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ABSTRACT. The a subunit of tryptophan synthase froBEscherichia colihas been previously shown to
contain residual structure at 5 M urea, conditions where the secondary structure is entirely disrupted and
the tyrosine residues are exposed to solvent [Saab-Rjr&q Froebe, C. L., & Matthews, C. R. (1993)
Biochemistry 3213981-13990]. The residual structure can be monitored by one-dimensional NMR
spectroscopy studies of histidine 92 whoseptoton is sensitive to the slow exchange between this form

and the unfolded protein. The temperature dependence of the cooperative urea-induced unfolding transition
between intermediate and unfolded forms demonstrates that this process involves negative values for
both the enthalpy and entropy changes at'@5 The effects of replacements of several nonpolar side
chains adjacent to histidine 92 on the slopes and midpoints of the unfolding transition curve show that
these side chains participate in the residual structure. A 15-residue peptide spanning histidine 92 and the
mutated residues, however, is not sufficient to define this structure. These results demonstrate that the
residual structure in the. subunit is stabilized by the hydrophobic effect and may involve side chains
which are distant in sequence to histidine 92.

The accurate assessment of equilibrium and kinetic protein-mechanical theory (Flory & Miller, 1966). However, the
folding mechanisms requires an understanding of the struc-simplifying assumptions in this theory and the global nature
tures of the two end states in this complex conformational of these measurements make it possible to miss localized
transition. X-ray crystallography and NMRpectroscopy  elements of residual structure. In practice, an unfolded
provide the necessary information on the native, functional protein is often assumed to be a random coil if the native
form. The dynamic nature of the exceedingly large ensemble secondary and tertiary structure detected by absorbance,
of conformations which define the unfolded state makes its fjyorescence, and circular dichroism spectroscopy are com-

characterization much more difficult. This problem is pletely dissipated at high denaturant concentrations.
compounded by the dependence of the structure of the e .
unfolded state on the environmental conditions (Dill & The potential limitations of these optical methods, how-

Shortle, 1991; Matthews, 1993). Chemical denaturants such€V€": have recently been highlighted by the detection of
as urea and guanidine hydrochloride appear to be most€sidual structure in severgl protelns \{vmch appeared to be
effective in disrupting secondary and tertiary structure in fully unfolded by these criteria. Multidimensional NMR
proteins (Tanford, 1968). Residual structure persists, how- {€chniques were used to determine the structure of a well-
ever, at high or low temperatures and either alkaline or acidic defined hydrophobic cluster in urea-denatured 434 repressor
pH for avariety of proteins (Arcuet a|_’ 1994; Bucket a|_, (Neri et al., 19923) This cluster was found to involve
1994; Grikoet al.,, 1994a,b; Jacobs & Fox, 1994). nonpolar side chains, Val54, Val56, Trp58, and Leu59, that
Although thermodynamic and kinetic analyses are simpli- are constrained to be in spatial proximity by their proximity
fied if the unfolded state is a random coil, it is difficult to in sequence. Fluorescence energy transfer between a tryp-
demonstrate how closely a given unfolded protein might tophan donor and a chemically introduced acceptor in
resemble a random coil. Viscosity (Reynolds & Tanford, staphylococcal nuclease indicated that the distance between
1970) and size exclusion chromatography (Shalogigal., these sites continues to increase at guanidine hydrochloride
1993; Uversky & Ptitsyn, 1994) offer direct measures of the concentrations where the tryptophan is exposed to solvent
radius of an unfolded protein, a parameter which can be and the secondary structure is disrupted (Jaghes, 1992).
compared to that predicted for a random coil by statistical 19F-labeled Trp82 in rat intestinal fatty acid binding protein
displays chemical shift effects which continue after the
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through Grant GM 23303 to C.R.M.
* Author to whom correspondence should be addressed. completely exposed to solvent above 5 M urea (Ropson &

t Present address: Instituto de Biotecnaoddniversidad Nacional ~ Frieden, 1992).

Q“ét)gggma de Meico, Apartado Postal 510-3, Cuernavaca, Morelos A particularly intriguing example of residual structure is
® Abstract published if\dvance ACS Abstract§ebruary 1, 1996. prowdgd by th?a subunit Of' tryptophan synthase from
! Abbreviations: AB, absorbance; CD, circular dichroism; DSS, Escherichia coli Thea subunit has been found to contain

sodium 2,2-dimethyl-2-silapentane-5-sulfonate; DTE, dithioerythritol; nonrandom structure near one of its histidines at 5 M urea,
K.EDTA, ethylenediaminetetraacetic acid, dipotassium salt; NaD@dSO . . .. .
sodium dodecyl sulfate; NMR, nuclear magnetic resonance; Uv, & concentration of denaturant that is sufficient to disrupt the

ultraviolet; WT, wild type. secondary structure and expose the tyrosines to solvent (Saab-
0006-2960/96/0435-1988%$12.00/0 © 1996 American Chemical Society




Residual Structure in the Subunit of Tryptophan Synthase
Rincon et al,, 1993). One-dimensional (1D) proton NMR
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trp)BAL7 his~. Expression of the 197A and P96A mutants

methods were used to show that a stable intermediatefrom the pBN55 plasmid was poor. These mutants were
(designated 12), possessing residual structure near His92cloned into pXH and transformed int. coli strain CB149

cooperatively unfolds when the urea concentration is in-
creased from 5 to 7.5 M at 28C. Neither the identity of

for expression as inclusion bodies.
The H244A mutant and the P93A/H244A double mutant

other side chains involved in the residual structure nor the were constructed by the megaprimer method (Sarkar &

forces which stabilize 12 and result in a cooperative, urea-
induced unfolding transition were resolved in that study.
This paper reports the results of mutation of six amino
acids near His 92 in thet subunit. Perturbations in the
equilibrium unfolding profiles defined by the His92¢C
proton demonstrate that five of the six altered side chains
participate in the residual structure. The absence of this

Sommer, 1990) using the pXH plasmid as a template. For
the double mutant P93A/H244A, the plasmid containing the
single H244A mutation was used as the template for the
second mutation. The resulting plasmids were transformed
into E. coli strain CB149.

In all cases, the mutations were screened and verified by
sequencing the double-stranded DNA for the entire gene

behavior in a 15-reside peptide spanning His92 and thoseusing the Sequenase Sequencing kit (U.S. Biochemicals).

mutated sites suggests that this intermediate may involve
nonlocal interactions. A thermodynamic analysis shows that
the hydrophobic effect is primarily responsible for the
stability of the intermediate.

MATERIALS AND METHODS

Chemicals and ReagentdJltrapure urea was purchased
from ICN Biomedicals (Costa Mesa, CA) and used without
further purification. 2H,O (100% pure)andHCI (99.0%
pure) were purchased from MSD Isotopes (Montreal, Canada);
NaCH (99.0% pure) was purchased from ICN Biomedical.
All other chemicals were reagent grade.

The oligonucleotides used for mutagenesis were purchase
from the Penn State Biotechnology Institute. The 15-residue
peptide containing thet subunit sequence from Arg89 to
Alal03, acetyl-RQKHPTIPIGLLMYA-amide, was pur-
chased from the Protein Structure Facility of the University
of lowa. A 25-residue peptide containing tle subunit
sequence from Ala79 to Alal03, acetyl-AQCFEMLA-
LIRQKHPTIPIGLLMYA-amide, was purchased from the
Molecular Core Facility of the Pennsylvania State University
at the Hershey Medical Center. The purity of the peptides
was determined by C18 reversed phase high-pressure liqui
chromatography. The purity of the 15-residue peptide
exceeded 95%.

Site-Directed MutagenesisThe replacement of Pro93
with Ser (P933) in the o subunit was constructed by using
the uracil phage method of Kunket al. (1987). TheEcadRl/

Sal fragment from the vector pXH, a derivative of pTZ18
containing the gene for the subunit of tryptophan synthase
from E. coli (Chen & Matthews, 1994), was cloned into the
M13mp19 vector using standard molecular biology protocols
(Sambroolet al,, 1989). The mutant double-stranded DNA
was then cloned into the pXH vector for expression of the
protein inE. coli strain CB149.

The 195A, P96A, I197A, L100A, and Y102A mutants were

Protein Isolation and Purification.The 195A, L100A, and
Y102A mutants were isolated as soluble protein fiéncoli
strain W3110 AtonB-trp)BA17his™ containing the mutated
plasmid pBN55. The P93S, P96A, and I97A mutants and
the double mutant P93A/H244A proteins were isolated from
inclusion bodies produced B. colistrain CB149 containing
the mutated plasmid pXH. The purification procedure for
both soluble and insoluble proteins is a modified version of
the method of Kirshneet al. (1975), previously described
by Tsuiji et al. (1993).

All of the purified mutant proteins were subjected to an
activity assay to confirm the presence of a functional

ubunit. The purity of each mutant was demonstrated by
he observation of a single band on NaDodS@olyacryl-
amide gel electrophoretograms. The proteins were stored
in 70% saturated ammonium sulfate, 10 mM potassium
phosphate, 4 mM EDTA, and 1 mM DTE at pH 7.80 and
4 °C. Under these conditions, no change in the catalytic
activity was observed for a period of several months.

Urea-Unfolding Studies by NMRThe procedure for the
preparation of proteins for proton NMR studie<khO was
the same as described elsewhere for wild tgpsubunit

Saab-Rintonet al,, 1993). Three stock protein samples were
repared for each experiment. After the second hydrogen/
deuterium exchange and lyophilization step, the samples were
dissolved with 1 mL of 56 mM potassium phosphate buffer
at pH 7.80 containing 0, 5, or 9 M urea in 106%4,0. The
pH (uncorrected meter reading) was then adjusted to 7.80
with diluted?HCI or NaGH. The final buffer contained 58
mM potassium phosphate, 0.2 mM EDTA, and 2 mM DTE
at pH 7.80. After the NMR spectra of these stock samples
were collected, appropriate volumes were mixed to provide
samples with a constant protein concentratieth (nM) and
varying urea concentrations. Samples were allowed to
equilibrate for 1 h at the final urea concentration before the
data were collected.
With one exception, the NMR spectra were obtained at

constructed by the megaprimer polymerase chain reactionsgg MHz on a Bruker AM 500 spectrometer with the same

(PCR) method (Sarkar & Sommer, 1990) on a modified
version of the pBN55 plasmid. The pBN55 plasmid is a
derivative of pPBR322 containing the gene for thesubunit

of tryptophan synthase frofa. coli (a gift from Dr. Brian
Nichols, University of lllinois, Chicago). The resulting
plasmids were transformed inio coli strain W3110 AtonB-

2The mutant protein is designated using the single-letter amino acid
code with the first letter corresponding to the wild type residue, the
number indicating the position of the residue, and the second letter

corresponding to the mutation. P93S indicates the replacement of proline

93 with serine.

instrumental settings as previously described for the wild
type a. subunit (Saab-Rircoet al.,, 1993). The spectra for
the P93A/H244A mutantt subunit at 5°C were collected
at 600 MHz on a Bruker DMX 600 spectrometer at the Fox
Chase Cancer Research Institute, using the same instrumental
settings. The total recycle time between detection pulses
was 4-fold greater than measured spin-lattice relaxation times
to ensure complete recovery of the signals and accurate peak
area measurements.

The number of histidine €protons associated with each
resonance in the region from 7.7 to 8.0 ppm was determined
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from measurements of the peak areas using the program H44  HOZ A H244  HO2 B
Glinfit (Ontario, Canada). The sum of the areas was | 9o j\ J\f@%/ms | oM _Jqume/mes
normalized to four protons to reflect the four histidines 50 M JLJU‘IL 80 M ‘”

i : s whi - - L JL
present in wild typea subunit. For those proteins which - E—
contain the H244A mutation, the total area was normalized | 5™ | /UVL LI WY

to three protons. The relative area of the resonance due to | 7om I UU 7.0 M ML

the His92 & proton at and above 4 M urea was plotted 00 M

against urea concentration, and the data were fit to a two- o L’bL
state model (Saab-Rifis@t al., 1993). Details of the fitting 5.5M Jk_ﬁ/j\ 5-5M N
procedure, which assume a linear dependence of the free | . /k 50 M M
energy of unfolding on the denaturant concentration (Schell- - —
man, 1978), have been previously described (Matthews, | ™ A J I il NJ\JL}HW
1987). wn M NBE || ow A
RESULTS g0 7.9 7.8 7.7 7.680 7.9 7.8 7.7 7.6

ppm ppm

Histidine 92 is located in a loop between helix 2 and strand FIGURE 1: FT NMR spectra (S00 MHz) of the WT (A) and 197A

: : : mutant (B)a subunit at 22C and pH 7.8 at increasing concentra-
3 in the o/f barrel motif adopted by thew subunit of tions of urea. Spectra were obtained in 58 mM potassium phosphate,

tryptophan synthase fro@almonella typhimuriurtHydeet 02 mM K,EDTA, and 2.0 mM DTE at pH 7.8. The protein

al., 1988). The sequences of thecoliandS. typhimurium concentration was:0.8 mM. Chemical shifts are measured relative

o subunits differ at 40 of the 268 amino acid positions to DSS. The His146 and His195 resonances have not been assigned
(Nichols & Yanofsky, 1979). Those differences generally ! the corresponding residues.

reflect conservative amino acid replacements and do not
interfere with the ability of ax subunit from one source to

enhance the activity of th&, subunit from the other source demonstrates that this peak is not sensitive to thezI2J

(Schneideet al, 19.81)' _Pertinent to the present _study, the transition. The larger, composite resonance at 7.7 ppm
nearest hydrophobic amino acid replacement to His92 occurs

tion 52 wh line I8 hirmuriuni laced corresponds to the signals from His146, His195, and the
at posmor) - where vaiine 1. typ imurums replace major fraction of His92. The splitting of the His92 signal
by isoleucine irE. coli. Preliminary NMR studies show that

h bunit froms himuri d foldi into two slowly exchanging components is presumed to
the a. subunit froms. typhimuriunundergoes an unfolding  afect the presence of both trans and cis isomers for the

transition at high concentrations of urea similar to that of peptide bond linking His92 and Pro93 (Saab-Rimeo al.,

}\tlle % subunit fkr)(l)_n;]Ed col I(P. ‘,]ALI Gualfet_ti and CI '? 1993). This conjecture is proven to be correct in the present
atthews, unpublished results). Also, previous results from paper (see below).

this lab have shown that subunits from both strains display As the urea concentration is increased from 4.0 to 9.0 M

the same kinetic patterns during folding (Stackhoesal, the His244/His92b peak shifts downfield and narrows. The
1988). Therefore,. It is reasqnable to assume that theupﬁeld peak resolves into a pair of resonances which, at high
structures and folc_hng _mechanlsms_of_tinesubunlts from urea concentrations, correspond to His146 and His195.
E. coli andS. typhimuriurrare very similar. Beginning at about 5.0 M urea, a new resonance appears
Inspection of the amino acid sequence near His92 showsnear 7.75 ppm. The area of this resonance, which corre-
a nearly continuous string of nonpolar amino acids, from sponds to His92, progressively increases as the urea con-
11e95 to Tyr102,Wh|Ch define strand 3. Reasoning from the centration increases to about 7.5 M. Above this urea
results of Neriet al. (1992a) on the residual hydrophobic concentration, the area is comparable to those from the
cluster structure in the 434 repressor, we hypothesized thatremaining histidine residues. The slow exchange process
the residual structure in the subunit mlght also involve |mp||ed by these peak area Changes must have a lifetime
nonpolar side chains which are constrained to be near His92greater than~40 ms at 6 M urea and 2%C.
by virtue of their proximity in the primary structure. Peptides  The dependence of the area of the His92 resonance at 7.75
containing only continuous strings of nonpolar side chains ppm on the urea concentration can be used to estimate the
are often difficult to solubilize, making them plausible yrea dependence of the apparent fraction of unfolded protein,
candidates for residual structure. Fapp and the apparent stability of the intermediate 12 (Aune
This hypothesis was subjected to both thermodynamic and& Tanford, 1969; Pace, 1986). The results are shown in
mutagenic tests. Figure 1A shows a series of proton NMR Figure 2 and Table 1. The sigmoidal change in peak area
spectra of the histidine €region of theo. subunit at urea  between 4.0 and 7.5 M urea at 25 (Figure 2) is indicative
concentrations ranging from 4.0 to 9.0 M urea. Global of a cooperative unfolding transition for this intermediate.
analysis of both the optical and NMR data indicates that 12 When these data were fit to a two-state model, it was found
and U are the dominant conformers in solution above 4 M that the apparent free energy of unfolding of 12 in the absence
urea at 25°C and pH 7.8 (P. J. Gualfetti, O. Bilsel, and of denaturant is 8.2t 0.9 kcal mot?, the cooperativity
C. R. Matthews, unpublished results). Previous studies haveparameter for the transition is 14 0.2 kcal mot?* (molar
shown that the resonance at 7.8 ppm in 4.0 M urea urea)?, and the midpointis 5.% 0.1 M urea (Saab-Ririco
corresponds to the €Cproton of His244 and the minor et al, 1993). Note that these are apparent thermodynamic
fraction of the signal from His92 (Saab-Rincet al., 1993) parameters because the42 U transition is assumed, but
in 12. The small resonance immediately downfield from that has not been proven, to be a two-state process. Obtaining
for His244 may result from a small amount of irreversibly accurate parameters also requires a global analysis of the N
unfolded protein or from an amide proton which is surpris- = 11 == 12 == U equilibrium model which describes the

ingly resistant to exchange. Whatever its source, the absence
of a dependence of the peak area upon the urea concentration
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FicurRe 2: Normalized relative area for the His92¢ Qroton Ficure 3: Normalized relative areas for the His92 @rotons
between 3 and 9 M urea for the WaT'subunit monitored at 5, between 3 and 9 M urea, monitored at®5and pH 7.8 for P93S

10 (), 15 (#), 20 @), and 25 &) at pH 7.8; estimated errors are  (#), 197A (W), P96A @), and L100A @); estimated errors are
+10%. The inset plot shows the van't Hoff analysis of the data. +10%. The solvent is described in Figure 1. The protein concentra-
The solvent is described in Figure 1. The protein concentration was tion was~0.8 mM. The lines for the P93S, P96A, and L100A data

~0.8 mM. sets represent fits to a two-state model. The solid line represents
WT o subunit data collected under the same conditions and fit to
Table 1: Thermodynamic Parameters for the2U Transition in a two-state model, as shown in Figure 2.

Wild Type and Mutanix Subunits
temp AG°|2/U —Auy [|(Cc";\|/l‘]’10|>:l Cmiu

considered with the apparent free energy charge? kcal

protein (°C) [kcal/mol]  (molar urea)l] [molar urea] mol~* (Table 1), thes? data Sh_OW that the apparent entropy
WT 25 8209 1.4(0.2) 5.9 (0.06) change for the unfolding of 12 is' 175+ 17 cal mot? K1
20 7.5(1.1) 1.4 (0.3) 5.4 (0.1) at 25°C. Negative values for the enthalpy and entropy
15 6.1(1.0) 1.3(0.3) 4.7 (0.1) changes imply that 12 is stabilized by the hydrophobic effect
309 Lem 450 (aumam, i
P93S o5 41 ((‘).8) 0.75 '(0.14) 54 (().2) Given this evidence for a primary role for the hydrophobic
PO3A/H244A 25 3.4(0.9) 0.64 (0.15) 5.4 (0.2) effect in stabilizing 12, a series of mutations were constructed
I95A 25 7.9(L.5) 1.29 (0.25) 6.2 (0.1) in the amino acid sequence from Pro93 to Tyr102. This
P96A 25 4.9(0.5) 0.56 (0.07) 8.6(0.1) region corresponds closely to the thifdstrand in theo
I97A 25 nd nd <4.0 . o o .
L100A 25 4.7(0.6) 0.90 (0.12) 5.2(0.2) subunit, a segment which is almost fuII_y buried in the native
Y102A 25  5.4(0.6) 1.06 (0.12) 5.0 (0.1) conformation (Hydeet al,, 1988). A series of NMR spectra
H244A 5 4.0(17) 0.82 (0.34) 4.8 (0.2) of the histidine region for the 197A mutamrt subunit are
2 Errors are represented in parentheses and correspond to one standa®10WN in Figure 1B. The dependence of these spectra on
deviation.? Not determined. the urea concentration is qualitatively similar to that for the

wild type protein. However, direct comparison of the spectra
complete thermodynamic behavior of thesubunit in the collected at 5.0, 5.5, and 6.0 M urea shows that the area of
presence of increasing concentrations of urea. This analysighe His92 peak for the mutant protein is substantially larger
is in progress (P. J. Gualfetti, O. Bilsel, and C. R. Matthews, at the same urea concentration than that for the wild type
unpublished results). protein. This result implies that the 12 intermediate for the
The possibility that the 12 intermediate is an associated 197A o subunit is destabilized by the mutation. The urea
species can be ruled out by inspection of the NMR spectradependence of the apparent fraction of unfolded 19¥A
in the range from 5 to 9 M urea (Figure 1A). The line widths subunit, determined from the area of the His92 resonance,
of the histidine resonances do not change as 12 is converteds shown in Figure 3. Ther,,, curve could only be
to the monomeric, unfolded form, consistent with a mono- determined with confidence above 4.0 M urea because the
meric form for I2. Note that the better resolution of the two line widths of all of the histidine resonances are broadened
upfield resonances at increasing urea concentrations reflectdy the self-association of another stable intermediate, |1,
a different urea dependence of their chemical shifts (Saab-below this urea concentration (Figure 1 and J. C. Lee, G.
Rincon et al,, 1993). Saab-Rinén, and C. R. Matthews, unpublished results). This
The effect of temperature on this urea-induced unfolding limitation prohibited an accurate fit of the 197A data to a
reaction is shown in Figure 2 and Table 1. The apparent two-state model. Even in the absence of a fit, however, it
stability of 12 monotonically decreases as the temperature isis evident that the midpoint of the 2 U transition for the
lowered from 25 to 5C. This decrease in the stability with  197A protein is less than 4.0 M urea.
decreasing temperature is consistent with an exothermic NMR spectra were also collected for the P93S, P93A/
reaction, i.e.,AH < 0. The slope of the His92 transition H244A (double mutant), I95A, P96A, L100A, Y102A, and
also decreases as the temperature is lowered, resulting in &244A mutanto. subunits at urea concentrations between
nonmonotonic change in the midpoint atG. A van't Hoff 4.0 and 9.0 M. The single and double mutants containing
analysis of the apparent free energies of unfolding calculatedH244A were constructed to test whether the minor resonance
from these data (Figure 2, inset) yielded an apparent enthalpyfrom the His92 proton is, as was previously assumed (Saab-
change in the absence of urea6f4 + 4 kcal moft. When Rincon et al, 1993), coincident with the resonance from



1992 Biochemistry, Vol. 35, No. 6, 1996 Saab-Rin¢o et al.

H146/H195 A H92 Mﬂ H146/H195 B
8.0 M H92t - |
B o 8.5 M, H92¢ 85 M
| I
oow )] 6s LJM]L s M
I | 6sM
6.0 M
6.0 M 6.0 M
5.0 M
‘ ETEY 55
40 M — ]
A,
30 M_M_JL_“ M _ 0
20 M L 45 M 45 M /ﬂL
. — — A
1.0 M 40 M 40 M /Jk

H146/H195/ H146/H195/
0.0 M L a5 2P H92a 35 M H92

T T T T

8.0 7.9 7.8 7.7 76 "8.0 78 7.6 8.0 7.8
ppm ppm ppm

Ficure 4: FT NMR spectra (500 MHz) of the peptide acetyl- Fgure5: (A) FT NMR spectra (500 MHz) of the H244A mutant
RQKHPTIPIGLLMYA-amide at 25°C and pH 7.8 at increasing  and (B) FT NMR spectra (600 MHz) of the P93A/H244A double
concentrations of urea. The solvent is described in Figure 1. The mytant of thea subunit at 5°C and pH 7.8 at increasing

peptide concentration was1.0 mM. concentrations of urea. The solvent is described in Figure 1. The
protein concentration was0.8 mM.

His244. The urea dependence of the area of the His92
resonance was reasonably well described by a two-statetions required for NMR spectroscopy, precluding an analysis
model in all casesapp curves for P93S, P96A, and L100A  of the role ofa, in the residual structure.
are shown in Figure 3. The thermodynamic parameters The role of Pro93 in the perturbation of the signal from
extracted from all of the fits are given in Table 1. the G proton of His92 in both intermediate and unfolded
With the exception of the I95A and H244A mutations, all forms of thea subunit was investigated by comparison of
of these replacements perturb the unfolding of the 12 species.the NMR spectra of the H244A and P93A/H244A mutant
Note that the H244A data were collected &(to increase proteins at a series of urea concentrations (Figure 5). The
the dispersion of the histidine resonances. L100A and replacement of His244 with Ala makes it possible to observe
Y102A have lower midpoints, cooperativity parameters, and Whether a minor, downfield resonance is actually associated
stabilities than wild type protein. P93S, P93A/H244A, and Wwith His92 in the 12 intermediate; these two resonances were
P96A all have lower stabilities and substantially lower assumed to be coincident in wild type subunit (Saab-
cooperativity parameters. The midpoint for P96A is sig- Rinctn et al,, 1993). These spectra were collected 4C5
nificantly higher than that for wild type. subunit, while to better resolve the remaining histidine resonances and to
the midpoints for the two Pro93 replacements are lower. minimize the self-association of the 11 intermediate. Evident
Although the effects differ from mutant to mutant, it is in the H244A spectrum (Figure 5A) at 3.5 M urea is a small,
evident that all of these side chains, with the possible broad resonance at 8.02 ppm (labeled H92b) whose area
exception of 11e95 and His244, are involved in the stabiliza- decreases as the urea concentration increases. This peak
tion of the residual structure which defines the 12 intermediate diminishes in concert with the increase in area of a small
in the wild typea subunit. Other mutations at positions 95 peak at 7.8 ppm (labeled H92c). This latter peak represents
and 244 are required to prove definitively that these side ~5% of the amplitude of the individual major peaks at high
chains do not participate in the residual structure. urea concentrations. The relative magnitude and upfield shift
To test whether the side chains at positions 93, 96, 97, are similar to those for the minor peak observed in the 89
100, and 102 are sufficient to determine the structure of 12, 103 peptide (Figure 4), suggesting that it reflects the cis
a 15-residue peptide encompassing the region from Argggisomer of the His92Pro93 peptide bond.
to Ala103 was examined. NMR spectra of this peptide as a The assignment of both of these resonances to the minor
function of urea concentration over the range from 0 to 8.0 isomer (presumably the cis form) of the His92ro93
M urea are shown in Figure 4. The major peak at 7.75 ppm peptide bond was made by examination of the urea titration
displays a slight downfield shift as the urea concentration Of the P93A/H244A double mutant under the same conditions
increases from 0 to 5.0 M urea. The minor peak at 7.74 (Figure 5B). Both minor peaks are absent at all urea
ppm, which is probably due to the cis isomer of the His92 concentrations from 3.5 to 8.5 M urea, demonstrating that
Pro93 peptide bond (see below), is insensitive to the ureathe existence of these alternative intermediate and unfolded
concentration. The absence of the slow exchange proces§orms depends upon the presence of the proline residue at
observed in full length protein above 4.0 M urea demon- Position 93.
strates that the residual structure in the full length protein
must involve side chains other than those in strAnthat DISCUSSION
were mutated. The results of thermodynamic and mutational experiments
To examine the possible role of nonpolar residues in helix on the residual structure contained in the 12 intermediate of
2in 12, a 25-residue peptide encompassing the region fromthe o subunit of tryptophan synthase from. coli are
Ala79 to Alal03 was also synthesized. This sequence consistent with the association of nonpolar side chains in a
contains the amphipathic sequence in helix 2, the interveninghydrophobic cluster which is stable in 5 M urea. This cluster
turn including His92, and the hydrophobic straifi. exists in the absence of well-defined secondary structure, as
Unfortunately, this peptide aggregated in water at concentra-measured by the far-UV CD spectrum, and tertiary structure,
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as measured by the absorbance spectrum (SaabfRético these parameters and the effects of mutations on the apparent
al., 1993). The observation that a 15-residue peptide, which stability of the 12 intermediate, however, is not warranted
includes the five positions where replacements perturbed theuntil the two-state model assumed to describe the=l2)
stability of 12, was not sufficient to define the residual transition is verified.
structure implies that other, possibly nonlocal interactions  Assuming for the present, however, that these parameters
are involved. The insolubility of a 25-residue peptide that are at least semiquantitatively correct, the large decreases
also included the preceding helix precluded an examina- in both enthalpy and entropy imply that a substantial fraction
tion of its potential role in the stabilization of 12. of the nonpolar side chains in 12 associate with each other
The absence of secondary structure in |12 clearly demon-in a polypeptide whose backbone and side chains are very
strates that this intermediate is not a molten globule (Ku- mobile. This intermediate behaves as if 5 M urea has
wajima, 1989) or a more extended version of a molten disrupted a highly organized, long range hydrogen-bonding
globule that has been reported f@rlactamase at £C network without simultaneously solubilizing the nonpolar
(Uversky & Ptitsyn, 1994). The question arises for the 12 side chains. The negative value for the entropy change
intermediate in thex subunit of how a folded form of a  implies that the gain in backbone and side chain entropy
protein can be stabilized by the hydrophobic effect in the upon the unfolding of the 12 intermediate is more than offset
apparent absence of secondary structure (as measured by tHgy the loss in the entropy of the solvent as it organizes about
far-UV CD spectrum). The answer may be found in a study the nonpolar side chains in the unfolded form.
by Koide et al. (1993), who examined the folding of The 12 intermediate in the subunit is sufficiently stable
apoplastocyanin with a variety of techniques. These inves-in the absence of urea that this species could play a
tigators observed a transient intermediate in whiclf $Beet significant role in the actual folding mechanism. However,
amide protons are protected from exchange with solvent. the fact that 12 is in slow exchange with the unfolded form
Although this species has one or more of its tyrosines at 6 M urea suggests that it may not be kinetically accessible
excluded from solvent, it does not bind ANS and it has no in the same time range for which secondary structure is
appreciable signal in the far-UV CD spectrum. Consistent known to appear. Stopped-flow far-UV CD studies on the
with the CD results is a 1D NMR spectrum which shows o subunit have shown that an intermediate with significant
few resonances in the region expected for the gEotons ellipticity appears within 5 ms following the initiation of the
of residues inB structures (56 ppm). These results were refolding reaction (Ogasahara & Yutani, 1994; G. Saab-
interpreted to mean that at least a part of fhesheet Rincn, P. J. Gualfetti, and C. R. Matthews, unpublished
hydrogen-bonding pattern found in native apoplastocyanin results). The slow exchange behavior for the His%2 C
is also present in this intermediate. However, in contrast to proton is consistent with a reaction whose relaxation time
the native form, the sheet is sufficiently flexible and dynamic near 6 M urea exceeds 4 ms by at least 1 order of magnitude
to reduce the amplitude of the far-UV CD spectrum and shift (Saab-Rin¢o et al, 1993). A 40 ms or longer relaxation
the G resonances toward those frequencies expected for aime for the 2= U transition at 6 M urea, however, does
random coil. not rule out a substantially faster refolding reaction under
Assuming that this interpretation of the apoplastocyanin strongly folding conditions. The maximum value for a
results can be extended to the 12 intermediate in dhe protein-folding relaxation time occurs at the midpoint of the
subunit, the lack of a signal in the far-UV CD spectrum of transition; the relaxation time decreases exponentially as the
the e subunit at 5 M urea may only indicate the absence of denaturant concentration either increases or decreases
extensive well-defined secondary structure. Localized, (Matthews, 1987).
fluctuating backbonebackbone hydrogen bonding might Supporting this contention are the results of stopped-flow
still occur, making it possible to form an extensive hydro- far-UV CD refolding experiments which begin at 5, 6, and
phobic cluster(s) between the pendant side chains. The7 M urea and end at 0.5 M urea (G. Saab-RmcB. J.
putative dynamic nature of the backbone in this type of Gualfetti, and C. R. Matthews, unpublished results). All
hydrophobic cluster differentiates it from that found in a three traces show the same burst phase CD signal. Because
molten globule and may explain why the intermediate in the relative concentration of the 12 species decreases from
apoplastocyanin does not bind ANS. Perhaps only a small65 to less than 12% from 5 to 7 M urea (P. J. Gualfetti and
fraction of the ensemble of structures accessible to thisC. R. Matthews, unpublished results), these results are
species has the type of stable hydrophobic surface whichconsistent with the formation and further folding of the 12
favors ANS binding and which is prominent in a molten intermediate to the CD detectable I1 intermediate within 5
globule. This stable surface presumably reflects the underly-ms at 0.5 M urea. Therefore, the thermodynamic stability
ing, well-defined secondary structure which is characteristic and kinetic accessibility of I2 make it a potential intermediate
of molten globules. Preliminary results indicate that the 12 on the kinetic pathway of folding of the subunit. Agashe
intermediate in thex subunit, similar to the apoplastocyanin et al. (1995) have recently reported that barstar initially
intermediate, does not bind ANS (J. A. Zitzewitz and C. R. collapses to a compact state with no secondary or specific
Matthews, unpublished results). tertiary structure, consistent with this hypothesis for the role
The negative sign for the enthalpy difference between the of 12 in the folding of thea subunit.
I2 and U states demonstrates, along with the negative entropy The question arises as to why residual structure persists
change, that this species is stabilized principally by the in the a subunit of tryptophan synthase, the 434 repressor
hydrophobic effect (Kauzmann, 1959). The magnitude of (Neri et al, 1992b), staphylococcal nuclease (Shortle &
the enthalpy and entropy changes for thesubunit is Meeker, 1989), and the fatty acid binding protein (Ropson
surprisingly large, comparable to the values measured by& Frieden, 1992) when these proteins are dissolved in high
calorimetry for the thermal unfolding of many proteins concentrations of denaturant. An intriguing possibility is that
(Privalov & Gill, 1989). A quantitative interpretation of continuous strings of nonpolar side chains, such as those
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found inf strands, tend to associate in hydrophobic clusters Jacobs, M. D., & Fox, R. O. (1994roc. Natl. Acad. Sci. U.S.A.
rather than behave as random chains in denaturant/water 91,449-453. _ _
solutions. Although the 434 repressor is a helical protein, James. E., Wu, P. G., Stites, W., & Brand, L. (198&)chemistry

the side chains of Val54, Val56, Trp58, and Leu59 which Kai]ilr%gr?r];m-.o(zlzgzg)\du. Protein Chem. 141—63.

define its residual structure are in _clpse proximity in thg Kirschner, K., Wiskocil, R. L., Foehn, M., & Rezeau, L. (1975)
sequence. Each of the three remaining examples contains Eur. J. Biochem. 60513—523.

five or moref strands which could nucleate the formation Koide, S., Dyson, H. J., & Wright, P. E. (1998jochemistry 32,
of hydrophobic clusters. Matheson and Scheraga (1978) 12299-12310.

. .~ Kunkel, T. A., Roberts, J. D., & Zakour, R. A. (198K)ethods
have previously suggested that stretches of nonpolar side Enzymol. 154367—382.

chains could act as chain-folding initiation sites. _ Kuwajima, K. (1989)Proteins: Struct., Funct., Genet. 87—103.

If this hypothesis is correct, residual structure may exist Logan, T. M., Olejniczak, E. T., Xu, R. X., & Fesik, S. W. (1993)
in many other proteins which are dissolved in high concen- J. Biomol. NMR 3225-231.
trations of chemical denaturant. This structure might not Matheson, R. R. J., & Scheraga, H. A. (19R8)cromolecules 11,

; : 9-829.
be apparent in any of the standard optical spectra but COUIdMatthews, C. R. (1987)Methods Enzymol. 15498511,

be detected by high-resolution NMR spectroscopy (Néri Matthews, C. R. (1993jnnu. Re. Biochem. 62653—683.

al., 1992a; Ropson & Frieden, 1992). Extension of these neri, D., Billeter, M., Wider, G., & Wihrich, K. (1992a)Science
NMR methods to unfolded proteins (Logaat al, 1993) 257,1559-1563.

should improve our understanding of their structures and, Neri, D., Wider, G., & Wuhrich, K. (1992b)Proc. Natl. Acad.

thereby, enhance the analysis of thermodynamic and kinetic_ S¢i- U.S.A. 894397-4401. _
folding mechanisms Nichols, B. P., & Yanofsky C. (197%roc. Natl. Acad. Sci. U.S.A.
' 76,5244-5248.
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