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ABSTRACT. Barstar, an inhibitor of the enzyme barnase, contains two phenylalanine residues, three
tryptophan residues, and two proline residues. After incorporating eith#-Rhe, 419F-Phe, or 6F-

Trp, the structural, dynamic, and folding properties of two mutants (C40/82A, a double mutant, and P27A
C40/82A, a triple mutant) were studied BJF NMR. Experiments were performed as a function of
temperature and urea with the two mutants. We show that the consequences of the P27A mutation are
extensive. The effect of the mutation is transmitted to distant residues (Phe56 and Trp53) as well as to a
residue deeply buried in the hydrophobic core (Phe74). By incorporatifgrRhe, it is shown that Phe56
undergoes a slow ring flipping on the NMR time scale in the triple mutant that is not observed in the
double mutant. On the other hand, incorporatinl#-Phe shows that the P27A mutation has little effect
along the @—Cr axis of Phe56. Labeling with #F-Phe shows, from line broadening, that Phe74
experiences more dynamic motion than does Phe56 in both the double and triple mutant. After incorporating
6-19F-Trp, it is found that, in the triple mutant, Trp53 shows conformational heterogeneity at low temperature
while Trp44, which is close to the P27A mutation, does not. Af@0residual native-like structure was
detected around Trp53 at high concentrations of denaturant. Barstar is cold denatured in the presence of
urea. For the double mutant at temperatures beloWw(,5and in the presence of 2:8.5 M urea, the
resonance for Phe74 broadens, and two peaks are observetCan8icative of an exchange process.

From line-shape analysis, assuming a two-site conformational exchange, the rate constants as a function
of temperature can be extracted. An Eyring plot is lindad & urea but deviates from linearity below

20 °C in the presence of 2.5 or 3.5 M urea. The data as a function of urea suggest sequential events in
the unfolding process.

Barstar, an intracellular inhibitor of barnase, has been
extensively studied with regard to both intrinsic properties
and its interaction with the enzyme barnase. X-ray
(Figure 1) and NMR studies of barstar show it to be
composed of three parallel helices, a three-strajfidskeet
(1-3), and a barnase binding loop (Pre2@lu32) that has
been suggested to undergo conformational fluctuatidhs (
The C40/82A double mutant has been used to examine
protein folding in various studie${-7) due to the hetero-
geneity of the oxidation state of the cysteine and the tendency
to form disulfide bonds J). Barstar contains two proline
residues, one of which, Pro48, is in tlés conformation
while the other, Pro27, irans in the native state. In the
unfolded state, both prolines are primarily in thmns
configuration 6). The P27A C40/82A triple mutant has been
widely used to investigate the kinetics and structural
consequences of theangcis isomerization of Pro48 as the
protein folds 8—11). The P27A mutation may not alter
barnase binding and/or inhibition as barstar is electrostatically FIGURE 1. Crystal structure (PDB entry 1A19) of barstar showing
optimized for tight barnase bindind.?). It was found that the location of Pro27, the two phenylalanines, and the three
only groups close to Pro48 in space were influence&d ( tryptophans. The figure was prepared using MolMaf)(

during the refolding of triple mutant barstar. In a study of
T This work was supported by NIH Grant DK13332 to C.F. the structural response to mutations at the bardiarnase
*To whom correspondence should be addressed. Tel: (314) 362- interface, the effects were also locaB). Since the side chain
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! Abbreviations: NMR, nuclear magnetic resonance; EDTA, ethyl- of Pro27 resides on a flexible binding loop distant from any

enediaminetetraacetic acid; TOCSY, total correlated spectroscopy; Side chains in the core-(r A), it might be expected that the
NOESY, nuclear Overhauser effect spectroscopy. P27A mutation would also have only a local effect on the
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Table 1: Distance from the Center of Pro27 to the Residues 2'19F'Ph_e and 6%-Trp were ObFa'ned from Sigma-Aldrich
Labeled in This Study (St. Louis, MO). All other chemicals were of reagent grade.
F56 F74 F56  F74 Incorporation of Fluoro-Labeled Amino Acids into Barstar.
residue  (metd (metd (para) (para) W38 W44 W53 The production of fluoro-labeled barstar usingestherichia
d(A) 240220 140137 225 126 140 38 180 coli bacterial expression system was essentially as described
by Frieden et al.33). More than 90% labeling, as indicated
by mass spectroscopy (data not shown), was achieved by
using the phenylalanine auxotroph DL39 and the tryptophan

internal structural and dynamic properties in the core region. ayxotroph W3110 containing PQES0 barstar or its mutant
However, Pro27 has a solvent-accessible surface area of only, defined medium.

a Distance to the twanetapositions on the benzyl ring.

9 A while that for Pro 48 is 83 Ag). We show that the  protein Expression and PurificationMutants (F74L,
effects of P27A mutation are propagated to the hydrophobic po7a c40/82A; W38F, P27A, C40/82A: WA4F, P27A, C40/
core that includes Trp53, Phe56, and Phe74. 82A), which were used for NMR assignments, were made

'F NMR has been widely applied to biological systems py following the protocol of the QuickChange site-directed
to elucidate site-specific side chain information even though mytagenesis kit (Invitrogen). Unlabeled barstar was expressed
in rare cases fluorine substitution perturbs protein structuresj | g (Luria—Bertani) medium. To incorporate fluoro amino
(14). Compared t6H NMR, **F NMR has a larger chemical  acids into barstar, cells were grown to/g, of 3 in defined
shift dispersion, and its chemical shift is more sensitive t0 medium, then harvested, and resuspended in a fresh defined
local environmental changes. Incorporation of fluorinated medium containing 0.2 mM of the desired specifically fluoro-
aromatic amino acids into proteins is a valuable means for |gpeled amino acid. After 30 min, protein production was
delineating structural and dynamic effects as subtle asinduced with 1 mM isopropyp-p-thiogalactoside (IPTG)
different positions of aromatic rings in interesting regions or 3 h for 19F-Phe labeling ath 6 h for 62%F-Trp labeling.
of proteins.**F NMR can also quantitatively characterize protein purification was essentially the same as described
side chain dynamics such as conformational exchabe ( previously @) except that an ion-exchange column was used
Phenylalanine and tyrosine residues are of particular interesthefore gel filtration. P27A C40/82A barstar and its mutants
in the structural, dynamic, and folding studies of proteins \yere recovered from inclusion bodies}. The production
since they occur frequently in the hydrophobic cores of these of the |abeled proteins is comparable to the unlabeled protein
molecules. For example, ring flipping has long been an ith a yield of ~6—10 mg/L of medium.
interest in investigating protein dynamiqs a|_1d .foIding Sample PreparationFor NMR spectra as a function of
(16—23).' However, fluctuations qther than ring flipping are  jreq, samples were made by dilution of a stock protein
seldom identified and characterizetb(24). solution into the NMR buffer (containing 20 mM sodium

Phenylalanine labeled witlF in the 4-position detects phosphate and 0.25 mM EDTA, pH 6.7) plus varying
motions of benzyl rings other than ring flipping or motions  amounts of a 9.2 M urea stock solution dissolved in the NMR
of its microenvironments, whereas% labeling can be used  pffer to give a final concentration of 1M protein and
to study restrictions on ring flipping. In this work, the two gjfferent urea concentrations. The sample for fluorescence
phenylalanines (F56 and F74) were labeled with eith&F2- studies was made the same way with a final protein
Phe or 41%-Phe, and the three tryptophans (W38, W44, and concentration of 1.5%M. All of the samples were made by
W53) were labeled with 6%F-Trp for both C40/82A and  aqding the protein stock to the premixed solution of the other
P27A C40/82A mutants. Table 1 shows the distance from components.

P27 to those labeled sites. We find thét labeling gives Fluorescence Spectroscopfteady-state fluorescence
structural information in both the double and triple mutant experiments as a function of urea were performed &0
and that the P27A mutation causes significant changes tousing a PTI Alphascan fluorometer (Photon Technology
core residues distant from the mutation site in terms of International, South Brunswick, NJ). The excitation wave-
internal dynamics, structural perturbation, and unfolding length used was 290 nm, and the emission spectra were
properties. We also show that the cold denatured state ofrecorded between 300 and 400 nm. Equilibrium data were
this protein, thought to give insight into early folding events, it 1o a two-state model as described by Ropson et3#) (
involves side chains distant to the regions of residual structureusing the equation of Santoro and Bol&%)

detected by amide backbone studig} ( 19 NMR SpectroscopyF NMR spectra were acquired

It has long been recognized that barstar unfolds through 5 3 varian Unity-Plus 500 MHz spectrometer operating at
intermediates which were detected either kineticadlylQ, 470.3 MHz with a Varian Cryo-Q dedicated & 5 mm?%F
25—-27) or by perturbing solution condition28—31). Those probe withoutH decoupling. Thé®F probe was cooled and
indirectly detected intermediates were generally interpreted kept at 20 K with the Varian Cryo-Q open cycle cryogenic
as either in the early or in the late stages based ongystem. All 1D spectra were recorded with 128 scans and
fluorescence and circular dichroism studies. In this study, 3¢ recycle delay and processed by NMRPip8) (ith 12
continuous**F chemical shift changes indeed suggest a p; exponential line broadening unless otherwise indicated.
sequential unfolding pathway. All samples contained 8% (v/v) 0. There was no correc-

tion to the pH value due to ®.
MATERIALS AND METHODS Line-Shape Analysi# series of 1D'F NMR spectra were

Chemicals Ultrapure urea was purchased from United recorded for the double mutant at 0, 2.5, and 3.5 M urea
States Biochemical. The concentration of urea was deter-with temperature from 5C (or 2 °C) to 35°C. At each
mined by the index of refraction at 2% (32). 4-'F-Phe temperature, the sample was allowed to equilibrate for at
was obtained from ACROS Organics (Morris Plains, NJ). least 10 min. Simulated spectra at different temperatures were
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calculated using line-shape analysis software [Mexico pro-
gram @7)] assuming two-site equally populated exchange.

The line width for the two sites was assumed to be the same.

The Varian experimental data sets were converted to an
ASCII file with the x-axis in frequency (hertz) in order to
be compatible with the Mexico program. In the simulation,

the rate and one of the frequencies were allowed to be varied.

To extract thermodynamic parameters for the exchange,
Eyring plots [Ing/T) vs 1/T] were obtained by fitting
experimental rate constants to the Eyring equatgs), (.e.

- ol

+ R +1In
whereR, «, andh are the universal gas contant, Boltzmann’s
constant, and Planck’s constant, respectivAl® and ASf
were assumed to be independentTofor the temperature
range studied [2C (or 5°C) to 35°C].

H NMR SpectroscopyHomonuclear NOESY and TOCSY
experiments were carried out on a Varian 600 MHz
spectrometer at 28C with the double mutant at a protein
concentration of~1.2 mM. The spectra were recorded with
2048 complex data points taand 512 increments i3 with
a spectrum width of 7200 Hz in both dimensions. Each
increment takes 32 scans. Mixing times were 150 and
50 ms for NOESY and TOCSY, respectively. The data were
processed by NMRPipe36).

Sedimentation EquilibriumSedimentation equilibrium
ultracentrifugation was performed at 20 for both mutants
with four samples (unlabeled and*#-Phe, 4*F-Phe, and
6-1°F-Trp labeled) using an Optima XL-A analytical ultra-
centrifuge (Beckman Instruments, Fullerton, CA). Three rotor
speeds (32K, 39.2K, and 48K) were used with three
concentrations (50, 100, and 208), monitoring absorbance
at 295, 300, and 305 nm. The data were analyzed by
WInNONLIN and WIinREEDIT (ftp://spin.mcb.uconn.edu).

RESULTS

Sedimentation Equilibrium Studie§he sedimentation
equilibrium studies indicated that all proteins used in this
study are monomeric at protein concentrations below
200 uM, the highest concentration used in the NMR
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Ficure 2: NMR assignments of 2-Phe-, 42%-Phe-, and 69F-
Trp-labeled barstar. Red and black spectra represent the double
(C40/82A) and triple (P27A C40/82A) mutants, respectively. The
spectra were acquired at 2C and processed as described in the
text. The sharp peak arount#4.1 ppm is from a transmitter offset
frequency (tof) glitch. The peaks labeled U are unfolded resonances.
The peaks marked with an asterisk (*) are references, which are
6-1%F-Trp (the actual chemical shift is46.293 ppm relative to
TFA) for 2-1%F-Phe and 4°F-Phe assignment and!&--Phe (the
actual chemical shift is-40.244 ppm relative to TFA) for 6%-
Trp assignment. In the lowest black spectrum, the shoulder peak
around—46.6 ppm is also from the unfolded species.

experiments (data not shown). Thus, none of the observedprotein (Figure 3). To determine the effect of fluorine
effects described below are a consequence of dimer forma-labeling on protein structures, we performed proton TOCSY

tion.

Assignment offF Resonanced he NMR assignments are
shown in Figure 2 with details included in Supporting
Information (Figure S1). Peaks marked with an asterisk in

and NOESY experiments for the double mutant for the four
different samples (unlabeled and=Phe, 4**F-Phe, and
6-1°F-Trp labeled,) and the spectra are superimposable. The
only significant chemical shift deviations are from the protons

Figure 2 are reference peaks. Small amounts of denaturedn the same labeled aromatic ring as expected (data not

peaks (labeled U) were observed for all of the triple mutants
even under native conditions. The percentage of unfolded-
like species is 7.7%, 5.2%, and 10% for protein labeled with
2-1F-Phe, 4°%F-Phe, and 8%-Trp, respectively. The ap-

shown).

Comparison of the Two Mutants at 2CQ after Labeling
with 2-19F-Phe.Phe56 is 24 A from Pro27 while Phe74 is
14 A away and deeply buried in the hydrophobic core. In

pearance of unfolded-like species is probably a consequencehe triple mutant, Phe74 exhibits one broadened peak while

of the slightly lower stability of triple mutant and is consistent
with results reported previouslyt@) and not due to fluorine
labeling.

Effect of'%F-Labeling on Structurefluorine labeling did
not detectably disrupt the native structure in either the double
or triple mutant, with 2°F-Phe and 6°F-Trp labeling only
slightly less stable than the unlabeled protein (Figure 3). The

Phe56 shows two peaks with different intensities (Figure 2,
top, black line), indicating that Phe74 has more rotational
freedom along the &&-C” axis of the benzyl ring while the
rotation of Phe56 is restricted. The two conformations of
Phe56 in the triple mutant are in slow exchange on the NMR
time scale as no exchange cross-peaks were observed in
phase-sensitive€F—1%F NOESY by increasing temperature

4-1%F-Phe-labeled protein is at least as stable as the unlabeledip to 35°C or by urea denaturation (data not shown).
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Ficure 3: Equilibrium unfolding of unlabeled and ¥F-Phe-, [ ]
4-1%F-Phe-, and 8°F-Trp-labeled double and triple mutants at i ]
20 °C. Unfolding was followed by monitoring fluorescence at 0.05 3
327 nm with excitation at 290 nm. Sample conditions are described T [ 1
in the text. Data were fit using the equation of Santoro and Bolen s 1
(35)- ; 0 .
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Although different temperature coefficientsA&/AT) [ ]
. . . . . . =" b, -
(Figure 4A) for the major and minor conformations indicate 005 T e " s ]
. . . . . L . ™ , major _
magnetically different environmental changes, their line [ " s ! ]
width changes with temperature are almost identical o1 F S g ]
(Figure 4B), suggesting similar dynamic properties for the N N S L ]
two conformations. In the triple mutant, the line width of 0 1 2 3 4 5
Phe56 decreases with increasing temperature at temperatures Urea (M)

below 20 °C, indicating that the side chain of Phe56 is Ficure4: % NMR results for 21F-Phe-labeled double and triple
dominated by motions in a fast time regime. At temperatures mutants showing the temperature coefficient (A), line width change

° ; ; vs temperature (B), and chemical shift changes vs urea concentra-
above 20°C, however, fluctuations of Phes6 in the slow tions at 20°C (C). The inset in (B) shows the population ratio

exchange regime start to dominate, which causes the linechange with temperature for the two conformations of Phe56 in
width to increase slightly with increasing temperature. It the triple mutantAd stands for chemical shift changes.
should be noted that the minor conformation shifts toward
the more favorable major conformation with increasing is similar to that in the triple mutant while the line width is
temperature (Figure 4B, inset) possibly because high tem-slightly less (5-10 Hz on average). In the double mutant,
peratures lower the rotational barrier along tHe-C” axis the line width of Phe56 decreases with increasing temper-
of the phenyl group. ature, indicating fluctuations in the fast time regime.

The double mutant shows two peaks of almost the same Phe74 shows a single peak in both mutants each with
intensity for the two phenylalanines (Figure 2, top). The similar temperature coefficients. In the triple mutant, how-
temperature coefficient of 2F-Phe56 in the double mutant  ever, Phe74 shows dramatic line broadening compared to
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Ficure 5: 1°F NMR results for 4L%F-Phe-labeled C40/82A and P27/40/82A barstar showing the temperature coefficient (A), line width
changes vs temperature (B), chemical shift changes vs urea concentration®a(@0 and line width changes vs urea concentration at
20°C (D).

double mutant (Figure 4B), indicating that Phe74 is sensitive urea denaturation. In the double mutant, however, the line
to the P27A mutation. width of Phe74 increases with increasing urea, indicating
Upon urea denaturation at 2G, the overall chemical shift ~ additional slow motions during urea denaturation. In the
changes are marginal for both mutants (Figure 4C) with eachcourse of urea denaturation of the double mutant, the line
residue changing in the same direction (but not to the samewidth of denatured peak remains unchanged, and there is
extent). Their line widths do not change with urea (data not no overall intensity loss (data not shown). Therefore, the line
shown). broadening of Phe74 in the double mutant is less likely to
Comparison of the Two Mutants at 2Q after Labeling be caused by exchange between the folded and unfolded form
with 4-°F-Phe. After labeling with 41%F-Phe, Phe56 and  but rather due to exhibiting multiple conformers that are in
Phe74 show single peaks for both mutants (Figure 2, middle).intermediate to slow exchange. To test this hypothesis,
The temperature and urea dependence is the same for Phe5S@mperature studies were obtained for protein solutions
in both the double and triple mutant, while Phe74 shows a containing 0, 2.5, and 3.5 M urea (Figure 6). The peak of
dramatically different dependence (Figure 5), suggesting thatPhe74 is dramatically broadened with decreasing tempera-
the P27A mutation has a larger effect on Phe74 than onture, and at 5C, two peaks of almost the same intensity
Phe56. Phe74 shows a larger negative temperature coefficienare observed at 2.5 M urea (Figure 6B). Below°2) cold
and a broader line width change in the triple mutant than in denaturation occurs at 2.5 and 3.5 M urea as shown by Wong
the double mutant (Figure 5A,B), suggesting that Phe74 in (39).
the triple mutant is less restricted by its surroundings and Cold Denaturation and Line-Shape Analysis fof°B-
senses more motional freedom perhaps because of inefficienPhe74 in the Double Mutantt has been shown that, in the
packing due to P27A mutation. The different chemical shift presence ©3 M urea, the double mutant is completely
and line width changes with urea of Phe74 in the triple denatured at 8C (39) usingH, >N, and**C NMR. In our
mutant also demonstrate that the structure and dynamicsstudy, we found that the double mutant is not completely
around Phe74 are quite different in those two mutants (Figuredenatured even at 3.5 M urea atG (Figure 6C). Moreover,
5C,D). we observed conformational exchange of Phe74 in the
The line width of Phe74 in the triple mutant decreases intermediate time scale in 3.5 M urea (Figure 6C). The
with increasing urea, suggesting additional fast motions upontemperature-dependent exchange rate was determined by
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FiGurE 6: Line-shape analysis for W¥F-Phe-labeled double mutant barstar contajrirM (A), 2.5 M (B), and 3.5 M (C) urea at different

temperatures. Black and red spectra represent experimental data and simulation results, respectively. For each temperature, the simulated

region (red) is from—20000 to—17300 Hz (42.52 to—36.78 ppm) assuming two-site equally populated exchange. The peak labeled U
is unfolded, and the one labeled | is a tof glitch. (D) Eyring plot based on exchange rates extracted from simulations.

means of line-shape analysis. On the basis of the observatior(Figure 7B) probably because it is solvent exposed. But the

of two peaks of equal intensity at 2.5 M urea, we assume
two-site equally populated exchange. This model was
adequate to fit all of the data sets except at high urea

concentration and low temperatures. Experimental spectra,

line widths of Trp44 and Trp53 in the triple mutant are
broader than those of their corresponding residues in the
double mutant (Figure 2, bottom, and Figure 7B), which is
consistent with results revealed by#Phe and 4°F-Phe

simulations, and exchange rate constant data in the form oflabeling. Collectively, the data demonstrate that the triple

an Eyring plot are shown in Figure 6. The Eyring plot shows
a linear correlation for two conformational exchanges and
yields activation parameterAH* = 30.6 kdmol~! and
AS = —74 3mol~*K~1at 0 M urea. The plot deviates from
linearity at 2.5 and 3.5 M urea at 2C, below which cold
denaturation occurs (Figure 6D). The deviation may be
related to cold denaturation or a small amount of intermedi-

mutant has greater motional freedom.

For the double mutant, the line width of all of the
tryptophans decreases with increasing temperature, suggest-
ing motions in a fast exchange regime. But for the triple
mutant, the unusual behavior of the line width of Trp53 and
Trp44 at low temperatures (Figure 7B) indicates dynamics
in a slow time regime. This is very obvious at 06 as the

ates that becomes more important at the lower temperaturesbroad peak of Trp53 that is present at higher temperatures

Comparison of the Two Mutants at 2Q after Labeling
with 6-1%F-Trp. In the crystal structure, Trp44 is close to the
P27A mutation site while Trp38 and Trp53 are distant
(Table 1). Further, Trp38 is solvent exposed while Trp53 is
buried.

The temperature coefficientA§/AT) are very similar in
the double and triple mutants for both Trp53 and Trp38 while
Trp44 shows a temperature coefficient of different sign
(Figure 7A). The line width change of Trp38 is negligible

splits into at least three peaks (Figure 8A).

On denaturation as a function of urea at 2D, Trp38
shows similar chemical shift changes in the two proteins as
does Trp53 at urea concentrations below 2.6 M (Figure 7C).
At urea concentrations above 2.6 M, their chemical shift
changes start to deviate, which is caused by the splitting of
the Trp53 resonance in the triple mutant (Figure 8B). Trp44
shows quite different chemical shift changes with urea in
the two mutants (Figure 7C), similar to its temperature
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Ficure 7: 19F NMR results for 6L°F-Trp-labeled double and triple mutants showing the temperature coefficient (A), line width changes
vs temperature (B), chemical shift changes vs urea concentrations’@t (&), and line width changes vs urea concentration &2(D).

Due to splitting, the line width of Trp53 is only plotted to 2.6 M urea. In (B), the line width of the major conformation of Trp53 in the triple
mutant was used at 0.%.

dependence, probably because Trp44 is very close to thethe triple mutant eliminates any complications from isomer-

mutation site 3.8 A). There is no significant line width

ization of Pro27 while allowing exploration of the role of

change with urea concentration for all of the tryptophan the cis/trans isomerization of the remaining proline at
residues in the double mutant as with Trp38 in the triple position 48, which iscis in the native structure. The
mutant (Figure 7D). In the triple mutant, however, Trp44 presumption has been that the additional P27A mutation
shows a decreased line width with increasing urea concentraavould not affect the properties of the protein. We show here
tion as is true for Trp53 up to 2.6 M urea. The line width of that this presumption is not correct. Additionally, we show
Trp53 in the triple mutant broadened at 3.0 M urea due to a that the use of fluorine-labeled amino acids provides detailed
growing shoulder peak which appears at 1.8 M urea information about side chain behavior which may not be
(Figure 8B), which increases relative to the left side major obvious from other NMR techniques.

peak. Those two peaks persist even at high urea concentra-

Table 1 shows the distance of Pro27 to the residues that

tions (0.5%-1% total intensity, Figure 8B) suggesting paye peen labeled with fluorine. Only the fluorine group of
residual native-like clusters in the unfolded state. The P27A 6-1%F-Trp44 is close to the P27A mutation site while others

mutation causes structural and dynamic changes not only to, .o gistant £12 A). Yet the effect of the P27A mutation is

the local residue (Trp44) but also to the core residue Trp53
which is ~18 A away from the mutation site, while the
influence at Trp38 €14 A away), which is exposed to

solvent, is relat

DISCUSSION

The double (C40/82A) and triple (P27A C40/82A) mutants

ively small.

' profound as measured by the chemical shifts and line widths
of the labeled amino acid residues. The behavior of each of
the labeled residues is discussed below.

2- and 4%°F-Phe56.The asymmetry of°F-Phe substituted
in the 2 fnetg position provides a way to examine the side
chain environment along the edge of the phenylalanine and
any restriction of ring flipping. Figure 2, top, shows two

of barstar have been extensively used in studies of thepeaks for the triple mutant but not the double mutant,
structure, dynamics, and folding. Both proteins eliminate the suggesting that ring flipping is slow on the NMR time scale
possibility of forming intermolecular disulfide bonds while at 20°C. Thus this residue exists in two conformations with
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Ficure 8: 19F NMR spectra for the 82F-Trp-labeled triple mutant

as a function of temperature (A) and urea at°20(B). The peak
labeled U and the shoulder of W38 are from unfolded-like species.
The peak labeled | is a transmitter offset frequency glitch, and the
peaks labeled with an asterisk aré’8-Phe used as reference. The
labels 10< and 5« stand for 10 and 5 times scaled to the spectrum
immediately below it.

unequal populations with a high barrier to their intercon-
version. The resonance of'#-Phe56 in the double mutant
is superimposable with the major conformation in the triple
mutant (Figure 2, top), suggesting that the rotation &i=2-
Phe56 in the double mutant is restricted on the NMR time

Li and Frieden

tronegative fluorine nucleus and relatively negative indole
ring may determine the conformational orientation witHR2-
pointed away from the indole ring. Depending on the
tightness of protein packing and subtle environmental
changes, however, the 2-position of Phe56 may adopt a
conformation other than pointing away from the indole ring.
For this reason, the 2-position of Phe56 may adopt two
conformations in the triple mutant. The major peak at
—45 ppm, which reflects less shielding effect from the indole
ring, could be assigned to the conformation with the
2-position away from the indole ring while the minor peak
at—45.7 ppm, which reflects a larger shielding effect, could
be assigned to the other conformation.

The restricted rotation of Phe56 in both mutants is
probably not influenced by fluorine labeling but is an inherent
property of unlabeled Phe56. This conclusion is based on
the following reasons. First, chemical shift degenera)y (
does not necessarily lead to the conclusion that exchange
among different conformations is fast. Rather, it only
suggests that different conformations sense the same net
magnetic environment. Second, based on the analysis of the
crystal structure, the partially positively charged hydrogen
on the edge of the Phe56 interacts favorably with the
negatively charged indole face of Trp53. Rotation of Phe56
to allow the other edge to interact with indole face would
have to overcome an energetically unfavorable state with
Phe56 transiently stacking on the face of Trp53. Third, ring
flipping is a large amplitude motion involving major re-
arrangements of its surroundings. A fluorescence study of
the Trp38/44Phe mutant suggests that the environment of
Trp53 is very rigid 40), and our NMR studies confirm this
finding. Finally, the result revealed BYF NMR is consistent
with molecular dynamics (MD) simulations that only ring
flipping of F74 is energetically possiblél).

Although the P27A mutation causes a dramatic influence
along the edge of Phe56, it has little effect along thie- C’
axis of Phe56. The small temperature coefficient 3P
Phe56 is an indication that its 4-position is strongly associated
with its surroundings and that its movement other than
rotation is highly restricted. This also accounts for the
observation that the line width of Phe56 is almost unchanged
with temperature and urea denaturation (Figure 5). On the
basis of the X-ray crystallographic structure of barstar, the
restriction may be imposed by the methyl group of Ala67
and the backbone of Ala67 and Glu68 since they are less
than 4.5 A from the 4-position of Phe56 and they themselves
are highly restricted with order parameters larger than 0.85

scale as well. It had previously been suggested that the(41). Since the environment of Trp53 is very rigidQd) and

aromatic rings of both Phe56 and Phe74 flip rapidly on the

the rotational motion of Phe56 is restricted, we speculate

chemical shift time scale since the 2- and the 3-protons of that those restrictions could influence motion other than

Phe56 and Phe74 of wild-type bast2) and the C40/82A
mutant @) have degenerattH chemical shifts. However,
our F NMR study indicates that the rotational motions of
2-1%F-Phe56 are slow on the NMR time scale witi°B-
Phe56 adopting two conformations in the triple mutant,
probably due to loose packing, and one conformation in
double mutant.

On inspection of the X-ray crystallographic structure of
barstar (PDB entry 1A19)1j, Phe56 and Trp53 adopt an
edge to face conformation with the 2-proton of Phe56 on
top of the indole ring of Trp53 (Figure 1). With PF-Phe
labeling, electrostatic interactions between the highly elec-

flipping of Phe56 as Phe56 and Trp53 adopt a face-to-edge
conformation with the distance between the edge of Phe56
and the center of Trp53 less than 4.5 A.

2- and 41°%F-Phe74.Unlike the response of Phe56 to the
P27A mutation, Phe74 sensed the P27A mutation along both
its edge and its axis. In general, Phe74 is structurally and
dynamically more perturbed in the triple mutant, and there
is a more profound effect toward cold denaturation than
Phe56 (see below). The influence along tHe-C axis is
more apparent than that on the edge. As the 4-position of
benzyl ring would not sense any environment change through
flipping along the €—C axis, its chemical shift and line
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width changes in response to temperature may reflect two 100 ~-rrrr—r—rrr—r—r—rr—r—r—prr—r—rrrr—r—rrrrrrrrrr
possibilities: either an indication that the spatial orientation i
of the rotation axis of 4°F-Phe74 varies somewhat during | ]
the rotational movements or that there are fluctuations in 80 [ - -
the environment. The hydrophobic core in barstar is com- i T
posed of 10 leucines, 3 valines, 4 isoleucines, Trp53, Phe56
Phe74, Ala3, Ala67, and Ala772). Among the residues
whose side chains are5 A to the 4-proton of Phe74 are
Leu20, Leu24, Leu3d7, Leudl, Leu51, and Val70. Their
methyl groups exhibit a wide range of dynamic behavior
according to molecular dynamics simulationl)( The
mobility of the side chains around Phe74 could be related aE i -
to the temperature and urea denaturation behavior of Phe74= [
regarding both edge and axis orientation. Thus, different
experimental observations of fluctuations provide information
about the dynamics of the hydrophobic cluster in the protein T L
o ) ! ) 0

interior. Moreover, the fluctuations manifested by the side 0 5 10 15 20 25 30 35 40
chain of Phe74 are not just localized but susceptible to long- .

range effects from distant mutations (12.6 A). Temperature (°C)

It is interesting to note that for both the!%=- and 43F- Ficure 9: Normalized unfolded population in the cold denaturation

. of the 449F-Phe-labeled double mutant in 2.5 and 3.5 M urea as a
Phe-labeled triple mutant (but not the double mutant), there ¢, 01 of temperature.

is a major dynamic transition at 1 for Phe74 (Figures
4B and 5B); i.e., below 10C exchange in a slow regime  eqarging the number of exchange species and their popula-
dominates while exchange in the fast range dominates abovg;gn, ratios.

10 °C. This observation may explain the phenomena
described previously1Q) that the triple mutant showed
smaller amplitude in the near-UV CD signal at 10 and
there were small differences in the fine structure relative to
the double mutant. Our work indeed shows that the P27A
mutation changed the dynamic behavior of the most buried

side chain (Phe74) even though the 4-position of Phe74 IScecond helices and near the end of the seas fand,

12.6 A away from the ring center of Pro27. whereas the C-terminal region (Asn65 to Ser89) is in a
ThermOdynamiCS of Phe74 in the C40/82A Double Mutant. random coil Conformationw)_ Our %F NMR results are
The conformational exchange for Phe74 shows a lower not totally consistent with the above observations. First, even
activation barrier than the ring flipping in other systerh#- taking into account that 2F-Phe labeling makes the protein
21) and a very smalAS value (~74 3mol"*-K~1in 0 M slightly more stable, the protein is not completely denatured
urea). Due to the small temperature range studied, theat 5°C in the presence of 3.5 M urea (Figures 6C and 9),
activation entropyAS') derived from Erying plots could be  suggesting that side chain interactions are sometimes more
associated with considerable uncertainty; nevertheless, theesistant to denaturation than interactions involving the
sign and magnitude oAS" at 0 M urea suggest that, in the packbone, an observation also made in the study of the urea
transition state of the conformational exchange, Phe74 isdenaturation of the intestinal fatty acid binding proted, (
more ordered as a consequence of interaction with other43). Second, in addition to the presence of the native-like
residues. It may also indicate a transition state with solvent phe56 resonance at %, the residual structure persists
reorganization, i.e., coordination of additional solvent. The around Phe74, which undergoes conformational exchange
transition state of ring flipping, however, is completely on an intermediate to slow time scale (microsecond to
different. Ring flipping is related to the larger amplitude of millisecond). As their chemical shifts (in 3.5 M urea at
breathing through displacing neighboring groups to releases °C) are similar to those under native conditions, the residual
the steric hindrance opposing the rotational motions. In other structures formed around the side chains of Phe56 and Phe74
words, the transition state for ring flipping is less ordered are native-like, which is not consistent with the conclusion
than the ground state. This aspect of ring flipping could drawn from previous studies39). The cold denaturation
explain the large positive value reported for most ring results 89) also show a discrepancy with the urea denatur-
flipping processes. However, some ring flipping reactions ation of barstar when the propensities of the secondary
do have negativé\S". The reported smallest value &S structure of the residual structure during unfoldiddg)(are
for ring flipping is —16.7+ 4.2 3mol*-K~*in the study of  investigated. Although the discrepancy may be due to
BPTI (21), while other well-characterized ring flippings of  different denaturation methods, neither of the two studies
BPTI, cytochrome, and iso-cytochrome exhibit AS" values consider that whatever the propensity of secondary structure

lded population (%)
2
1
L

IS
S
T
1

Cold Denaturation of the Double Mutantt has been
reported that, in the presencE3oM urea, the double mutant
can be completely denatured at@ (39). Studies based on
NOEs, chemical shift deviations, andun-na coupling
constants have suggested residual structure in this cold
denatured barstar in regions corresponding to the first and

between 96 and 30%rol K1 (21). is, it is probably initiated by the more stable side chain
In the triple mutant, Phe74 also shows motions other than interactions.
ring flipping in the intermediate to slow time regime It might be noted that urea frequently induces cold

(Figure 5B). Yet no line-shape analysis was performed on denaturation45). Studies of the side chain residual structure
Phe74 in the triple mutant due to lack of information using *°F-labeled amino acids may be complementary to
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NMR studies at very cold temperatures in reverse micelles ACKNOWLEDGMENT

as has been studied by Wand and co-worké6; 47).
TryptophansThe P27A mutation has little effect on Trp38,
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which is exposed to solvent and distant (14 A) from the analytical ultracentrifugation experiments, Mr. Bob Horton
mutation site. Structural and dynamic changes, however, arefor technical assistance, and Dr. Ralph Golbik for providing
observed for both Trp44 and Trp53, even though the latter the P27A C40/82A plasmid.

is also distant (18 A) from the point of the mutation. In

addition, the P27A mutation also causes changes in folding SUPPORTING INFORMATION AVAILABLE

properties as the residual structure around Trp53 was

One figure containing®F NMR assignments. This material

observed in the urea-denatured triple mutant (Figure 8B). is available free of charge via the Internet at http:/
It has been shown by fluorescence that the hydrophobic pubs.acs.org.

burial of aromatic side chains is slightly increased when
studying cold and heat renaturation of the triple mutafy.(

In Figure 8B, we observed some residual structures at high
urea concentration (7.6 M) in the triple mutant, perhaps
complement to the aforementioned fluorescence reslMs (
that a small amount of native-like Trp53 accounts for the
burial. The two conformations of Trp53 (Figure 8B) may
indicate increased dynamics or dynamics of its environment
of a native-like cluster on a slower NMR time scale at high
urea concentrations.

Urea Unfolding of Barstar Is Sequentiah full under-
standing of folding/unfolding requires examination of all
interactions involved such as backbone conformation, hy-
drogen bonding, electrostatic and hydrophobic forces. NMR
is probably one of few means to be approaching this goal.
Recent work includes the study of BB&&) and our previous
work of IFABP using?*N and °F NMR (42, 43). Those
studies suggest an unsynchronized unfolding pathway.
Barstar, as suggested by the continuous chemical shift
changes with urea (Figures 4, 5, and 7), provides another
example that structural changes occur before complete
unfolding, consistent with the study of Lakshmikanth et al.
(49) using the time-resolved fluorescence resonance energy
transfer method. The results also demonstrate noncoincident
unfolding transitions in different parts of the protein as
suggested by the different pattern of chemical shift changes
for different resonances.

In conclusion®F NMR provides a useful means to study
protein conformational changes. Important information,
which may not be accessible by other techniques, can be
extracted from apparently simple data sets such as chemical
shift and line width changes. This kind of study is especially
useful in the folding/unfolding studies as protein structure
changes with time or denaturant, which other NMR tech-
nigues may fail to follow due to chemical shift overlap. Most
importantly, it also provides site-specific side chain informa-
tion which is rarely accessible by other methods. In this
study,’F NMR reveals that the effect of the P27A mutation
propagates structural, motional, and folding changes to distant

core residues. This study may suggest a general phenomenon

in that the interior of a protein forms a dynamic network.

Residues in the protein core appear to sense changes in the

dynamic network from distant regions of the protein, such
as Pheb56 senses the mutation of P27A from the edge (2-
substitution) not the axis (4-substitution). This could be very
important in folding of small proteins if core residues form
native contacts first resulting in stabilization of those residues
which are distant from the core.
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