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ABSTRACT. Murine adenosine deaminase (MADA) is a 40 kBéjs-barrel protein consisting of eight

central 5-strands and eight peripherathelices containing four tryptophan residues. In this study, we
investigated the urea-dependent behavior of the protein labeled with 6-fluorotryptopH&aT(ige). The

19F NMR spectrum of 6°F-Trp-labeled mADA reveals four distinct resonances in the native state and
three partly overlapped resonances in the unfolded state. The resonances were assigned unambiguously
by site-directed mutagenesis. Equilibrium unfolding of®B-Trp-labeled mADA was monitored using

19F NMR based on these assignments. The changes in intensity of folded and unfolded resonances as a
function of urea concentration show transition midpoints consistent with data observed by far-Uv CD
and fluorescence spectroscopy, indicating that conformational changes in mADA during urea unfolding
can be followed by°F NMR. Chemical shifts of thé°F resonances exhibited different changes between

1.0 and 6.0 M urea, indicating that local structures arourt®F6Frp residues change differently. The
urea-induced changes in local structure around fotfF6Frp residues of mADA were analyzed on the

basis of the tertiary structure and chemical shifts of folded resonances. The results reveal that different
local regions in mADA have different urea-dependent behavior, and that local regions of mMADA change
sequentially from native to intermediate topologies on the unfolding pathway.

Adenosine deaminase (ADREC 3.5.4.4), catalyzing the  fold—many functions” paradigm4(6). Folding studies on
irreversible deamination of adenosiné-@2oxyadenosine)  different (3/a))s-barrel proteins suggest complex mechanisms,
to inosine (2-deoxyinosine) and ammonia, is a zinc metal- although the proteins appear to have a similar domain
loenzyme that is critical in purine metabolism and develop- structure. A “6+2” folding model is commonly accepted,
ment of the immune system. Inherited ADA deficiency is mainly based on the fragment complementation studies of
associated with an autosomal recessive immunodeficiencyN-(5'-phosphoribosyl)anthranilate isomerase fr@accha-
disorder of varying severity. Approximately 20% of indi- romyces cergdsiae (7) and the a-subunit of tryptophan
viduals with severe combined immunodeficiency (SCID) synthase§, 9). In this model, the first six6/a-units of (3/
syndrome are deficient in ADA activityl( 2). The X-ray a)1-6 prefold in a native-like form to serve as a template for
crystal structure of murine ADA (352 amino acid residues, the association and folding of the unstructured last ffeo
40 kDa) is a f/a)e- or triosephosphate isomerase (TIM)- units, (3/a)7—s. On the other hand, th@/o)s-barrel imidazole
barrel @), each molecule consisting of eight cenffedtrands glycerol phosphate synthase (HisF) was cleaved into two
and eight peripherak-helices with a deep pocket in which  folded halves and assembled to form the stoichiometric and
the catalytic zinc and the substrate analogue are bound andatalytically active HisF-NC complex by coexpressian
sequestered (Figure 1). The protein sequence of murine ADAivo or joint refoldingin sitro, supporting a “4-4” folding
is 83% identical and more than 90% homologous to that of mechanism for HisF 10). Recent folding studies on the
human ADA. prototypical /a)s-barrel triosephosphate isomerase by mis-

The @Bl/o)g- or TIM-barrel is one of the most common  incorporation proton-alkyl exchange (MPAX) suggest a
protein folds, comprising more than 10% of enzymes with “3+3+2" model with three cooperatively unfolding subdo-
known structure, and is an extreme example of the “one mains with the same C-terminal domaig¥/d);-s, but two

N-terminal domains {1). The conservation of the folding
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the application of this technique in investigating the folding
process of proteins, especially larger proteins whose folding
mechanisms are more complicated than those of smaller
proteins.

Murine adenosine deaminase contains four tryptophan
residues that are conserved in the known mammalian
enzyme, and are located in elements of tfién)s-barrel
distant from the centra#-barrel and the active site (Figure
1). These residues can serve as probes for detecting structural
changes of different regions of the protein¥8ly NMR after
incorporation of 6YF-Trp into the protein. Thé%F reso-
nances of 69F-Trp of mADA are well resolved in one-
dimensional spectra. We have unambiguously assigned all
of resonances in both the native and unfolded state by site-
directed mutagenesis. Equilibrium unfolding of-%Trp-
labeled mADA was monitored using= NMR on the basis
of the assignments. The results reveal that mADA unfolds
nonuniformly with different local regions around different
tryptophan residues showing different urea-dependent con-
formation change behavior. The peripheral helices of fite (
o)g-barrel protein mADA, where W161 is located, are most
susceptible to denaturant. THE NMR data also show that
different local regions of mMADA sequentially change from

. . ) . native to specific and heterogeneous native-like or intermedi-
Froure 1 MOLMOL (39 representaton of murine adenosine ate topologies as a function of the urea concentration on the
determined by Wilson et al3]. The centraB-barrel (viewed from  unfolding pathway. The results provide a basis for investigat-
the top of the active pocket) is shown in blue, and each of the ing the folding kinetics of mMADA and folding mechanisms
eight3-strands is labeled. The-helices are shown in orange. The  of (B/a)g-barrel proteins by usingF NMR. The results are
metal cofactor, zinc (shown in purple), and the substrate analogue,qistent with the observation that multiple intermediates

are located in the central active pocket. The four tryptophan residues . . L .
are shown in ball-and-stick representations. The fluorinated C-6 and/or folding units exist in the folding of othef/()s-barrel

atom on each indole ring of tryptophan is shown in yellow. w117 proteins detected by different techniques.
is located in the connecting loop betwgéhandoa2, W161 ina3,

and W264 and W272 are located in the connecting loop between MATERIALS AND METHODS

p7 anda7.

Materials. Ultrapure urea was a product of United States
19F NMR and protein labeled with F-Trp (12). In the Biomedical. The concentration of urea was determined by
folding study of 51%F-Trp-labelecEscherichia colb-lactate  the refractive index at 25C (22). 6-FluorosL-tryptophan
dehydrogenase bYF NMR, partially folded intermediates ~ (6-°F-Trp) was from Sigma. Restriction endonucleases were
were observed, and different regions of the protein were from New England Biolabs. Oligodeoxynucleotide primers
shown to unfold nonuniformly as measured by the chemical used in constructions and mutations were synthesized at
shift changes, nuclear Overhauser effects, and solvent-Sigma GenosysE. coli strains XL1-Blue and XL2-Blue
induced isotopic shift effectd 8). Real-time and equilibrium  (Stratagene) were used for plasmid propagation, and strain
1F NMR studies of 6“F-Trp-labeled chaperone PapD W3110trpA33 which is auxotrophic for tryptophah 14,
revealed an intermediate in the C-terminal domain and 15 23) was used for the expression of unlabeled offe-
provided insight into the role of domairdomain interaction ~ Trp-labeled mADA. All other chemicals were analytical-
in the folding of the protein containing two structural grade. The pQE sequencing primer set (QIAGEN) was used
domains 14). The folding reaction of. coli dihydrofolate ~ for the DNA sequencing of constructs.
reductase (DHFR) reveals several kinetic phases whose Constructs.The expression plasmids of wild-type (WT)
structural nature is obscure. Hoeltzli and Frieden followed mADA and tryptophan to phenylalanine (W-F) mutants were
the structural changes related to side chain environments ofderived from the pQE80-L vector (QIAGEN), which con-
the five tryptophan residues of ‘8F-Trp-labeledE. coli tained an isopropyB-p-thiogalactopyranoside-inducible T5
DHFR during denaturant-induced unfolding and refolding promoter and provided sufficiently strict expression control.
by using stopped-flo#’F NMR spectroscopyl6—18). They The mADA cDNA was amplified by PCR from the template
showed that stabilization of the tryptophan side chains was plasmid prepared from AR120 pots/ADA NE24). The
the last step in the folding proceskd}. The high chemical  forward primer is 5CCCGAATTCATTAAAGAGGAGA-
shift resolution (100-fold larger than that &fl), coupled AATTAACTATGGCCCAGACACCCGC-3with anEcaRl
with the high sensitivity of%F nuclear spin, no background site, an RBS sequence, and the start codon. The reverse
signals, easy incorporation at specific labeling sites, and primer is 3-CCGAGCTCTTACTATTGGTATTCTCTG-
minimal perturbation of the protein structure, yields well- TAGAGCC-3 with a Sad site. The PCR products were
resolved®F resonances in one-dimensional spe@21). purified with the QIAGEN PCR kit and used as inserts. This
A °F NMR cryoprobe allows lower protein concentrations mADA cDNA was inserted into the pQE-80L vector through
and shorter spectral acquisition timégl); All these facilitate the EcoRl and Sad sites and named pQE-80LmADA.
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Tryptophan to phenylalanine mutations were introduced into measuring the rate of the ADA-dependent decrease in

the wild-type mADA cDNA in the construct of pQE-
80LmMADA with the QuikChange site-directed mutagenesis
kit (Stratagene) using the following primers: W117F 5
GGTGGACCCAATGCCCTTCAACCAGACTGAAGGG-
3 (forward) and 5CCCTTCAGTCTGGTTGAAGGGCATT-
GGGTCCACC-3(reverse); W161F,'sGCGCCACCAGC-
CCAGCTTCTCCCTTGAGGTGTTGG-Jforward) and 5
CCAACACCTCAAGGGAGAAGCTGGGCTGGTGGCGC-
3 (reverse); W264F, 'sGCACTTTGAGGTCTGCCCC-
TTCTCCAGCTACCTCACAGG-3(forward) and 5CCT-
GTGAGGTAGCTGGAGAAGGGGCAGACCTCAAAGT-
GC-3 (reverse); and W272F, & CTACCTCACAGGCGC-
CTTCGATCCCAAAACGACG-3 (forward) and 5CGT-
CGTTTTGGGATCGAAGGCGCCTGTGAGGTAGC 3re-

adenosine absorption at 265 nm and@Qusing a difference
extinction coefficient of 8.5 mM! cm™ (27—29). One unit

of ADA activity is defined as the amount of enzyme that
produced Jumol of inosine per minute. Cuvettes with a path
length of 1 cm were used. Assays were carried out in a buffer
of 20 mM potassium phosphate (pH 7.4) and 0.1 mM EDTA,
with 75 uM adenosine. The enzyme concentration in the
assay mixture was 1 or 5 nM as determined by titration with
deoxycoformycin.

Equilibrium Unfolding Monitored by CD and Fluorescence
SpectrometryThe unlabeled and &F-Trp-labeled mADA
were unfolded at urea concentrations from 0 to 9.0 M in 20
mM Tris-HCI (pH 7.4) and 2 mM DTT and equilibrated at
room temperature for 22 h. The far-UV CD spectra were

verse). All constructs were sequenced to ensure their integrity measured on a Jasco-J715 spectropolarimeter with a 0.1 cm

and accuracy.

Expression and Purification of mMADAhe wild-type or
mutant constructs of pQE-80LmADA were transformed into
E. coli strain W3110trpA33. For the expression of the
unlabeled protein, bacteria were grown in Luria-Bertani (LB)
medium at 37C and induced at an Qf of ~1.0 with 0.5
mM isopropyl-b-thiogalactopyranoside (IPTG). Cells were
grown for an additionleb h and harvested by centrifugation.
For the expression of 8F-Trp-labeled WT mADA or W-F
mutants (except for W161F), cells were grown in LB medium
to an OOy of ~2.0 and harvested by centrifugation. To

increase the labeling yield, cell pellets were washed using

6-1°F-Trp labeling medium without tryptophan and centri-

fuged two times. The washed cell pellets were resuspende

and switched into 6%F-Trp labeling medium in the same
volume of the original LB culture. After growing for 30 min,
the culture was induced with 0.5 mM IPTG for-@ h and
harvested. The 6%F-Trp labeling medium is similar to the
labeling medium used elsewher25( 26).

Under the same conditions for expression, W161F ap

were grown at 25C and induced for 2 h. This procedure
resulted in protein in both the soluble fraction and inclusion
bodies. It was purified from the soluble fraction.

WT mADA and the W-F mutants were purified essentially
as previously described27—29). The supernatant of the
crude cell lysate was purified using a HiTrap Q HP column
(Amersham Biosciences) with the<XA FPLC system. The
mADA-containing fractions were pooled and brought to 50%
saturation with solid ammonium sulfate. After centrifugation,

path length cell using 10M protein at 20°C. Spectra were
recorded from 180 or 200 to 250 nm. The fluorescence
emission spectrum was measured on a PTI fluorometer
(Photon Technology International, Inc.) using¥ protein

at 20°C. Since 6¥F-Trp-labeled and unlabeled mADA differ

in quantum yield and emission maximum, the fluorescence
emission was measured at 330 nm for unlabeled and 340
nm for 64°F-Trp-labeled mMADA.

1% NMR ExperimentdNMR spectra were recorded on a
Varian Unity-Plus 500 MHz spectrometer operating at 470
MHz for °F nuclear spin using a Varian Cryo-Q dedicated
5 mm probe. The cryoprobe was maintained at 20 K with

Glhe Varian Cryo-Q Open Cycle Cryogenic system. The

temperature of the sample was maintained atQith the
XRII851 Air-Jet Crystal Cooler heat exchanger (FTS Sys-
tems, Stone Ridge, NY). Thé&; relaxation times were
determined by the inversion recovery method. Data were
acquired for 0.501 s using the Varian VNMR s2pul pulse
sequence and a spectral width of 6499.8 Hz. All spectra were

peared in inclusion bodies. To express this protein, bacteri::xcoueCted for 1024 transients in a buffer of 20 mM Tris-HClI

(pH 7.4), 2 mM DTT, and 5% BD, with 0.2 mM 41%F-Phe
as the internal chemical shift reference. For equilibrium
unfolding experiments, &%-Trp-labeled WT mADA (85

uM) was equilibrated in 68.0 M urea at room temperature
for 22 h.

RESULTS AND DISCUSSION
Properties of Unlabeled and BF-Trp-Labeled mADA

the supernatant was brought to 80% saturation and centri- The unlabeled and &F-Trp-labeled WT mADA exhibit

fuged. The pellets were dissolved in a buffer of 20 mM
potassium phosphate (pH 7.4), 2 mM DTT, and 1.7 N g¥H
SO, and purified by using a hydrophobic interaction chro-

similar behavior during purification by ion exchange, hydro-
phobic interaction, and gel filtration FPLC (data not shown).
The specific activity was- 150 s, andK,, = 304+ 10 uM

matography column packed with Butyl Sepharose 4 Fast for unlabeled and 6%-Trp-labeled wild-type mADA as well
Flow medium (Amersham Pharmacia Biotech). The pooled as W-F mutants. The secondary structures of unlabeled and

fractions containing mADA were concentrated by ultra-
filtration using YM10 membranes (Amicon) and purified by
gel filtration on a HiPrep 16/60 Sephacryl S-200 column.
The purity of mMADA was assessed by SPBAGE. The

6-1°F-Trp-labeled mADA are the same as measured by CD
spectra (Figure 2A). 6%-Trp-labeled mADA has a higher
guantum yield, and the fluorescence emission maximum is

shifted to the red by 5 nm relative to that of the unlabeled

6-%F-Trp labeling yield was shown to be greater than 90% protein (Figure 2B). The urea denaturation curves of
as measured by ESI mass spectroscopy. Protein concentradnlabeled and labeled proteins monitored by far-UV CD or
tions were determined using the Bio-Rad protein assay intrinsic fluorescence spectroscopy are similar (panels C and

reagent.
Enzyme Assays and Kinetic Analydeszymatic activity

D of Figure 2 and Table 2). These data indicate that the
incorporation of 6¥F-Trp into MADA (>90%) has little

was assayed on a Cary50Bio spectrophotometer (Varian) byeffect on the activity and structure of the protein.
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of mADA. (A) Far-UV CD and (B) fluorescence emission spectra of
a (filled symbols) or 8.0 M urea (empty symbols). (C) Unfolding

curve of unlabeled (circles) and&--Trp-labeled (squares) mADA monitored by CD and (D) by fluorescence spectroscopy. Ellipticities
were measured at 222 nm, and fluorescence emissions were measured at 330 nm for unlabeled and at 340 fela®eled mADA.
The solid lines show the fit to a two-state modeR). All experiments were carried out at 2C in 20 mM Tris-HCI (pH 7.4) and 2 mM
DTT after equilibrium with urea had been established at room temperature for 22 h. The protein concentratiaiMigat.Buorescence

and 10.0uM for CD experiments.

Table 1. Parameters éfF for 6-%F-Trp-Labeled WT mADA
unfolded (8 M urea,

native equilibrated for 22 h)
chemical line chemical line
residue shift (ppm)  width (Hz)  shift (ppm)  width (Hz)
W117 —45.15 77.2 —46.15 44.1
W161 —48.19 65.3 —46.27 48.1
W264 —47.59 64.4 —46.27F 48.7
w272 —47.03 65.3 —46.45 41.9

a Data were collected at 2™ using 85uM protein in 20 mM Tris-
HCI (pH 7.4), 2 mM DTT, and 5% BD, with 0.2 mM 41°F-Phe as
the internal chemical shift reference. The line widths were determined
from spectra deconvoluted using a Bayesian analysis fitting routine
(30). P The peaks of W161 and W264 overlap.

Assignment of°F NMR Resonances
The F NMR spectra of 69F-Trp-labeled WT mADA

mADA. As shown in Figure 3, thé&’F NMR resonances of
mMADA can be unambiguously assigned (Table 1) by
comparing théF NMR spectra of WT mADA and mutants
W117F, W264F, and W272F in native and unfolded states.
The mutant W161F was not used because a second unknown
peak was seen in the spectra (data not shown).

Equilibrium Unfolding of 61%F-Trp-Labeled mADA using
F NMR

Resonance Amplitudes as a Function of Urea Concentra-
tion. The equilibrium folding properties of &F-Trp WT
mADA were investigated by°F NMR on the basis of the
assignment results. The spectra collected at various urea
concentrations (Figure 4) show that resonances in either the
folded or unfolded state are well resolved in a one-
dimensional spectrum. At different urea concentrations, the
spectrum shows different mixtures of stable folded and

reveal four distinct resonances under native conditions andunfolded resonances, which indicates a very slow rate of
three partly overlapped resonances under unfolded conditionsnterconversion between folded and unfolded forms. With
(Figure 3). To assign these resonances, four site-directedan increasing urea concentration, the intensities of unfolded

mutants of mADA (W117F, W161F, W264F, and W272F)

were made, each with one tryptophan replaced by a pheny-

resonances increase while those of folded resonances de-
crease. Deconvolution of 2iF NMR spectra was performed

lalanine. The mutants, all except W161F, were expressedusing a Bayesian analysis prograd@)to obtain the relative

and purified in a manner essentially similar to that of WT

amplitudes of each resonance. Figure 5 shows the amplitude
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Table 2: Equilibrium Unfolding Parameters of Unlabeled antdf6Trp-Labeled WT mADA by CD, Fluorescence, altf NMR
Spectroscopy

experiment sample AG° (kcal/mol) m (kcal molt M) [urealz (M)
fluorescence intensity unlabeled (Em330 nm) 5.17 0.85 6.08
6-1%F-Trp-labeled (Em= 340 nm) 4.87 0.85 5.73
far-UV CD ellipticity at 222 nm unlabeled 5.47 0.89 6.15
6-1%F-Trp-labeled 4.44 0.77 5.77
F NMR amplitude of resonances W117 foldeed5.15 ppm) 7.40 131 5.65
W161 folded -48.19 ppm) 13.14 2.48 5.30
W264 folded (-47.59 ppm) 13.08 2.28 5.74
W272 folded 47.03 ppm) 5.69 1.05 5.42
W2117 unfolded {-46.15 ppm) 10.96 1.96 5.59
W161 and W264 unfolded«(46.27 ppm) 10.42 1.87 5.57
W272 unfolded {-46.45 ppm) 12.55 2.25 5.58

a All spectroscopy experiments were performed af@0n 20 mM Tris-HCI (pH 7.4) and 2 mM DTT. Equilibrium unfolding parameters were
obtained from fitting the data to a two-state mod&)( ® As measured by the decrease in the amplitude of native resonaeemeasured by the
increase in the amplitude of unfolded resonances.
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R A N N Y
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e e . LlnfOIded 4.2 M
161u 8264y 40M
117y 272u 35M
Wt 30M

Unfolded
e — - e ——— 20M

NN o

W272F oM
— — Native 117n 272n __ 264n 161n
e U — L e AL B i a a e

e e AR 445 455 | 465 | 475  -485 ppm
W264F FiIGURE 4: 1°F NMR spectra of 6°F-Trp-labeled mADA as a
_A A Native function of urea concentration. All spectra were collected &tQ0

: — using 85uM protein in 20 mM Tris-HCI, 2 mM DTT (pH 7.4),

' ‘ and 5% DO, with 0.2 mM 43°F-Phe as an internal chemical shift

WA17E reference. All samples were equilibrated at room temperature for
A" M Native 22 h before spectra were collected.
' ' ' ' ' ' The values ofAG® and cooperativity indexn() derived

wr from the fitting of 1°F NMR data, however, are greater than
/\ A Native those from CD and fluorescence spectroscopy except for
- T SR those of the W272 folded resonance (Table 2). One pos-

sibility is that at some unfolding stage different conforma-

Ficure 3: T NMR spectra of WT 69F-Trp-labeled MADA and  tjons of the protein molecule are in fast exchange so that
W-F mutants (W117F, W264F, and W272F) in the native (0 M some NMR sianal cannot be detected. Partial loss of
urea) or unfolded state (8.0 M urea, equilibrated at room temperature . '9 . L I¢ .
for 22 h). Spectra were recorded at2Din 20 mM Tris-HCI (pH resonance intensity was also reported in the folding studies
7.4), 2 mM DTT, and 5% BO, with 0.2 mM 43%—Phe as the  of other proteins using’F NMR (12, 17). A more important
internal chemical shift reference. The protein concentration was possibility is due to the non-two-state behavior of the
~100uM. The resonances of WT mADA in native (labeled with equilibrium unfolding of MADA revealed by°F NMR,

the residue number and the letter n) or unfolded states (labeled hich is sh learlv by the chemical shift ch
with the residue number and the letter u) were assigned by WNICN IS Shown more clearly by the chemical shilt change

comparison of these spectra. of folded resonances.
Chemical Shifts as a Function of Urea Concentratibhe

change in the folded (Figure 5A) and unfolded (Figure 5B) spectra recorded between 1.0 and 6.0 M urea show that
peaks as a function of urea concentration. The amplitude chemical shifts of folded resonances are affected differently
change was fitted with a two-state transition function for each by denaturants. The urea dependence of the chemical shift
peak. The fitting parameter of each resonance is similar to for each resonance relative to the native resonance is shown
the denaturation midpoint obtained by CD and fluorescencein Figure 6A. With an increasing urea concentration (from
spectroscopy (Table 2). The results confirm that the confor- 1 to 6 M), the chemical shift of folded resonance W117
mational change in mADA during urea unfolding can be moves in a complex way (fitted with a double-exponential
followed by '°F NMR using 6%°F-Trp labeling. curve) that first shifts downfield 0.23 ppm relative to the

117n 272n 264n  161n

445 | 455 | 465 475 -48.5 ppm
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function of urea concentration (data from Figure 4). The amplitude
was obtained by using Bayesian analysis: (A) folded resonancesFicure 6: 1% NMR chemical shift and line width change of each
and (B) unfolded resonances. The fits to a two-state m@&®Iqf folded resonance as a function of urea concentration (data from
folded and unfolded resonances are shown with solid lines. Figure 4). (A) Chemical shift change. The chemical shift change
. ) of folded resonance W117 was fit to a double-exponential curve
native peak # 1 M urea and then shifts back to close to the and W161 to a single-exponential function, and W264 and W272

native state. A1 M urea, the resonance of W161 shifts were fit to linear curves. (B) Line width change. Data were derived
downfield 0.26 ppm, which is similar to that for W117. from the Bayesian analysis. Solid lines are drawn to guide the eye.

Between 1 ad 6 M urea, W161 exhibits the largest shift
(downfield to 0.49 ppm) with a midpoint at0.75 M urea 13.46 and 4.48 Afor W161, 62.73 and 24.25%or W264,

that is well below the unfolding midpoint of 5.7 M monitored and 33.63 and 16.10 ZN‘?r W272, respectively. W161 is

by optical techniques. Above a urea concentration of 3.5 M, the most buried residue in the structure, while W264 is the
no further chemical shift occurs for W161, but the intensity MOst exposed. The solvent/denaturant exposure level for the
of the peak decreases (Figures 4 and 6A). W272 shifts side (;haln gnd9F nucleus shows no gorrelatlon with t.he
linearly upfield 0.04-0.43 ppm with a slope 0f-0.08 and phem|cal shift change from the data of Figure 6A. We believe
gradually merges with the peak of W264 a8 M urea it WOL_JId be' more reasonable to suggest _that th'e Iarggr
(Figure 4). W264 shifts linearly downfield 0.69.14 ppm chemlcal shift change results from changes in the'5|de chain
with a slope of 0.02, which is possibly due to a solvent and/ €nvironment and local structure for the more burietff6-

or urea effect since it is the most exposed Trp. Trp residues in MADA.

The chemical shift of théF nucleus is extremely sensitive Figure 6B shows the line width of each folded resonance
to changes in the local conformational environment, including between 0 and 4.2 M urea representing the different
van der Waals interactions and local electrostatic fiekf. ( relaxation of different resonances. Since all shifted reso-
In the cases of W117, W161, and W272, the large magnitudenances are single peaks, the resonance shift may result from
of the shift, the different shift direction, and complicated fast or intermediate exchange of different conformations (the
behavior suggest that the chemical shift changes are due tmative and native-like or intermediate conformations). No-
a local structure change rather than solvent effects. In theticeable peak broadening with an increasing urea concentra-
crystal structure, W117, W264, and W272 are more exposedtion was observed for W117 and W161, indicating that the
to the solvent environment than W161. The solvent accessibleconformational exchange rates for W117 and W161 may
surface areas calculated with the program GETARBA (  slow with an increasing urea concentration. W264 and W272
for the side chain of each tryptophan and for tHE- have no obvious broadening with an increasing urea con-
substituted CH2 proton are 30.23 and 10.38fdx W117, centration.
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In summary, the different chemical shift changes indicate 3.5 M. The chemical shift changes of all folded Trp
that local structures around W117, W161, and W272 are notresonances are completed abav M urea (Figures 4 and
in their native conformation but in native-like or intermediate 6A), which suggests that mADA forms a relatively stable
topologies, even though the protein is still native as implied intermediate conformation that is independent of urea
by other biophysical techniques such as CD and fluorescenceconcentration above 4 M.
spectroscopy. The different urea-dependent chemical shift The chemical shift of W161 is the most sensitive to low
behavior for each 8%-Trp resonance indicates that mMADA  yrea concentrations and has the largest shift magnitude
behaves nonuniformly, and different local regions of MADA  among four 6“F-Trp residues in mADA (Figures 4 and 6A).
sequentially change from native to specific and heteroge- This suggests that the side chain environment and local
neous native-like or intermediate topologies on the unfolding structure of W161 are most sensitive to the denaturant during
pathway. unfolding. Since W161 is the only tryptophan located in one

) - of the eight peripheralk-helices of /a)s-barrel mMADA, we
Slte-Specmc Local Structure Change upon Urea-Induced hypothesize that the peripheral helices of mADA, where
Unfolding W161 is located, are most sensitive to denaturants during
unfolding, which may cause side chain packing disruption
and the peripheral hydrogen bond network to collapse.
Further unfolding may result from loosening of the tightly
organized peripheral helices, the loss of the hydrophobic
interaction between parallethelices angb-strands, and the
collapse of centrgb-sheets.

The site-specific local structure change on urea-induced
unfolding was analyzed on the basis of the tertiary structure
of mADA and the chemical shift change of each folded
resonance observed #fF NMR experiments. In the tertiary
structure, all four tryptophan residues are located in different
elements of secondary and tertiary structure (Figure 1). W117

is located in a small 3/10-helix of the large connecting loop "€ challenge of protein folding studies for the experi-

between the centrgi2 strand and the peripheral helix. mentalist and theoretician is to cope with the small energetic
W161 is located in the peripheraB helix. W264 and W272 changes and to devise methods for describing the behavior
are located in the large connecting loop betwgémando.7. of the side chains and backbone at atomic resolution as the

W264 is in a short helix (residues 26268), which is within ~ Protein either folds or unfolds3@). The folding study of
this connecting loop. All of them are distant from the central ;Jgrea-lnduced equilibrium ugnfoldmg of MADA monitored by
p-barrel and the active site. Moreover, the four tryptophans ' - NMR combined with 6°F-Trp labeling provides infor-

in MADA can be divided into two groups by spatial distance; mation relate_d to site-specific local strycture_change gnd side
W117 and W161 are spatially adjacent, as are W264 angchain behavior as well as the properties of intermediates on
W272. The distance between two fluorine nucleiig.5 A the urea-induced unfolding pathway. The results are also

for W117 and W161 and 9.2 A for W264 and W272. consistent with the observation that multiple intermediates
The small chemical shift change of the folded resonance and/or folding units exist on the folding pathway as observed

of W264 as a function of urea concentration suggests thatIn other (3/a)s-barrel proteins detected by different tech-

. niques {—11, 33—37). Kinetic unfolding and refolding
_the local structure around W264 (probably _the sh_ort helix studies of MADA monitored b} NMR are being carried
in the connecting loop betweefi7 and o7) is basically

conserved in the native conformation until the protein is out, which should help to interpret the current equilibrium

completely denatured. Since W272 is near W264, the unfolding da.ta. . . . .
chemical shift behavior of resonance W272, upfield to merge N conclusion, we have investigated the site-specific local
with W264 at high urea concentrations (Figure 4), suggests strupture chgnge and propgmes of |ntermed|at_es of mADA
that local structure around W272 probably changes to an dul;lng urea-induced unfolding ByF NMR combined with
intermediate topology that is closer to W264 at higher urea 6- F-Trp labeling. The folding mechanism reveal_ed by such
concentrations. The chemical shifts of W117 and W161 move & teChnique suggests that mADA unfolds nonuniformly and
downfield at 1.0 M urea and are more susceptible to a low !0¢@! régions of mADA sequentially change from native to

urea concentration than those of W264 and W272 (Figure specific and heteroge'neous native—like or intermediatg to-
6A). Since W117 and W161 are close to each other and Pologies on the unfolding pathway. This study also provides
distant from the other two tryptophans, the region around & Pasic for investigating folding kinetics of mADA and the
W117 and W161 is probably more sensitive to a low urea CONServation of the folding mechanism of/¢)s-barrel
concentration-induced conformation change than the regionProteins by the site-relatedF NMR method.

around W264 and W272. As shown above, the line widths
of W117 and W161 show similar broadening with an ACKNOWLEDGMENT
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