not 
show the inverted triangle appearance expected for confor- 
mational changes [see review by Matthews and Hurle (1987)l. 
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FIGURE 3: Dependence of time constants on final denaturant con- 
centration. The slow phase time constant for refolding, TI,  at 25 OC 
(D) and at 4 O C  (0) ;  the fast refolding time constant, r2, at 20 OC 
(0); the time constant for unfolding at 20 OC (0). Error bars represent 
calculated standard deviations. 
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FIGURE 4: Dependence of the phase amplitude, q, on dwell time, 
the time the protein was in concentrated denaturant before it was 
allowed to refold. The final denaturant concentration was 0.3 M 
GuHCl for the closed squares (D) and 0.98 M GuHCl for the open 
squares (0). The horizontal lines indicate the values after 12 h in  
the final dilute denaturant. Dashed lines correspond to the 0.3 M 
GuHCl data, and solid lines correspond to the 0.9 M GuHCI. All 
measurements were done at 25 O C .  

However, this result must be characteristic of a local change 
with regard to the environment around the tyrosines whereas 
the size-exclusion data discussed below reflect a global change 
in conformation (see Figure 7). 

To further examine the probable cis-trans isomerization, 
the time constant for the change in amplitude of the slow phase 
was determined in multimixing experiments. Such experiments 
were originally reported by Brandts et al. (1975) and used 
extensively in studies on RNase A (Nall et al., 1978; Schmid 
& Baldwin, 1978). Samples were unfolded for timed short 
periods before refolding was initiated. The increase in the 
amplitude with dwell time is assumed to represent the relax- 
ation of the cis isomer of the native protein to the trans form 
in the unfolded state. The corresponding reverse reaction for 
those molecules with a trans proline is then required during 
the refolding period. 

Two such experiments were conducted which differed only 
in the final denaturant concentration of the refolding step. The 
two end points were 0.30 and 1 .O M GuHCI. By chance, the 
data collected in these two runs nearly superimpose, but the 
asymptotes at infinite dwell time for these two GuHCl con- 
centrations are quite different, and the data actually represent 
two quite different rates (Figure 4). At 0.3 M GuHC1, the 
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FIGURE 5: Size-exclusion chromatographic profiles showing four sets 
of experiments. In panels A-D, the column was equilibrated in 1.28 
M GuHCI; in panels E-H, 1.56 M GuHCI; and in panels I-L, 1.77 
M GuHCl. The first row shows refolding experiments, the second 
row unfolding experiments, the third row equilibrium experiments, 
and the fourth row the 30-s denature experiments. All measurements 
were completed at 4 OC. The ordinate in each case is the optical 
absorbance of the eluate at 225 nm, and the abscissa shows the elution 
time from 6 to 10 min. 
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FIGURE 6: Chromatographic elution profiles in the same format as 
Figure 5. The first vertical set of panels shows profiles near the 
unfolding transition starting with native proteins in 0 M GuHCl and 
with final GuHCl concentrations of 1.88, 2.00, 2.10, and 2.3 M for 
panels A, B, C, and D, respectively. The middle set shows refolding 
profiles with different final GuHCl concentrations. The protein was 
denatured for longer than 20 min in 6.2 M GuHCl before injection 
into the column. The final GuHCl concentrations of the diluted 
mixtures were 0.20, 0.30,0.52, and 1.10 M for panels E, F, G, and 
H, respectively. The pair of panels on the right show profiles for 
refolding in 1.7 M GuHCI. For the sample in panel I, the protein 
was denatured for 30 s in 6.2 M GuCHl and in panel J for 900 s in 
the same solvent. 

apparent relaxation rate is 88 s while it is 36 s at  1.0 M 
GuHCI. The different time constants obtained through these 
measurements suggest that the cis-trans proline isomerization 
is linked to a GuHC1-dependent reaction as well, Le., Ut - 
I,. One would expect that these rates should be identical since 
they reflect Occurrences in the denatured state. We currently 
do not understand these data. These results do suggest that 
there must be some other intermediates. One possible problem 
is that in the experiments where the samples were refolded into 
1 .O M GuHCI, those samples may not have been completely 
out of the transition zone. Thus, these rates may be deceptive 
if they are coupled to a proline isomerization [see review by 
Utiyama and Baldwin (1 986)l. 

The elution profiles obtained in the size-exclusion chro- 
matographic runs are shown in Figures 5 and 6. The differing 
Stokes radius of the native and denatured molecules causes 
separation of the two forms on the gel columns. In the present 
study, the column system used gave a peak for the native 
protein at 8.6 min in the elution cycle while the expanded fully 
denatured material eluted at 7.4 min. Elution times are 
somewhat dependent upon denaturant concentration. Within 
the transition zone, the profile has a definite bimodal shape 
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FIGURE 7: Dependence of time constants on final denaturant con- 
centration. Elution profiles were simulated to obtain these time 
constants according to the method of Shalongo et al. (1987). Open 
squares (0 )  indicate the 30-s denature set; closed squares (B) the 
unfolding set; closed circles (e), the equilibrium set; open circles (O), 
the refolding set. The apexes for the inverted triangles are 1.60 M 
GuHCI, 1.73 M GuHCl, and 1.60 M GuHCI, respectively. For the 
unfolding experiment, the left limb could not be determined. The 
dashed line marks the time below which reactions are too fast for time 
constants to be measured reliably. 

with a deep valley which suggests that there are two compo- 
nents which are in slow exchange. In the equilibrium profiles 
(Figure 5, panels C, G, and K), the midpoint of the transition 
appears to be at about 1.6 M GuHCl. This apparent midpoint 
may result from contributions of two different refolding 
pathways which have midpoints of 1.8 and 0.45 M GuHCl 
(see below). The bimodal profile suggests that there are no 
significantly populated states which have intermediate volumes 
between the native and denatured forms. In the profiles of 
the unfolding reaction (Figure 5, panels B, F, and J), there 
is no evidence of a denatured peak; Le., all the protein is in 
the native form at low denaturant concentrations. In following 
the unfolding through the transition zone (Figure 6, panels 
A-D), there is only a single broad peak moving from the native 
to the denatured position, implying rapid equilibrium on the 
time scale of the separation between the folded and unfolded 
states. These data describe the N - U, transition (Scheme 
11). Simulations of these chromatographs using this three-state 
model yielded a midpoint of 2.0 M GuHCl. The time con- 
stants calculated from this simulation at the various denaturant 
concentrations are shown in Figure 7. 

Refolding experiments suggest that there are at  least two 
paths to arrive at the native structure. One is predominant 
in higher denaturant concentrations and the other in lower. 
The two midpoints for this are 1.8 and 0.50 M GuHCl. In 
higher denaturant concentrations, these profiles are dominated 
by peaks with elution times of the denatured form, and as the 
denaturant concentration is lowered, the native form gradually 
becomes more populated (Figure 5A,E,I). However, there is 
a burst in formation of native protein around 0.5 M GuHCl 
(Figure 6E-H). The two midpoints suggest that there are two 
different pathways involved. The first pathway probably 
represents U, - N, whereas the second pathway represents 
Ut - I, - N,. This suggests that I, does not become stable 
until the denaturant concentration is low. Originally, Schmid 
and Baldwin (1976) showed that RNase A has a compact 
intermediate with a nonnative proline isomer. This mechanism 
has also been proposed for E .  coli thioredoxin (Shalongo et 
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FIGURE 8: Determination of the time constant for the cis-trans proline 
isomerization. Native protein was placed in 6.2 M GuHCl for varying 
lengths of time, denoted as dwell time on the abscissa. The sample 
was then injected into and separated on a column equilibrated in 1.7 
M GuHCl. The logarithm of the area under the denatured peak for 
the given dwell time minus the area at infinite dwell time is shown 
on the ordinate versus the dwell time. The slope of the line yields 
a time constant of 560 s. 

al., 1987). Only one profile could be used to calculate 7 for 
the Ut - I, pathway because both species need to be present 
in order to use the simulation. This time constant is 820 S. 

The 7’s for the U, - N, transition are shown in Figure 7. 
In the multimixing protocol, refolding experiments were 

performed using protein which had been denatured for varying 
periods of time. As the dwell time increases, more of the U, - Ut transition occurs so that the area under the denatured 
peak grows. The time constant T~ = 560 s was estimated from 
the slope of comparable data from a series of chromatographic 
runs (Figure 8). Thirty-second denaturation experiments are 
simply a subset of the multimixing experiments in which the 
protein is denatured for such a brief time that essentially only 
U, should be populated. A three-state mechanism (Ut - U, - N) is used to calculate the time constant for the U, - N 
transition where the time constant for the cis-trans isomeri- 
zation for Ut - U, is obtained from above. These experiments 
were done at 1.7 M GuHCl so that the contribution of the Ut - I, - N pathway would be negligible. Time constants for 
that reaction are shown in Figure 7. 

DISCUSSION 
Both fluorescence mixing studies and size-exclusion chro- 

matography suggest that the slow folding phase is probably 
a cis-trans proline isomerization. Evidence for this conclusion 
is the following: (a) the time constant for the slow phase is 
nearly independent of final denaturant concentration (Figure 
3); (b) it is on the minute time scale which is what one would 
expect for such a reaction; (c) the slow phase is dependent on 
the dwell time. As the dwell time in the denaturant is in- 
creased, the proline will tend to go to the trans form so that 
both Ut - I, - N and Ut - U, - N pathways are populated. 
At equilibrium, the cis:trans ratio in model peptides containing 
only proline is about 2090 (Brandts et al., 1975). Therefore, 
as the dwell time increases, so does the amplitude of the slow 
phase. 

The time constant for the slow phase monitored in 
fluorescence in T4trx at 25 OC (Ut - I, - N)  is approxi- 
mately 2.5 min, which is significantly faster than in E .  coli 
thioredoxin (Ut - U,) which has a 7, of approximately 5.0 
min. The proline involved in the case of E .  coli thioredoxin 
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FIGURE 9: Sequences of E. coli thioredoxin and T4 thioredoxin are 
aligned as they are seen in the superimposed 3D structures of the 
a-carbon chains. In the diagram, the two sequences are closely apposed 
where there is a good match in the 3D comparison. The structures 
diverge from each other in the looped regions. These latter parts of 
the diagram include the actual loop in the secondary structural sense 
but also parts of helices and @-strands which do not match. The cystine 
residues, 35 and 37 and 14 and 17, are closely matched, but the 
sequences of the disulfide loops are different. All of the proline residues 
are circled. The tryptophans and tyrosines are enclosed in boxes. The 
two cis prolines-76 and -66 are also in the same position in the 3D 
structures. There is very little sequence similarity and only four 
identities in addition to the three just mentioned. 

is Pro-76 as shown by the loss of the slow phase when the 
Pro-76 is changed into an Ala by site-directed mutagenesis 
(Kelley & Richards, 1987). Pro-76 is directly in front of the 
fourth @-strand and is adjacent to a @-branched residue, Ile. 
The analogous proline in T4 thioredoxin is Pro-66, which is 
also cis and in front of the fourth 8-strand (Figure 9). 
However, Pro-66 is adjacent to Met-65 and Gln-67, neither 
of which are &branched (Siiderberg et al., 1978). Therefore, 
the slower r1 in E .  coli thioredoxin might be due to difficulty 
in isomerizing due to a steric effect caused by the proximity 
of a /?-branched group. 

As can be seen in Figure 9, with the exception of one pair 
of prolines (76 and 66), the reporter groups affecting the 
measurements in this study are not located in identical places 
in the 3D structures of the E.  coli and T4 thioredoxins. 

The slow folding phase in T4Trx is most likely due to the 
I, - N proline isomerization (Scheme 11). This is different 
from the E .  coli case, in which the slow phase is due to the 
U, - Ut isomerization. The critical point to focus on is the 
basis for the fluorescence changes in T4 and E .  coli thio- 
redoxin. Fluorescence increases upon denaturation in E.  coli 
thioredoxin due to the removal of the quenching from the 
disulfide bond. The two tryptophans in EcTm are 7-8 A away 
from the center of the disulfide bond. However, disulfide 
quenching does not play an important role in T4Trx fluores- 
cence. Two of the four tyrosines are also within 8 8, ( S .  Katti, 
personal communication), but there is little change in 
fluorescence intensity in the native reduced versus native ox- 
idized forms (K. L. B. Borden, unpublished results). Thus, 
the fluorescence increase upon denaturation is probably due 
to exposure of tyrosyl chromophores rather than removal of 
quenching groups. In such a case, one would expect the 
fluorescence of the tyrosyl groups to be perturbed by the 
proline isomerization in the more compact form where the 
critical proline is actually nearby. Intuitively, this seems more 
likely because in the unfolded state one expects the tyrosine 
fluorescence to be unaffected by the U, - Ut reaction, as- 

suming, of course, that the denatured state is actually an 
expanded random coil. However, in the case of RNase A, 
Schmid (1981) did observe the U, - Ut reaction via tyrosine 
fluorescence. 

From the size-exclusion data, it is known that the midpoint 
in the Ut - I, transition occurs at  0.50 M GuHCl (Figure 
6E-H). From manual mixing experiments, the midpoint of 
a1 at 4 "C is 0.5 M GuHCl and, as stated previously, increases 
at  lower denaturant concentrations. This is consistent with 
the model because, as a native-like structure, the stability of 
I, should increase in lower denaturant concentrations (Figure 
2). The final slow phase amplitude, obtained from fluorescence 
data, is significantly higher at 25 OC than at 4 OC. This fact 
suggests that I, is more stable at  25 OC than at  4 OC; Le., I, 
is cold-denatured in this temperature range (Privalov et al., 
1986). 

Both the fluorescence kinetic and size-exclusion chroma- 
tography data are adequately described by a four-state box 
mechanism (Scheme 11). A cis-trans proline isomerization 
is important to folding, and there are two pathways from which 
the unfolded protein can arrive at  the final native form. This 
mechanism is a minimum model. The complexities demon- 
strated by the equilibrium curves suggest that there are 
probably more intermediates; however, there is no kinetic 
evidence at  this time to indicate where in the pathway such 
intermediates may exist. Furthermore, a similar study on T4 
thioredoxin at  pH 7.0 and 4 OC indicates that another 
mechanism besides the one shown in Scheme I1 may be in- 
volved simultaneously (E. Stellwagen, personal communica- 
tion). 

The equilibrium data (Figure 2) indicate that the mecha- 
nism is probably more complex than our Scheme 11. The 
different midpoints for fluorescence and near-UV CD data 
indicate that there are at least two populations of tyrosines. 
Both curves are unusually sharp and are completed within the 
transition width of the far-UV CD curve. The latter data 
almost certainly represent changes in the secondary structure 
of the main chain. Thus, it would appear that groups of tyrosyl 
chromophores are being exposed to solvent at  different points 
during the melting of the secondary structures. This implies 
the existence of separate domains in the T4 structure which 
unfold at distinctly different denaturant concentrations. The 
main chain changes accompanying these two events are seen 
in the continuous broad curve for the far-UV CD. One of these 
subsets of tyrosines is affected by the I, - N, transition as 
seen in the manual mixing fluorescence experiments. 

A number of proteins have been shown to have noncoin- 
cident equilibrium curves when monitored by more than one 
spectroscopic probe, for example, carbonic anhydrase (Wang 
& Tanford, 1973), &lactoglobulin (Ananthanaraynan & 
Ahmad, 1977), a-lactalbumin, (Kawajima et al., 1976; Dol- 
gikh et al., 1985), and bovine growth hormones (Brems et al., 
1985; Havel et al., 1986; Brems & Havel, 1989). Since the 
different physical measurements reflect different structural 
parameters, noncoincident curves require one or more inter- 
mediate states. This may be most clearly illustrated by probes 
that monitor global changes in structure such as far-UV CD 
and size-exclusion chromatography and probes that monitor 
local changes as seen by fluorescence and near-UV CD. 
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Pulsed Electron Paramagnetic Resonance Studies of the Interaction of Mg-ATP 
and D20 with the Iron Protein of Nitrogenase7 
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ABSTRACT: Mg-ATP binds to the iron protein component of nitrogenase. The magnetic field dependence 
of the linear electric field effect (LEFE) in pulsed EPR is consistent with a single 4Fe-4S cluster. The LEFE 
is virtually unaltered when Mg-ATP is bound. Electron spin echo envelope modulation techniques were 
employed to evaluate the possibility of a magnetic interaction between 31P of Mg-ATP and the Fe-S center 
of the iron protein. None was detected. However, weak modulations possibly attributable to peptide 14N 
were seen, and these were slightly shifted by Mg-ATP addition. Further, protons in the vicinity of the Fe-S 
cluster of the protein readily exchange with D20, and this process is unaffected by Mg-ATP. 

N i t r o g e n a s e  catalyzes the reduction of dinitrogen to am- 
monia (Burgess, 1984; Orme-Johnson, 1985). It can be sep- 
arated into two components, one an iron-sulfur protein here 
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termed the iron protein, consisting of two equivalent 30-kDa 
subunits, and a larger protein containing an iron-molybdenum 
cofactor (Nakos & Mortenson, 1971). The current view is 
that the ironsulfur protein contains a 4Fe-4S cluster bound 
at an interface between both subunits (Anderson & Howard, 
1984). Enzyme catalysis depends on the transfer of electrons 
by the reduced iron-sulfur protein to the iron-molybdenum 
protein, concurrent with hydrolysis of bound Mg-ATP 
(Thorneley et al., 1979). 
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