5662 Biochemistry2000, 39, 5662-5671

Probing the Multidomain Structure of the Type | Regulatory Subunit of
cAMP-Dependent Protein Kinase Using Mutational Analysis: Role and
Environment of Endogenous Tryptophans

Darryl A. Leon} Jaume M. Canavesand Susan S. Taylor*

Department of Chemistry and Biochemistry, 0654, ddnsity of California, San Diego, 9500 Gilman s,
La Jolla, California 92093-0654

Receied December 8, 1999; Rised Manuscript Recegéd February 25, 2000

ABSTRACT. The regulatory R-subunit of cAMP-dependent protein kinase (CAPK) is a thermostable
multidomain protein. It contains a dimerization domain at the N-terminus followed by an inhibitor site
that binds the catalytic C-subunit and two tandem cAMP-binding domains (A and B). Two of the three
tryptophans in the Rl subunit, Trp188 and Trp222, lie in cAMP-binding domain A while Trp260 lies at

the junction between domains A and B. The unfolding of wild-type. Rit-RI1), monitored by intrinsic
fluorescence, was described previously [Leon, D. A., Dostmann, W. R. G., and Taylor, S. S. (1991)
Biochemistry 303035 ()]. To determine the environment of each tryptophan and the role of the adjacent
domain in folding and stabilization of domain A, three point mutations, W188Y, W222Y, and W260Y,
were introduced. The secondary structure of wt-RIl and the point mutants has been studied by far-Uv
circular dichroism spectropolarimetry (CD). The CD spectra of wt-RI and the three point mutants are
practically identical, and the thermal unfolding behavior is very similar. Intrinsic fluorescence and iodide
guenching in the presence of increasing urea established that: (a) Trp222 is the most buried, whereas
Trpl88 is the most exposed to solvent; (b) Trp260 accounts for the quenching of fluorescence when
CcAMP is bound; and (c) Trp222 contributes most to the intrinsic fluorescence of the wt-RI-subunit, while
Trpl88 contributes least. For wt-RI, rR(W188Y), and rR(W260Y), removal of cAMP causes a
destabilization, while excess cAMP stabilizes these three proteins. In contrast, rR(W222Y) was not stabilized
by excess cAMP.

The major receptor for cAMHAN eukaryotic cells, CAMP-  teolysis, was subsequently confirmed using recombinant
dependent protein kinase (cCAPK), is present in all mam- techniques%). The N-terminus is a requirement for dimer-
malian tissues, and regulates a wide variety of metabolic ization 6—10) and for anchoring or docking at specific
processes. In the absence of cAMP, cAPK exists as ansubcellular locations10—13). A dominant feature of this
inactive tetramer consisting of a dimeric regulatory (R) structure is two tandem cAMP-binding domains at the
subunit and two catalytic (C) subunits. Binding of CAMP to  C-terminus, desighated as A and B4( 15. These two
the R-subunits causes the tetrameric complex to dissociatecAMP-binding domains, presumably resulting from gene
into an R-dimer and two free C-subunits. In addition to its duplication, show extensive sequence similarity and bind
role as an inhibitor of the C-subunit, the R-subunit anchors cAMP cooperatively 16, 17.

the holoenzyme to specific intracellular site®),(and it A model for each cAMP-binding domain was proposed

prevents the C-subunit from entering the nucleg)s ( based on the crystal structure of the homologous catabolite
Although several forms of R-subunit are expressed, all gene activator protein (CAP) frof. coli (18), and subse-

have a conserved and well-defined domain structéeThis quently the crystal structure of a deletion mutant was

domain structure, characterized originally by limited pro- getermined 19).
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EXPERIMENTAL PROCEDURES subtraction and conversion of observed ellipticities (mdeg)
. . . ) , to mean residue ellipticities (degn’-dmol) was performed

MutagenesisMutations were introduced using the oligo- ,qjng the AVIV CDS program. Fast Fourier Transform filter
nucleotide-directed in vitro Mutagenesis System (Amersham) smoothing of the curves was performed using the Microcal
in the M13 vector pUC18 that contained the RI-geRé)( Origin version 3.5 program.

Oligonucleotide primers were synthesized on an Applied Preparation of Proteins for Fluorescence Measurements.
Biosystems DNA Synthesizer. The resulting mutant clones g,k solutions 58 M urea and 16.7 mM cAMP were
were identified by DNA sequencing of randomly picked prepared in Buffer A and/or Buffer B (Buffer A without
plaques following transformation d. coli IMIOL. DNA k) The 8 M urea solutions were used within a week of
sequen_cing was carried out qccording to thg dideoxy methOdpreparation. Ta 3 M KI, 3 M NaCl, and 10 mM sodium
(29 using Sequenase (United Statgs B'OChem'Pa')- Thethiosulfate were prepared in Buffer B. All of the solutions
mutant RI-genes were expressedeincoli 222 according to were made with reagent grade or higher grade chemicals and
Saraswat et al.2g). _ filtered prior to use.

Purification of ProteinsThe wild-type (wt-RI) and mutant Equilibrium Dialysis. cAMP binding was measured by
proteins were purified by anion exchange chromatography equilibrium dialysis in a 25@L eight-cell chamber apparatus
(1) or by affinity chromatography using cAMFagarose resin  (Hoefer Scientific). The binding reaction mixture (200)
(Diller et al., unpublished results). For the second process, containing RI-subunit dimer (ZM) and CAMP (4uM) was
cell homogenates were subjected to two ammonium sulfatepjaced in one side of the dialysis membrane, and200f
precipitation steps. The pellet resulting from a first precipita- pinding buffer (8«M [3H]cAMP, in 100 mM MOPS, 5 mM
tion with 30% ammonium sulfate was discarded, and the g.mercaptoethanol, 1 mM EDTA, and 150 mM KCI) was
ammonium sulfate concentration in the supernatant wason the opposite side. The RI-subunit dimer was denatured
increased to 60%. The pellet resulting from this second ith 4.5 M urea for 3 h, and then incubated in the reaction
precipitation was resuspended, incubated overnight with the chamber at 25C for 16 h. Ten microliter aliquots were
CAMP-resin, and eluted with an excess of CAMP at room transferred into scintillation vials and counted in 5 mL of
temperature. Recombinant C-subunit (isoform 1) was puri- gcolume (ICN). All measurements were done in duplicate.
fied as described by Herberg et a27]. Purified proteins Urea Unfolding of the RI-SubunitBroteins (0.5-1.0uM)
were concentrated using Centricon-10 concentrators andyere unfolded in various concentrations of urea-§oM)
stored in 50% glycerol at-80 °C. Protein purity was  for 3 h atroom temperature. Overnight incubation produced
confirmed by SDSPAGE in 12.5% acrylamide gels. no additional changes in the fluorescence emission. Fluo-

Preparation of “Stripped” Rb.. To remove the tightly  rescence measurements were carried out in 1 cm quartz
bound cAMP from the R-subunits, purified proteins were cuvettes at 23C using a Hitachi F4010 fluorometer. Samples
incubated with 8 M urea in 5 mM MOPS, 0.5 mM EDTA,  were excited at 293 nm, and tryptophan emission was
100 mM KClI, and 5 mMB-mercaptoethanol, pH 7.0 (Buffer  monitored from 300 to 450 nm. Fractional unfolding curves
A), for 3 h. A Pharmacia NAP-10 column, prepacked with were constructed assuming a two-state model, and using the
Sephadex G-25 and equilibrated v@ M urea in Buffer A, following relationships:
was used to separate the protein from the cAMP. After

pooling the peak fractions containing RI-subunit, urea was FvtF,=1
removed by dialysis against Buffer 2§). Since the RI-
subunit is more labile to proteolysis when cAMP is not bound Fuo=1-[(R—R)/(R-— R))]

or when it is not part of a holoenzyme complex3),
experiments were performed within 2 days after preparing whereFy is the fraction of unfolded proteiffry is the fraction
stripped RI-subunit. of folded proteinR is the observed ratio of intensity at 353/
Determination of Extinction Coefficient§he absorbance 340 nm at various urea concentrations, &Rdand Ry
spectra of all protein samples Q.25 mg/mL) were measured represent the values &ffor the folded and unfolded states,
in Buffer A in a Hewlett-Packard Diode Array spectropho- respectively.
tometer. Absorbance scans were performed from 240 to 300 Potassium lodide (KI) Quenchingluorescence measure-
nm with a 1 cmpath length cell. Concentrations were ments were carried out on samples containing the follow-
determined from either amino acid analysis and/or the ing: RI-subunit (0.5«M), KI (0—0.3 M), and selected urea
Bradford method (Coomassie Protein Assay Reagent, Pierceconcentrations (0, 3, and7 M). Kl was dissolved in Buffer
Biochemicals). Experimental extinction coefficientds\fere B. Since }~ absorbs in the region of tryptophan fluorescence,
calculated using the Beet.ambert Law. a small amount of sodium thiosulfate (0.1 mM) was added
Circular Dichroism (CD) Waelength Measurements and  to the Kl solution. lonic strengthu(= 0.3) was kept constant
Thermal UnfoldingProteins (0.05 mg/mL) were in 25 mM  with NaCl. The fluorescence quenching data were plotted
potassium phosphate buffer and 2 mM EDTA, pH 6.8. using the SterrnVolmer equation:Fo/F = 1 + K[X], where
Circular dichroism measurements were performed on anFJ/F is the fractional decrease in fluorescence due to
AVIV 202 CD spectropolarimeter using a 0.1 cm path length dquencher X an& is the Stern-Volmer quenching constant
microcuvette (4QuL capacity). CD spectra were scanned at (29). The fraction of tryptophan fluorescence quenched was
25 and 80°C from 260 to 190 nm, at a 0.2 nm resolution then estimated by plotting the fluorescence quenching data
and integration time of 4 s. For thermal unfolding curves, against the quencher concentration using the modified Stern
samples were scanned at Z20/h from 30 to 8C°C using a Volmer equation:
20 s integration time. Each measurement was performed in
triplicate. Deviations between scans were negligible. Baseline FJ/AF = 1£KIQ] + 1,
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Ficure 1: Summary of the domain structure and tryptophan mutants of the type | regulatory subunit of the cAMP-dependent protein
kinase, based on the crystal structure of the Rlibunit (PDB accession code 1RGS). (A, top) Schematic diagram showing the location of
the N-terminal dimerization domain (red), autoinhibitor region (yellow), cAMP-binding domains A and B (green), and mutation sites on
residues Trpl188, Trp222, and Trp260. (A, bottom) Ribbon diagram showing the relative location of tryptophans 188, 222, and 260. (B)
Trpl188 is located on a surface loop betwegstrandsfp4:A and 85:A. (C) Trp222 is located on thg8:A f-strand, deeply buried in
cAMP-binding domain A. (D) Trp260 is located on thé\:B helix, which is located in the cAMP-binding domain B.

whereF, is the fluorescence in the absence of quenchEr, Table 1: Absorption Properties of Wild-Type and Mutant
is F, minus the fluorescence observed in the presence of aRI-Subunits

quencherf, is the fraction of accessible tryptopharks,s theoreticakagy Observedagy

the Stern-Volmer constant of quenching, and [Q] is the  protein ~ A*° 280nm/260nm (M~'cm™)  (M~*cm™)

molar concentration of quenche3(). Ry(CAMP), 1.05 0.9 7.3x 10 1.00x 10°

stripped Rl 0.96 2.1 6.5 10 9.2x 10

RESULTS w188Y 1.00 1.2 6.6¢ 10* 4.7 x 104

) - ) ) w222Y 0.76 1.4 6.6< 10* 7.3x 10

Protein Purification. A ribbon diagram based upon the w260y 0.79 1.2 6.6< 10* 7.6x 10¢
crystal structure of the Rl regulatory subunit of protein aThe A2 c,5, and 280/260 nm determinations were performed in

kinase A is shown in Figure 1A. Three mutants in which Buffer A. The protein concentration (1.0 mg/mL) was based on amino

tryptophan residues 188, 222, and 260 were replaced byacid analysis.

tyrosines (Figure 1A cartoon) as well as the wt-RI-subunit

and cAMP-stripped R-subunit were prepared as describedobserved 260/280 nm ratios were high because the cAMP-

under Experimental Procedures. Proteins were purified to binding sites remain fully saturated when the protein is

apparent homogeneity, based on SIPAGE. Typical yields purified.

were 8-15 mg/L of cell culture. Holoenzyme FormationAll three mutant R-subunits
General Physical Properties of the Tryptophan Mutants. formed holoenzyme when dialyzed with C-subunit at a rate

Since tryptophan and tyrosine side chains have similar that was the same as wild-typedR(data not shown). The

average buried volumes and hydrophobicities, the amino acidholoenzymes were activated completely after the addition

replacement was not expected to significantly disrupt the of cAMP. All K,'s for activation by cAMP were less than 1

native folding 81, 32). Tryptophan replacement by tyrosine uM.

will, however, affect the absorbance. Therefore, the molar  Ewvaluation of Changes in Secondary Structure by Circular

extinction coefficients at 280 nneggo (M % cm™2), for the Dichroism.To evaluate whether the mutant RI-subunits had

native and mutant proteins were determined (Table 1). The similar global secondary structures, the far-UV CD spectrum
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FIGURE 2: Low-temperature circular dichroic spectra of wild-type Ficure 3: High-temperature circular dichroic spectra of wild-type
and tryptophan mutant proteins. The circular dichroic spectrum of and tryptophan mutant proteins. The circular dichroic spectrum of
each protein is designated as follows: wild-typexRD), W188Y each protein is designated as follows: wild-typetRD), W188Y

(v), W222Y (»), and W260Y [0). Protein concentration was 0.05  (v), W222Y (), and W260Y [J). Protein concentration was 0.05
mg/mL. The circular dichroic spectrum was scanned from 260 to mg/mL. The circular dichroic spectrum was scanned from 260 to
190 nm at 25°C. Mean residue ellipticity is shown as a function 190 nm at 80°C. Mean residue ellipticity is shown as a function
of wavelength. of wavelength.

of each protein was measured as indicated. The CD spectra_~
of the wild-type R-subunit and the tryptophan mutants
showed two minima at 209 and 222 nm, indicating a high
content ofo-helix. At 25 °C, the mutants had CD spectra
practically identical to that of the wild-type protein (Figure
2); therefore, it was concluded that the global secondary
structures of the mutant proteins were not affected in a major
way by the point mutations. The spectra of the mutants at
high temperature (Figure 3) were also very similar.

Even in the absence of detectable differences in secondary =

lipticity (deg.cm 2.dmol ™!
()]
(=]

structure, thermal denaturation is a sensitive method that ";
permits the detection of changes in the cAMP-binding 2
properties of the R-subunits (unpublished observations). &

Therefore, we resorted to this technique to assess possible
changes in the cAMP-binding properties of the tryptophan
mutants.

Estimation of Thermal Stability by CDrhe thermal
stability of the point mutants was assessed from CD thermal 15000 L
unfolding profiles recorded at 222 nm. The wt-RI-subunit 30 40 50 80 70 80
showed a remarkable thermal stability: even at°80it Temperature (°C)

Staye_d In Sqlutlon and iis secondary structure was still partly Ficure 4: Thermal denaturation profiles of wild-type, stripped,
o-helical (Figure 3). - , _ and tryptophan mutant proteins. Wild-typedR{O), W188Y (v),

Flgure 4 shows the thermostablllty of Strlpped wt-RI In w222y (»), W260Y @), and stripped wild-type R without ()
the presence or absence of cCAMP compared to that of nativeand with cAMP @). Samples (0.05 mg/mL) were scanned at 20
wt-RI and the tryptophan mutants. Removal of cAMP °C/h from 30 to 80°C using a 20 s integration time. Ellipticity
(stripping) from the dimeric wt-RI resulted in a biphasic Was monitored at 222 nm.
profile, corresponding to precipitation of the protein, with a not remain in solution at high temperature. Additional
Tmof 45°C. Addition of cCAMP to the stripped wt-RI-subunit  experiments under conditions which perturbed the binding
produced a shift of th@,, from 45 to 62°C. Although the of cAMP but had no effect on the secondary structure of
loss of thermal stability produced by stripping could be the protein as evaluated by CD, like lowering the pH to 4.0,
partially corrected by the addition of cAMP, the protein did showed the same loss of thermal stability (results not shown).

Mean R
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CAMP, theAmax Of wild-type RI, W188Y, and W222Y, but
not W260Y, exhibited a small shift to the blue, indicating
that the environments of Trp260 became more hydrophobic.

Denaturation with UreaThe changes in intrinsic protein
fluorescence of the various R-subunits using urea as a
denaturant are shown in Figure 7. The unfolding process can
be divided into two components. First, between 0 and 3 M
urea, there was an increase in the fluorescence intensity at
340 nm with no major shift in wavelength. Second, between
3 and 8 M urea, there was a shift in thgax from 340 to
353 nm, corresponding to the global unfolding of the protein
and a loss of cCAMP.

As shown previouslyY), the fluorescence intensity of the
unfolded wt-RI was greater than the intensity of the native
form. This kind of behavior is opposite to what is observed
in most proteins 33). For the wt-RI, there was a 35%
increase in fluorescence as the urea concentration increased
FicurRe 5: Comparison of the fluorescence emission spectra of wild- tg 3 M. As shown previously, this did not correspond to a
Eﬁpnﬁaﬁﬂﬁlmfgﬂggg mm}{taa?]ﬁ gg%g&‘fb@%&?gﬁf%&gY release of bound cAMP since cAMP binds with the same
mutants were excited at 293 nm at 23. The buffer contained 5  high affinity in the presencef@® M urea (). The W188Y
mM MOPS, pH 7.0, 0.5 mM EDTA, 100 mM KCI, and 5 mM  and W260Y mutants showed a 25% and a 12% increase in
B-mercaptoethanol. Each protein (@51 R-dimer) was saturated  fluorescence, respectively. In contrast, for the W222Y
with cCAMP. mutant, there was a 3% decrease in fluorescence when the

) __urea concentration increased to 3 M.
The thermal denaturation scans at pH 4 showed a tra_nsmon The mutation of residue Trp188 did not significantly alter
with a T, of 62 °C for Rl at low pH (not shown), which e increase in fluorescence observed in the wt-RI-subunit,
was in agreement with thE, of stripped Rl after the addition  yhjch implied that residues Trp222 and Trp260 were mostly
of CAMP. responsible for that increase. The effect of mutations on

On the other hand, the wt-R-subunit and the tryptophan residues Trp260 and Trp222 indicated that the increase in
mutants stayed in solution, supporting the notion that the fiyorescence intensityt& M urea was mainly due to changes
introduction of the tryptophan point mutations is not jn the environment surrounding Trp222 (Figure 7). There
Signiﬁcantly altering the thermostability Of the R'Subunit. were minor but Consistent Changesmx during th|s first

Comparison of the Fluorescence Emission Specite phase of the unfolding process. There were small shifts to
fluorescence emission from a protein depends on both theplue (1.5 and 1 nm) for the W188Y and W260Y mutants,
number of tryptophans and the environment of each tryp- and a shift to red (5 nm) for the W222Y (indicated by arrows
tophan. Normally, each tryptophan does not contribute in Figure 7) when the urea concentration was increased. Since
equally to the total protein fluorescence. The three tryptophan each mutant is in fact monitoring the environment surround-
mutants allowed us to determine the contribution that each ing the two remaining tryptophan residues, the observed
tryptophan makes to the overall fluorescence of the native shifts in Amax (Admax = Amad™ — Ama™) are the sum of the
RI-subunit. All showed a maximum fluorescence emission shifts corresponding to both residues. This can be system-
at 340+ 2 nm, and each tryptophan to tyrosine mutant had atized in the following equation system:
less fluorescence than the wild-type RI-subunit (Figure 5).

The contribution from each tryptophan in the native protein W188Y _ w222 W260__ _
was as follows: Trp188, 10%; Trp222, 65%; and Trp260, Amax Almas " Mma 1.5nm

[o23
o

o
o

20

Relative Fluorescence

300 325 350 375 400 425 450
Wavelength (nm)

250%. Almaxwzzz\(: A;Lmaxwws + Almaxwzeo: +5nm
Effect of cAMP on Intrinsic Fluorescence of the Nati W260Y WigE W222
R-Subunit.To determine how cAMP binding affects the Al nax =Alpax T Alpay - =-—15nm

fluorescence of each mutant, the wild-type and mutant

proteins were stripped of endogenous cAMP as describedwhich performing Gaussian elimination giv&g,gs= +2.75
previously 8). This was necessary because the R-subunits,nm, Ad,; = —3.75 nm, andAd,e = +2.25 nm. Thus, the
when isolated, remain fully saturated with CAMP. Using 0.25 environments surrounding Trp188 and Trp260 become more
uM stripped R-subunit, maximum fluorescence quenching polar whereas the surroundings of W222 become more
was obtained with kM cAMP. This indicates that all four  hydrophobic, therefore explaining the increase in the emis-
CAMP-binding sites in the R-dimer were functional. TKgs sion of Trp222 and the unusual behavior of the RI regulatory
were also less than AM. subunit at low urea concentrations.

Approximately 25-30% of the fluorescence of the stripped During the second phase of the unfolding process (at urea
wild-type RI-subunit was quenched by cAMP (Figure 6). concentrations over 3 M), the W188Y and W260Y mutants
The stripped tryptophan mutants W188Y and W222Y both showed a decrease in fluorescence intensity with respect to
exhibited quenching similar to the native protein, but only control conditions when they are unfolded, while W222Y
5% quenching was observed for the W260Y mutant. showed the opposite behavior. Unfolding of the W222Y was
Therefore, it was concluded that cAMP specifically quenched accompanied by an increase in fluorescence intensity, which
the fluorescence associated with Trp260. In the presence ofimplied that the unusual behavior of Rl at higher urea
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FIGURE 6: Fluorescence spectra of stripped RI-subunit in the absence and presence of cAMP. Each designated RI-subuRitdOrter)
was denatured, stripped of CAMP, and renatured as described under Experimental Procedures. The fluorescence emission was then measurec
in the absence (A) and presence (B) of 150 mM cAMP in Buffer B, pH 7.0.
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Ficure 7: Tryptophan fluorescence spectra of the wild-type and mutant RI-subunits at various urea concentrations. The urea concentrations
are indicated on each spectrum. The protein sampleg:((@)5wvere excited at 293 nm at Z& in Buffer B, pH 7.0. Arrows in the W188Y,
W222Y, and W260Y panels indicate the direction of the shiftjp. that accompanies the increase in urea concentration from 0 to 3 M.

concentrations was due to either Trp188 or Trp260. The that this residue is responsible for the unusual spectroscopic
Trp188 mutant showed practically no difference in fluores- properties of the wt-RI protein at high urea concentrations.
cence intensity between the folded and unfolded forms, which  The purified wt-RI dimeric subunit contains four CAMP-

is consistent with the peripheral location of the residue binding sites that remain fully saturated despite exhaustive
according to the crystal structure. On the other hand, the dialysis, anl 8 M urea is required to fully strip cAMP from
unfolded Trp260 mutant showed a marked decrease inthe proteins27). The tryptophan mutations did not decrease
fluorescence with respect to the folded form, which suggeststhe binding of CAMP to any of these purified mutant proteins.
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Ficure 8: Unfolding curves for the RI-subunits as a function of urea concentration. The data were taken from the fluorescence spectra in
Figure 7. The R-subunit dimer proteins (Q:51) were denatured in the absence of excess cAMP (hollow symbols) or in the presence of
150 mM excess cAMP (filled symbols).

Although CD results strongly suggested that there was no Table 2: Midpoint Concentration&g) of Unfolding of Wild-Type
change in the cAMP-binding properties of the tryptophan and Mutant Forms of the RI-Subunit of cAMP-Dependent Protein

mutants, this point was confirmed by adding excess cAMPp Kinasé

to the mutant R-subunits in the absence of urea (results not protein Cin(M) Cn (M) + 1504M cAMP
shown). If both cAMP-binding sites were not fully saturated,  RI-subunit 5.040.2) 5.8 ¢0.2)

a quenching of fluorescence would be expected, as previously RI-subunitstripped  3.8%0.1) 5.8 (0.2)
shown with the stripped proteins. Conversely, rR(W188Y) ;EEWIZ?ZY\;) é'%%tg'g 2'8 Etgig

and rR(W222Y R) subunits showed no additional decrease ry260v) 5.0 (-0.1) 6.0 (-0.2)

in fluorescence in the absence of urea when a 150-fold excess—; —— . .

f cAMP was added. The W260Y mutant could not be o The midpoint corjcentratlonQ_@ were aI_I calcul_a_ted from _dataln
0 . . ” : '~ Figure 8. The unfolding was carried out using purified proteins where
monitored in this way because of the reduced quenchingthe cAMP binding sites were saturateddAMP) and also in the
observed (maximum quenching was only 5% of the original presence of 15@M excess cAMP £cAMP). Protein concentration
fluorescence signal). Thus, the observed increase in fluo-was 0.5«M R-dimer.
rescence at low levels of urea was indeed distinct from the
increase in fluorescence that occurred when cAMP was poorly cooperative unfolding curve, which reflects the

stripped from the R-subunit. ) ~behavior of the regions monitored by Trp188 and Trp260.
The second phase of the unfolding process correlated withRemoval of the Trp188 or Trp260 residues in the W188Y
the shift in Amax of the fluorescence spectra as the urea and w260Y mutants did not affect the high cooperativity of
concentration increased to 8 M. This global unfolding was the unfolding observed in the wild-type protein, thus
monitored by measuring the ratio of intensities at 353/340 confirming the importance of the residues surrounding
nm, which would correspond to the fraction of unfolded Typ222 to explain the cooperativity of unfolding of domain
protein at a certain concentration of urea. The(midpoint A.
concentration at which 50% of the protein is unfolded), 2 ¢ establish the correlation between unfolding and cAMP
gauge of the intrinsic stability of the protein, was calculated yglease, it was necessary to develop a method for measuring
from curves that plotted _the protein unfolded fraction vs the cAMP binding under conditions that closely matched those
concentration of urea (Figure &)'s were between 4.9 and  ysed for unfolding. It was previously established using a
5.0 M, except rR(W222Y), which was 3.6 M (Table 2). fjitration assay and 20 nM protein that cAMP did not bind
The unfolding curve for rR(W222Y) showed less coop- to wt-RI at urea concentrations ale¢ M (1). The filtration
erativity than those curves corresponding to the other two assay is thus inadequate for samples with high levels of
tryptophan mutants and the wt-RI-subunit. The fact that the cAMP, or high protein concentrations. Therefore, equilibrium
unfolding curve for W222Y was less cooperative indicated dialysis was used to measure cAMP binding and also to
that the unfolding of the areas surrounding Trpl188 and mimic the exact protein concentrations used for unfolding.
Trp260 was not cooperative. Removal of Trp222 in the Equilibrium dialysis was carried out using M R-subunit
W222Y mutant removed the probe monitoring the region in the presence and absence of 4.5 M urea. The cAMP-

that unfolds with more cooperativity, therefore yielding a
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Table 3: lodide Quenching of Tryptophan Fluorescence of the
RI-Subunit8

urea concentrations

protein oM 3M Y
RI-subunit 0.3 0.8 1.0
rR(WI88Y) 0.1 0.3 1.0
rR(W222Y) 0.3 0.7 0.8
rR(W260Y) 0.3 0.6 1.0

alodide quenching in the presence of 0, B7dVl urea was expressed
as the fraction of tryptophan fluorescence susceptible to iodide
guenching, as calculated from the modified Steviolmer plot.

binding sites remained fully saturated in the absence of urea

whereas 80% of the cAMP-binding sites were saturated in
4.5 M urea, which indicated a correlation between unfolding
and cAMP release.

Stabilization of Folded Structure by cAMAhe Cy's
calculated for the purified proteins reflected full saturation
with cAMP. Therefore, the effect of different cAMP
concentrations (or no cAMP bound, in the case of the
stripped wt-R-subunit) on the stability of R mutants was
explored. When the unfolding of stripped wt-RI was deter-
mined, theC,, shifted significantly from 5.0 to 3.8 (not
shown). Excess cAMP, on the other hand, was shown to
further stabilize the wt-RI-subunit, causing tlg to shift
to 5.8 M (Figure 8).

The effect of excess cAMP on each of the tryptophan
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fluorescence was quenched by iodide. For rR(W260Y), 30%
of the fluorescence was quenched in the absence of urea and
60% was quencheai3 M urea. Not until the protein fully
denaturedn 7 M was all of the fluorescence quenched by
the presence of 300 mM iodide.

DISCUSSION

Both physical and genetic approaches can help to unravel
the factors involved in organizing a polypeptide chain into
a functional stable structure. Certainly, the structural integrity
of a full-length protein becomes more complex when that
protein is composed of multiple well-defined domains, some
of which can potentially be stabilized by extrinsic ligands.
Such is the case for the R-subunits of cAPK. To evaluate
the unfolding process, as well as the structural integrity of
individual domains, the unfolding of mutant forms of RI-
subunit, lacking selective tryptophans, was characterized.
These mutants also allowed for the characterization of each
tryptophan in terms of its solvent accessibility, its proximity
to cAMP, and its role in stabilizing the RI-subunit. They
also provide a basis for determining how cAMP binding
contributes to the overall conformational stability of the RI-
subunit.

The use of probes to study biological systems relies on
the assumption that the modifications introduced in the
system are not significantly perturbing it, and that the

mutants was subsequently determined. The unfolding curvesobservations can be extrapolated to the native system. Our

were plotted for each protein in the presence of 150
cAMP, that is, a>10-fold excess over the bound cAMP (2
uM) (Figure 8). wt-RI, rR(W188Y), and rR(W260Y) all
showed a comparable increase in stability when a high
concentration of cCAMP was used. The single exception was
rR(W222Y), which showed a marginal shift @, from 3.6

to 4.0 M urea.

Next, to confirm the stabilizing effect of cAMP in the
presence of denaturant, wt-RI was incubated with 4.6 M urea,
a concentration where approximately half of the protein was
unfolded, and increasingly higher concentrations of cCAMP
were added. The midpoint concentration of cCAMP required
to shift the Amax from 353 nm back to 340 nm was 28/

(not shown).
lodide QuenchingSolvent accessibility of the tryptophan

CD observations indicate that mutation of the three tryp-
tophans does not alter the secondary structure of the
R-subunits in a detectable way, and that the mutations are
not producing any significant alteration in the protein thermal
stability. Minor differences in the thermal unfolding profiles
can be attributed to the differences in CD of the tryptophan
groups in the far-UV region. Therefore, it is reasonable to
conclude that the introduction of tryptophan mutations in
RI did not alter in a noticeable way either its secondary
structure or its thermal stability.

CD experiments and fluorescence experiments also sub-
stantiated the fact that there were no major differences
between the cAMP-binding properties of the mutant proteins
and the wild-type R-subunit. Since the modified proteins are
virtually identical to the wt-RI-subunit in any aspect that we

residues at various stages of unfolding was monitored by studied, we must conclude that the use of tryptophan
iodide quenching. The changes in fluorescence as a functionmutations is a valid method to monitor the urea-induced
of iodide concentration were monitored at 340 nm in the unfolding of the cAMP-binding domains of RI while
presence of 0103 M urea, and at 353 nm in the presence of allowing the extrapolation of our observations to the native
7 M urea. The addition of increasing concentrations of iodide Protein.
induced a +3 nm blue shift. In the absence of denaturant, For the native RI-subunit, the fluorescence emission
30% of the fluorescence of the wild-type dRbubunit was maximum at 340 nm upon excitation at 293 nm was due to
quenched by iodide (Table 3)nI3 M urea, 80% was emission from three tryptophans: Trp188, Trp260, and
quenched, whilen 7 M urea all of the fluorescence was Trp222. When the RI-subunit was stripped of cAMP, the
quenched by iodide. fluorescence increasetl,(23. When the mutant RI-subunits
Each mutant was then characterized. The mutant showingwere stripped of bound cAMP, each gave a similar emission
the most protection was rR(W188Y), since in the absence maximum near 340 nm. The addition of cAMP quenched
of urea only 10% of the fluorescence was quenched, implying the fluorescence of W188Y and W222Y by-280%, similar
that both of the remaining tryptophans were mostly buried. to the wild-type RI-subunit. However, in the W260Y mutant,
Even n 3 M urea only 30% of the fluorescence of the the fluorescence emission was only slightly quenched upon
remaining two tryptophans was quenched. For rR(W222Y), cAMP addition. The fluorescence quenching induced by
30% of the fluorescence was quenched in the absence oftAMP binding can, therefore, be attributed specifically to
urea. A 3 M urea, 70% of the fluorescence of its two Trp260. This is consistent with affinity labeling results, which
tryptophans was quenched. Finally,7aM urea, 80% of the ~ showed that Trp260 is covalently modified by S8AMP
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bound to site A 22). Also, the structural information from  stabilizing the protein, but it would be incapable of reversing
a deletion mutant of the RI-subuniA{l—91 rRla) indicates the conformational change producegt B M urea. This
that the indole side chain of Trp260 is in close contact with observation also supports the notion that the first phase of
the adenine ring of the cAMP bound to domain 29). the unfolding process is not linked to changes in the cAMP-
The relative contribution of each tryptophan residue to the binding properties of the R-subunit.
emission of the RI-subunit was consistent with the degree At urea concentrations above 6 M, the fluorescence
of exposure to the solvent deduced from the crystal structureemission wavelengths were no longer shifted by the addition
(18). Contact of the indole nucleus with polar solvents is of 150uM cAMP. No change was observed for the unfolding
known to quench the emission of tryptophan, and according curves of the W222Y mutant, indicating that excess cAMP
to the crystal structure, Trp188 would be the most exposeddid not stabilize this protein in the presence of urea. In
residue, followed by Trp260, and the most shielded residue contrast, the unfolding curves for the RI-subunit and W188Y
would be Trp222 19). mutant were shifted to higher concentrations of urea by
It should also be emphasized that the removal of cAMP adding 150uM cAMP. Equilibrium dialysis experiments
did not significantly change the hydrophobic environment performed in the presence of 4.5 M urea showed that 0.5
of Trp188 and Trp222, while there was a decrease in the uM RI-subunit dimer could still bind nearly 2ZM cAMP.
hydrophobicity of the environment surrounding Trp260. This This result differs from the3H]cAMP-binding assay per-
was consistent with measurements of the Stokes radius offormed by Leon et al. 1), which showed that binding of
the stripped and nonstripped RI-subunit. The Stokes radiuscAMP was abolished beyond urea concentrations of 4 M.
is reduced when cAMP is removed, indicating that the For that filtration-based assay, the protein concentration was
structure is more compact34). Moreover, that effect 20 nM. It should be emphasized again that the filtration-
correlated with domain A, since no difference in Stokes based radiolabel assay could not be used successfully under
radius was observed in a mutant unable to bind cAMP in present conditions (high levels of cAMP and high protein
domain B @4). According to the crystal structurel9), concentrations). Since the fluorescence experiments were
Trp260 begins the A-helix of cAMP-binding domain B  performed at RI-subunit concentrations of @M, identical
(Figure 1D) and is stacked against the adenine ring of CAMP to the equilibrium dialysis, it was assumed that the RI still
bound to cAMP-binding domain A. Our observations suggest bound most of its cAMP in the presence of 4.5 M urea, and
that the effect of the removal of cAMP from domain A is that the complex was simply stabilized by mass action due
an increased exposure of Trp260 to the solvent. to the high concentration of RI-subunit and cAMP. The
The unfolding process was divided into two steps, with complex was further stabilized in the presence of excess
the initial step correlating with an increase in fluorescence cAMP.
at 340 nm. This initial step must reflect either a conforma-  lodide quenching of tryptophan residues provided a
tional change in cAMP-binding site A or a change in the valuable insight into which tryptophans were accessible to
orientation of the two domains relative to one another. It solvent upon unfolding. 20 M urea, 30% of the fluorescence
did not, however, correlate with a release of cAMP nor did was quenched in the wild-type, Trp222, and Trp260 mutants.
it correlate with the unfolding, which resulted in a wavelength In contrast, a quenching of only 10% was observed when
shift reflecting exposure of the tryptophans to solvent. Trp188 was mutated, indicating that this residue was the most
The mutants described here have demonstrated unambiguaccessible to the solvent and accounted for most of the
ously that the increase in fluorescence emission that resultsquenching under these conditiong. AM urea, 80% of the
from urea was distinct from the increase that was seen whenfluorescence of the wild-type subunit was quenched. As in
cAMP was removed from the protein in the absence of urea. the previous case, mutation of the Trp188 residue proved
The latter was due to Trp260 as discussed above, whereashat this residue was the most susceptible to quenching,
the increase in fluorescence that resulted from low concen-followed by Trp260 and Trp222. {A7 M urea, all three
trations of urea is due primarily to Trp222. The W222Y tryptophans were mostly exposed to solvent. In the case of
mutant, in contrast to wild-type RI-subunit and the W188Y the W222Y mutant, 20% of fluorescence was still not
and W260Y mutants, showed very little increase in fluores- quenched, probably reflecting some cAMP still bound and
cence at 340 nnmi3 M urea, even though cAMP was bound interacting with Trp260 or the existence of some folded core
to the protein. Even when excess cAMP was present, thereeven under those conditions.
was no increase in fluorescence for the W222Y mutant in  The fluorescence studies described here have established
the presence of low urea concentrations. From these resultsseveral features of the RI-subunit structure and have helped
it was concluded that the increase in fluorescence that wasto define the unfolding process. In the folded state of the
observed in wild-type RI-subunit at low urea concentrations RI-subunit, the fluorescence from Trp260 is quenched by
was due to changes in the environment surrounding Trp222.bound cAMP, Trp188 is partially exposed, and Trp222 is
In addition to causing a quenching of tryptophan fluores- fully buried. At intermediate concentrations of urea, Trp188
cence, the addition of cAMP to the stripped RI-subunit also becomes fully exposed, and the remaining tryptophans
increased the stability of the protein. Several of the mutant become more exposed to solvent. Eventually, at urea
proteins also showed that the addition of excess cAMP (150 concentrations beyond 4 M, the cAMP molecules begin to
uM) at urea concentrations between 3.5 and 5.5 M was dissociate from the binding sites, at which point the buried
sufficient to shift thelmax back to 340 nm, thus stabilizing  Trp222 and Trp260 become exposed to solvent.
the protein further. This concentration of CAMP, however,  The crystal structure of a-191 deletion mutant of the
was not capable of reversing the fluorescence increase at dovine Rbu subunit @9) is quite consistent with the
M urea. Excess cAMP would shift the equilibrium between fluorescence results described here. Although the dimeriza-
free and bound cAMP toward the bound form, therefore tion domain is absent in that structure, it reveals the detailed
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features of each cAMP-binding site and provides a molecular
basis to explain the cooperative binding of cAMP and the
activation of the holoenzyme. Even though the protein is
monomeric, it maintains the autoinhibitor site as well as the
two cAMP-binding sites, and also conserves most of proper-
ties typical of the wild-type subunit, like cAMP-mediated
activation and holoenzyme formation.

Each cAMP-binding domain consists of three major
a-helices and eighf-strands §1—/8). The eigh{3-strands
form a flattenedp-barrel, consisting of two antiparallel
p-sheets, each with four strands, connected in a jelly roll
topology. According to the crystal structure1—91 Rla,
Trpl88 and Trp222 are both an integral part of domain A.
Based on our results, Trp222 is deeply buried and inacces-
sible to solvent, while Trp188, at least in the absence of the
C-subunit, is quite exposed. The crystal structure reveals that
Trp188 is located on an exposed loop in domain A, between
pB-strands 4 and 5, which is in agreement with our observa-
tions. The Trp222 residue is located also in domain A, but
in 5-strand 8 and deeply buried in cAMP-binding domain
A. Whereas the first two tryptophans are located in domain
A, Trp260 is located ir-helix A in domain B, although its
aromatic side chain stacks with the adenine ring of the cAMP
in domain A. That location, which is consistent with affinity
labeling @2), is now also confirmed by our fluorescence data.

In conclusion, we have confirmed that some important
structural features of the monomeric form ofoRlised for
crystallization are consistent with observations obtained from
the dimeric wild-type R-subunit using fluorescence tech-
nigues. Also, our observations present valuable insights into

the changes undergone by the protein during the urea-induced 22.

unfolding process as well as their correlation with the release
of cAMP. These findings, together with the mutation of other
residues critical for cAMP binding and for the communica-
tion between different domains, will provide the basis for a
better understanding of the interactions between the R
monomers, between them and the catalytic subunit, and
explain the unusual fluorescent and thermal stability char-
acteristics of the cAMP-dependent kinase regulatory subunits.
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