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ABSTRACT. To define the boundaries of therosophilaNotch ankyrin domain, examine the effects of
repeat number on the folding of this domain, and examine the degree to which the modular architecture
of ankyrin repeat proteins results in modular stability, we have investigated the thermodynamics of unfolding
of polypeptides corresponding to different segments of the ankyrin repeBt®sbdphilaNotch. We find

that a polypeptide containing the six previously identified ankyrin repeats unfolds cooperatively, but is of
modest stability. However, inclusion of a putative seventh, C-terminal ankyrin sequence doubles the stability
of the Notch ankyrin domain (a 1000-fold increase in the folding equilibrium constant), indicating that
the seventh ankyrin repeat is an important part of the Notch ankyrin domain, and demonstrating long-
range interactions among ankyrin repeats. This putative seven-repeat polypeptide also shows increases in
enthalpy, denaturant dependenaev@lue), and heat capacity of unfoldindC,) of around 50% each,
suggesting that deletion of the seventh repeat results in partial unfolding of the sixth ankyrin repeat,
consistent with spectroscopic and hydrodynamic data reported in the preceding paper [Zweifel, M. E.,
and Barrick, D. (2001)Biochemistry 40 14344-14356]. A polypeptide consisting of only the five
N-terminal repeats has stability similar to the six-repeat construct, demonstrating that stability is distributed
asymmetrically along the ankyrin domain. These data are consistent with highly cooperative two-state
folding of these ankyrin polypeptides, despite their modular architecture.

Ankyrin repeats are directly repeated 33 residue sequencederactions. The idea that the stability of ankyrin repeat
that show considerable sequence variability?j, but regular proteins is modularly distributed is consistent with the high
secondary and tertiary structur8).(Each ankyrin repeat  natural variation in the number of ankyrin repeats in different
adopts a fold consisting of two antiparallethelices con- proteins R). Ankyrin, the cytoskeletal protein for which the
nected by one short and one long lod-(12). Adjacent repeats are named, contains 24 repeat26¢, 27, whereas
ankyrin repeats pack against each other to form a roughly myotrophin contains only 3 repeats yet it adopts a stable
linear array of helix pairs with an extended hydrophobic core. fold (28). Further support for modular distribution of structure
This overall tertiary structure differs significantly from that in ankyrin repeat proteins comes from studies of stabilities
of typical globular proteins. Whereas ankyrin repeat proteins of fragments of ankyrin repeat proteins. An autonomously
have a very local, regular topology, consisting of regularly folding two-repeat fragment has been identified and char-
spaced modules that make up a nearly linear array, typicalacterized from the p1l6 tumor suppressor protein, which
globular proteins have long-range, irregular topologies, where contains four ankyrin repeatgd). In addition, the 24 repeats
close contacts are made by residues very distant in primaryof the ankyrin protein appear to be clustered into inde-
sequence. Similar local, regular topologies are seen for otherpendently folded subdomains of approximately 6 repeats each
classes of repeat proteins, including armadillo repel8s ( (27).

leucine-rich repeats1¢), HEAT repeats 15-17), TPR The activity of the Notch receptor, a central component
repeats 18, 19, -helix proteins €0, 21), and WD40 repeats i 3 ubiquitous transmembrane signaling pathwag~35),
(22, 23 [for reviews, seeZ4, 29]. appears to be modulated through direct protgirotein

The modular architecture of ankyrin repeat proteins and jnteractions involving a set of ankyrin repeats in the cytosolic
other repeat proteins may be reflected in the thermodynamicsportion of the Notch receptor36—42). In Drosophila
of unfolding of repeat proteins. Whereas the long-range melanogastersix ankyrin repeats have been identified from
interactions of typlcal globular prOteinS may lead to hlghly ana|ysis of the primary sequence of the Notch gdnéx
cooperative unfolding, repeat proteins may unfold in a |nthe preceding paped®), we have presented spectroscopic
modular, multistate reaction controlled by short-range in- evidence that an additional C-terminal region, which partially
matches the ankyrin consensus sequence, appears to be

t Supported by a Basil O'Connor Starter Scholar Award from the capable of folding along with the six N-terminal repeats, and
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features as the six-repeat polypeptide. Whereas the similarHamilton Microlab 500 titrator with two 50@L syringes
structural features of the five- and six-repeat polypeptides (44, 45. Titrations began with 2.0 mL of protein in 150 mM
are consistent with modular stability, the structural differ- NaCl, 25 mM TrisHCI, pH 8.0, in the cuvette. To generate
ences between the polypeptide containing the putative the titration, a portion of the starting sample was removed
seventh repeat and the shorter polypeptides suggest that longand replaced with an equal volume of protein in the same
range interactions play an important role in determining the buffer and salt, containing approximately 7.5 M urea. After
distribution of stability. 300 s to allow for mixing, thermal, and chemical equilibra-

Here we examine the conformational stability of polypep- tion, CD and fluorescence signals were recorded, and the
tides from theDrosophilaNotch ankyrin repeat region that ~ procedure was repeated. In manual mixing experiments, we
contain different numbers of repeats. Our results provide found that this 300 s period was sufficient for equilibration
evidence that although the five- and six-repeat constructsat different urea concentrations, including those of the
are stably folded, the putative seventh ankyrin repeat greaﬂytranSition zone, where equilibration is likely to be slowest.
increases the stability of th®rosophila Notch ankyrin ~ Protein concentrations were typically-3 «M in a cuvette
domain. In addition, the seventh repeat contributes to of 1 cm path length, although it was found that identical
derivative thermodynamic quantities such as enthalpy andcurves were obtained over a range ef10 M. To ensure
heat capacity of folding, and to the denaturant dependencel’evel’Sib”ity in urea-induced unfolding transitions, unfolded
of stability. By comparison of unfolding transitions monitored protein in different urea concentrations was diluted into
by circular dichroism, fluorescence spectroscopy, and cal- buffer under folding conditions, and the final CD signal was
orimetry, we find that although the six- and seven-repeat compared to the value obtained for folded protein in the same
po|ypeptides differ Significanﬂy in Stabi"ty, their unf0|ding final conditions. In these tests, the same value was obtained
transitions can be adequately described by two-state modelsWhether the protein had initially been unfolded.
indicating that the ankyrin repeats of Notch unfold in a highly =~ Thermodynamic unfolding parameters were evaluated
cooperative manner despite their modular architecture. using the linear extrapolation method6( 47, where the
Although removing the putative seventh repeat is strongly free energy of unfolding varies linearly with urea concentra-
destabilizing, removal of the sixth repeat has almost no effect tion through the equation:
on stability. Consistent with the findings in the preceding
paper 43), these results suggest that the sixth ankyrin repeat AG® = AG°(H,0) — mlureaq] 1)
is folded in the seven-repeat construct, but is unfolded in
the absence of the seventh C-terminal repeat. This equation was related to the concentration of native (N)

and denatured (D) protein through the exponential form of
EXPERIMENTAL PROCEDURES eq 1 in whichAG® is substituted by-RTIn K, (whereK,

. . I . represents the unfolding equilibrium constant, [D]/[N]):
Protein Expression and Purificatioisubcloning, expres-

sion, and purification oDrosophila Notch ankyrin repeat
polypeptides were described in the preceding pag8y. (
Polypeptides studied here include the N-terminal five, six, _ . L .
and the putative seven ankyrin repeat sequences (Nankl T.hIS expression is then related to the observed spectroscopic
5%, Nank1-6* and Nank*-7*),! and unless noted otherwise, signal (Yops either fluorescence or CD), by using the

the two internal cysteines have been replaced with serinesdef'r"t'o_n of the equilibrium constant in eq 2 to give a
and the N-terminal cysteine has been omitted. We usepopulatlon—welghted average of the spectroscopic signals of

asterisks (e.g., Nanki5*) to indicate that cysteines have the native and denatured proteifty @ndYo, respectively):
been replaced with serine. These serine substitutions were 1 K
found to prevent a slow loss of material during equilibrium = S _u
ultracentrifugation 43). Yobs = Y+ foYo (l + KU)YN - (1 + KU)YD ®)
Urea-Induced Unfolding Transition8oth CD and fluo-
rescence-detected unfolding transitions were acquired on anfor data analysisyy andYp were allowed to vary linearly
Aviv 62A DS Spectropo|arimeter (Aviv Associates, Inc., with urea concentration. Equation 3 was then fitted to urea
Lakewood, NJ). Circular dichroism was detected at 222 nm. unfolding transitions using nonlinear least-squares analysis
Fluorescence was detected by exciting at 280 nm andWith the program Kaleidegraph 3.0 (Synergy Software,
recording emission using a perpendicular photomultiplier Reading, PA) to determinéG°(Hz0) andm, along with the
tube behind a 320 nm cutoff filter. Urea-induced unfolding four baseline parameters.

transitions were generated using a computer-controlled Determination ofAC, from Urea-Induced UnfoldingTo
estimate AC, from urea-induced unfolding transitions,

AG°(H,0) values at different temperatures were fitted by
4&n integrated form of the Gibbdielmholtz equation:

K, = K (H,0) exg™"2RD 2

1 Abbreviations: Nank%5*, Nankl-6* and Nank*-7* Notch
ankyrin repeat polypeptides containing five, six, and seven repeats, an
with the two internal cysteines replaced with serines; NartkINotch
ankyrin repeat polypeptide containing six ankyrin repeats, but containing AG® = AH®*(T,) + AC(T — T,) —
two internal and one N-terminal cysteine; CD, circular dichroism; DSC, P T
differential scanning calorimetrysG°(H;0), standard-state Gibbs free _
energy of unfolding in the absence of denaturdnt; temperature T[ASO(Tm) + ACp In(-l—_)] -
midpoint for unfolding;AH®, AH°n, andAH®¢,, standard-state, van't m,
Hoff, and calorimetrically determined enthalpies of unfoldings’, T T T
standard-state entropy of unfoldingC,, difference in heat capacity AH(T )L —=—|+ TACp 1———Inl=]|| 4
between native and denatured protein. T T T
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using nonlinear least-squares analysis. In edis the
midpoint of the unfolding transitionAG°(H.O) = 0], and
AH°(Ty,) andAS’(Ty) are the unfolding enthalpy and entropy
at T, respectively. Equation 4 treafsC, as temperature-
independent. The second equality results from the fact that
AH°(Ty) = TwAS(Tm). Equation 4 contains three inde-
pendent parameters that require fittingC,, AH*(Ty,), and

Tm.

In the course of analyzing our data, we found that for urea-
induced unfolding transitions measured at high temperatures
(where native baselines are poorly defined), fitted native
baseline parameters are often inconsistent with those from ¢
transitions measured at lower temperatures. Thus,weused L, o[, ., 10 vty )
native baseline data from urea melts at and belowG0 1 2 3 4 5 6
(Nank1-7*) and 20 °C (Nankl-6*) to obtain a linear [Urea] (M)
coefficient describing the change in CD signal with urea
concentration. We then imposed this slope in fitting the high-
temperature transitions. Constraining the fit in this way had
no perceptible effect on the quality of the fit, although it did
produce increases iNG°(H,0) of up to 0.5 kcalmol™? for
unfolding transitions measured at the highest temperatures.
We consider this constrained fitting procedure to be an
improvement, since it makes use of baselines that are
physically reasonable. Since determinationAdE, is very
sensitive toAG°(H,0) values measured at high temperatures,
where native baseline parameters are poorly defined (our

o
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values of AC, decrease by as much as 0.5 koadl *-K~* 0.5 E

as a result of constraining the native baselines), attention 04 b
should be given to native baseline parameters when deter- 0 1 2 3 4 5 6
mining AC, using this method. [Urea] (M)

. Thermally “.‘duced 'U'nfoldlng Transitionsthermally Ficure 1: Urea-induced unfolding transitions of ankyrin repeat

induced unfolding transitions of NankI* and Nank1-6* polypeptides fromDrosophila Notch. Unfolding transitions of

were monitored by CD at 222 nm. Samples contained 150 Nank1—7* (O), Nank1—6* (A), Nankl—6 (x), and Nank+5* (00),

o o e et oo ouckovcam. B, soicansaions e

containgl 1 M urea. Protein concentrations were typically 5Y 1I6E - Yy

25uM in a cuvette of 0.1 cm path length. Thermal unfolding 02(':5_5 #M. Conditions: 25 mM Tris, 150 mM NaCl, pH 8.0, 5

scans were generated by raising the sample temperature in

1 °C steps, with 60 s minimum equilibration time prior to and AS’ must depend on temperature. To account for this

measurement of CD. To assess reversibility, refolding temperature dependence, eq 4 was related to the unfolding

transitions were obtained immediately after unfolding, using equilibrium constant and rearranged to yield

the same temperature decrements and equilibration time as

for the unfolding transitions. K, = e YRTXAH (T (L= (T +TACKL- (T D-In(TTT)}  (6)
Enthalpies and entropies of unfolding were estimated using

nonlinear least-squares analysis to fit a variety of equations Fitting of equations based on egs 5 and 6 was carried out

to the thermal unfolding curves. The simplest equation used using Nonlin for Macintosh48). Accurate determination of

to describe the data is a variant of eq 3, in which the thermodynamic parameters based on fitting eqs 5 and 6 to

unfolding equilibrium constant varies as a function of thermal unfolding transitions requires some care, since

temperature instead of urea concentration: determination of these parameters requires determination of
i the first and second derivatives of the unfolding curves, and
K,= exﬂ_”m)(AH ~TAS) (5) because only a limited portion of the denatured baseline could

be used to ensure reversibility. In fitting the simple van't
Equation 5 treatA S’ andAH® as temperature independent, Hoff equilibrium expression to the data (eq 5), care was taken
which is valid only for reactions that do not result in heat to make sure that fitted values &H° and AS’ did not
capacity change. When eq 5 is substituted into eq 3, theredepend on initial guesses in the fitting procedure. It was
are six unknown parameters that require fittingH® and found that a wide range afH° andAS’ values converged
AT, the quantities of interest, and the four baseline on the same final values, but that the difference in initial
parameters (a linear variation in CD signal with temperature guesses foAH® andAS’ had to be such thatG° was near
was observed for both the low- and high-temperature zero at the transition temperature, or convergence could not
baselines). Although the variationsAH® andAS’ through be achieved. Fitting eq 6 directly to thermal unfolding
the narrow transition region (where these parameters aretransitions introduces an additional paramete,, which
determined) are expected to be modest, the variatiaxGsf is related to the second derivative of the unfolding transition.
as a function ofl showsAC, to be nonzero, and thusH°® Since estimation of the second derivative of a narrow
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Table 1: Urea-Induced Unfolding Parameters for Ankyrin Repeat Polypeptides froBrésephilaNotch Protein Monitored by CD and
Fluorescence

AG®4,0 (kcakmol™?) m (kcalmol~1-M~1)
CD fluorescence CD fluorescence
Nank1—7* 8.03+ 0.09 (= 6) 7.99+ 0.04 h=4) 2.79+ 0.02 = 6) 2.80+ 0.01 (= 4)
Nank1-6* 4.14+0.05 h=4) 4.04+0.01 (= 23) 2.06+ 0.02 h=4) 2.05+0.01 h=3)
Nank1-6 2.74+ 0.04 (= 23) 3.00+ 0.07 (= 23) 2.05+0.02 (=23) 2.29+ 0.05 (= 23)
Nank1—5* 3.55+ 0.25 = 3) 3.70+ 0.16 (= 3) 1.85+ 0.10 h=3) 1.974+ 0.04 (= 3)

a Parameters estimated by fitting the linear free energy equation (eq 1) to the unfolding transitions. Reported values are the mean of the number
of independent unfolding transitions analyzed és given in parentheses). Uncertainties are standard errors on the mean, that is, the standard
deviation divided byn*2. Conditions: 25 mM TrisHCI, 150 mM NaCl, pH 8, #C.

unfolding curve is expected to be subject to a high degree and from fluorescence-monitored transitions (Table 1). This

of uncertainty, we have used estimatesAdt, from urea- is especially true for Nank17* and Nank1-6*, where the
induced unfolding (see above) in eq 6, in addition to fitting thermodynamic parameters are the same within error; for
AC, as an independent parameter. instance, estimateiG°(H-O) values for Nank%7* are 8.03

Differential Scanning CalorimetryNotch ankyrin polypep- £ 0.09 and 7.99+ 0.04 kcaimol™* from CD and fluores-
tides were dialyzed extensively into 25 mM THCI, 150 cence transitions, respectively, and estimatedalues are
mM NaCl, 1 M urea, pH 8. Polypeptides were then diluted 2.794+ 0.02 and 2.8Gt 0.01 kcaimol™**M~* from CD and
into dialysis buffer to approximately 20M. Excess heat  fluorescence transitions, respectively. The slight discrepancies
capacity (over dialysis buffer) was measured at a scan ratebetweemAG°(H.O) measured by CD versus fluorescence for
of 0.5 K'min~! on a Microcal model VP-DSC differential Nank1—6 and Nank%5* may reflect the greater uncertainty
scanning microcalorimeter (Northampton, MA). Native and in fitted parameters resulting from poorly defined native
denatured baselines were fitted either using linear functionsbaselines for these two polypeptides.
with different intercepts for the pre- and post-transition  Although the same thermodynamic parameters are ob-
regions but identical slopes (maintaining a temperature- tained by CD- and fluorescence-detected unfolding transitions
independenAC; value), or using separate slopes for each for each Notch ankyrin polypeptide, different ankyrin
baseline. The progress baseline routine of the Microcal Origin polypeptides give very different unfolding curves. In par-
software package was then used to generate baselines througiicular, the ankyrin repeat polypeptide that contains the

the transition region. putative seventh, C-terminal repeat shows a greatly increased
stability compared to polypeptides containing six and five
RESULTS repeats. Nankt7* remains in a native conformation until

Urea Denaturation of the Drosophila Notch Ankyrin denaturant concentrations exceed those that result in complete

RepeatsTo assess the role of the sixth and putative seventh Unfolding of Nankl:G* and NankI-5*. The unfolding
repeats in stabilizing the ankyrin domain of theosophila ~ Midpoint of Nank-7* occurs around 2.8 M urea, compared

Notch protein, and to determine whether individual ankyrin t© 2-0 M urea for Nankt6* (Figure 1). Using the linear
repeats contribute to stability in a modular way, we have extrapolation method, the free energy of unfolding, extrapo-

performed urea-induced denaturation studies of three differ-1ated to zero denaturans{°(H,0)], is around 8.0 kcainol *
ent Notch polypeptides: Nank®*, which contains the six ~ 0r Nank1-7* (detected by CD and fluorescence, respec-
ankyrin repeats identified in the literaturg)( Nank1-7*, tively), compared to around 4.1 keadol™ for Nank1-6*
which contains an additional putative C-terminal repeat; and (Table 1). This large increase &(G°(H,0) demonstrates that
Nanki1—5*, which contains only the five N-terminal repeats the putative seventh, C-terminal ankyrin repeat greatly
[see Table 1 of43)]. If individual repeats are modular in  Stabilizes the entire ankyrin domain Dirosophila Notch,
stability, that is, if their stabilities are independent of each and s an integral part of the domain in terms of both structure
other, then shallow multistate unfolding transitions should and stability.
be observed, which should be insensitive to deletion of In addition to an increase inG°(H,0), the steepness of
terminal repeats. If instead there is a high degree of the unfolding transition is greater for NankI* than for
stabilizing interaction among repeats, cooperative two-state Nank1-6*. This increase in steepness is reflected in the fitted
unfolding transitions should result, and should be highly m-values: Nank*7* has anmvalue of 2.79 kcamol™-M ™,
sensitive to deletion of terminal repeats. compared to 2.05 kcahol~*-M~1 for Nank1—-6* (Table 1).
Urea-induced unfolding transitions &frosophilaNotch ~ As m-values are often considered to be measures of the

ankyrin repeat polypeptides have cooperative, sigmoidal change in the exposed surface area on unfold#ig 49,
shapes when monitored by CD spectroscopy at 222 nm,90), these results suggesta3|gn|f|cantly larger change in the
which measures-helix content, and by tryptophan fluores- €Xposed surface area on unfolding of NankI than
cence, which measures the polarity of the tryptophan in Nankl—6%.

repeat 5 (Figure 1). Both CD and fluorescence unfolding In contrast to the large effect on urea-induced unfolding
curves can be well-fitted using the linear extrapolation that results from deletion of the putative seventh ankyrin
method (eqs 43) to estimate stability as a function of urea repeat, further deletion of the sixth ankyrin repeat has only
concentration (solid lines, Figure 1). Furthermore, we find minor effects on the urea-induced unfolding curves (Figure
that for a given ankyrin repeat polypeptide, similar thermo- 1). AG°(H;0) is decreased by a modest 0.5 koadl~* for
dynamic parameters\[G°(H,0), m| are obtained from CD  Nank1-5* compared with Nank16* (Table 1). Similarly,
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Table 2: Thermodynamic Parameters for Unfolding of the Ankyrin Repeat Polypeptides of the Notch Receptor from Urea-Induced Unfolding
Transitions at Different Temperatufes

0 M urea 1 Murea
AC, AH®y Tm AC, AH® Tm
(kcalmol~1-K1) (kcalmol™) (°C) (kcakmol~1-K™Y) (kcakmol™?) (°C)
Nank1-7* 4.14 149.1 45.1 3.45 108.1 39.5
(4.14, 4.13 (148.7, 149.5 (45.1, 45.) (3.47, 3.44) (108.5, 107.9) (39.5, 39.4)
Nank1-6* 2.21 77.0 39.1 1.71 47.3 32.0
(2.15,2.28 (76.1,77.9 (38.9,39.3 (1.73,1.68) (47.7, 46.9) (31.7, 32.3)

aValues are obtained from extrapolating the free energy of urea-induced unfolding at different temperatures to eithkt Orea, followed
by a fitting of the extrapolated free energy using eq 4. Average values are presented from fits of two independent families of unfolding curves
(individual values are indicated in parentheses). Conditions: 25 mMHTIs 150 mM NacCl, pH 8.

the mvalue decreases by 0.2 kaabl~1-M ! for Nankl— Nank1-7* buries significantly more nonpolar surface area
5* compared with Nank%6*, close to the uncertainty of in folding than does Nank16*.
this fitted parameter. Thermal Unfolding of the Drosophila Ankyrin Repeats.

We also used urea-induced unfolding to assess the effectLike m-values andAC,, reaction enthalpy and entropy
of cysteine replacement on stability. Comparison of Nank1 provide a measure of the sensitivity of populations of
6* with Nankl—6 (a polypeptide containing all three molecules to perturbations and thus provide clues as to the
cysteines) shows that replacement of cysteines increases th&olecular origins of population differences. To further
stability of the ankyrin domain (Figure 1). This stabilization understand the origins of the stability enhancement of
results from a shift in the unfolding midpoint to higher Nankl-7* compared with Nank*6*, we have used thermal
concentrations without changing the overall shape of the dénaturation as a means to estimate the apparent or van't
unfolding curve. This shift results in an increase\ig°(H,0) ~ HOff unfolding enthalpiesAH"), and, by difference, the
of around 1.2 kcamol ™ for the cysteine-free protein, ~€Niropy of unfolding 4S°) of these polypeptides.

without significant change in thervalue (Table 1). The To measureAH® andAS®, thermal unfolding transitions
increase in stability suggests that replacement of the cysteinegnust be reversible. Reversibility can be tested by cooling
does not disrupt structure. the sample upon completion of thermal denaturation; if the

reaction is reversible, the refolding (cooling) and unfolding
(heating) curves should match, and the original native signal
induc_ed unfolding studie_s i_n_dicate _that addition of the ilgontlj(lf_b?i,r%cnc;;/e;egrﬁgltlhgrigir?tf g}en(:aii?lllengct[r)ar;is;rl]c;rl].igor
putative seventh repeat significantly mcreasesr.ticmlue, recovered following thermal denaturation, demonstrating that
and thus the exposed surface area upon unfolding (Comparg e these conditions, thermal denaturation is not reversible
Nank1-7* with Nank1-6* Table 1). We have also exam- (rigyre 3A). Furthermore, the unfolding transition for
ined thg change in exposeq surface area upon unfolding byNank1—7* shows a peculiar hump at around 22, and at
measuring the heat capacity of unfolding@,). We have  higher temperatures, ellipticity becomes more negative.
estimatedAC, values for Nanki7* and Nank}-6* by However, by addig 1 M urea, this hump can be suppressed,
measuring urea-induced unfolding curves at different tem- and almost all of the native CD signal can be recovered by
peraturesAC; is obtained by fitting eq 4 to a plot of the  cooling the sample, especially if the sample is kept below
resultingAG°(H20) values as a function of temperatu#( 52 °C. Although for Nank*6* this hump was not seen in
51, 52. the absence of urea, and the folding transition was nearly
Urea-induced unfolding curves of NankI* and Nankt completely reversed upon cooling (not shown), we have
6* shift to lower urea concentrations as the temperature is included 1 M urea in all thermal denaturations to allow direct
raised (Figure 2A,B, respectively). This shift is gradual at comparison of reversible unfolding enthalpies and entropies
low temperatures, and then becomes more pronounced aPf all Notch ankyrin polypeptides.
high temperatures. Unfolding free energies obtained from The reversible thermal denaturation transitions of
the linear extrapolation method show marked downward Nank1l-7* and Nank}6* show sigmoidal unfolding transi-
curvature when plotted as a function of temperature (Figure tions, and the midpoint of unfolding of NankT* is
2C), indicating that the denatured states of both Narikl ~ significantly higher (40°C) than that of Nankt6* (~30
and Nankt6* have larger heat capacities than the native °C, Figure 3B), consistent with the increase in stability
forms (i.e.,AC, for unfolding >0), as is commonly observed
for globular proteins. From examination of the primary data,  2These two values represent the average from two separate sets of

the magnitude of the curvature appears to be larger for urea melts that were generated on different mom&:2(H.O) values

Nank1—7* than for Nankt-6*, indicating a largeAC, for from these separate data sets were fitted separately by eq 4 (indicated
. L . f P with the different symbols and fitted curves in Figure 2C) to yield two
the longer polypeptide. This is confirmed using nonlinear ingependent estimates aC, (Table 2). These values differ from their

least-squares analysis to fit eq 4 to the free energy curves inmean by less than 1 and 3% for Nank* and Nank}-6*, respec-

Heat Capacity Change on Unfolding of Ankyrin Repeat
Polypeptides from the Drosophila Notch Proteine urea-

Figure 2C: for Nanki-7* a AG of 4.1 kealmol K is Ll e T o B o a7 compared wih
btained, whereas for Nankb* a value of 2.2 kcamol~?- * indicafi Y i P
0 ’ Nankl1-6*, indicating that theAC, difference between these two

K~! is obtained (Table 2).This result suggests that polypeptides is statistically significant.
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0 10 20 30 40 50 pH 8, 1 M urea in panel B and as indicated in panel A.

0,
Temperature (°C) ature dependence iAH° and AS’, eq 6 was fitted to the

FIGURE 2: Urea-induced unfolding of the ankyrin repeat polypep- data. S'nce we expected Pncerta'm'es n estlmatexscqf
tides from theDrosophilaNotch protein as a function of temper- ~ from single thermal unfolding curves to be large, we fixed
ature. Unfolding of (A) Nankt7* and (B) Nank1-6* at 5 (O), AC, at values obtained through analysis of urea unfolding
10 @), 15 (©), 20 (x), 25 (1), 30 (1), 35 (@), and 40°C (#; curves at various temperatures (Table 3, “metho®BVhen
Nankl—7* only). (C) AG(H.0) versus temperature for unfolding - Ac s treated as a constant in eq 6, there are six adjustable

of Nank1-7* (O, x) and Nank%*+6* (A, +). For each protein, the . . .
different symbols indicate separate data sets; each data set was fitte@arameters (including the four baseline parameters), the same

independently by eq 4, resulting in the two different lines (solid number of parameters as in eq 5. Thus, the decrease in the
and dashed) through the data sets for each polypeptide. Conditionssquare root of the variance of the fit using method B (by
as in Figure 1. around 50% for Nankt7*, not shown) demonstrates that

, ) . although the transitions are sensitive to population differences
observed for Nankt7* from urea-induced unfolding experi-  oyer a narrow temperature range, the effect of temperature
ments. In addition, the thermal unfolding transition of 4y AHe andAS® is significant through the thermal transitions.
Nank1-7*is significantly steeper than that of Nank&~, WhenAC, is treated as an adjustable parameter in the fitting
indicating a larger enthalpy of unfolding for NankT*. procedure (Table 3, “method C”), fitted values &€, are
Using nonlinear least-squares to fit the simple van't Hoff gy prisingly close to values obtained by analysis of urea
thermal unfolding model to the data (eqs 3 and 5; see jnquced unfolding curves at different temperatures (Table
Experimental Procedures\H°, values of 92 and 43 2, 1 M urea), differing by around 0.6 and 0.1 kcabl-1-K -1
kcalmol! were obtained for Nanki7* and Nank1-6*,
respectively (Table 3, “method A”). Although this model 3 . .
gives a reasonable fit to the data, it treald® andAS &S nfolding fieb energieoti M tirea, t6 match condiions aurng thérmal
temperature-independent quantities. To allow for a temper- unfolding.
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Table 3: Unfolding Enthalpies for Ankyrin Repeat Polypeptides fidrosophilaNotch Monitored by Circular Dichroism Spectroscopy and
Differential Scanning Calorimetty

CD spectroscopy
method A method B method C DSC
AH®yy AH®y AH®yy AC, AH®q
(kcakmol™?) (kcalFmol™) (kcalFmol™) (kcalFmol~1-K—1) (kcakmol™?)
Nank1-7* 92+ 2.1 96+ 1.4 98+ 2.1 4.0+ 0.3 97
Nank1—-6* 43+0.7 45+ 0.6 45.5+ 0.7 1.8+0.1 47-63

a Uncertainties in thermodynamic parameters determined by CD represent standard deviations on the mean for three (Nank1-7*) andfour (Nankl
6*) separate thermal denaturation transitions. In method A, eq 5 is fitted to thermal unfolding transitions. In method B, eq 6 is fitted to thermal
unfolding transitions holding\C, constant at values determined from analysis of urea-induced unfolding transitions at different temperatures (3.45
and 1.71 kcamol~1-K~* for Nank1-7* and Nank1-6*, respectively, eachil M urea). In method CAC, is allowed to vary during the fitting
of eq 6 to the data. Conditions: 150 mM NaCl, 25 mM THEI, 1 M urea, pH 8.

for Nankl—7* and Nankt-6*. Although estimates oAC, of Nankl-7* compared to Nank16* is that the Notch

obtained through these two procedures are similar, theankyrin repeat polypeptides may adopt a significant popula-
estimates from the urea-induced unfolding transitions are tion of intermediate conformations in the thermal and urea
probably of higher accuracy since they are obtained from transition regions, despite the coincidence of CD and
analysis of equilibrium over a much broader temperature fluorescence signals in monitoring these transitions. Such

range than individual thermal unfolding transitions.

deviation from two-state behavior would decrease both of

Regardless of the method of analysis of the thermal these parameters, especially if the intermediates had spec-

unfolding transitions, the different methods result in similar
unfolding enthalpies, ranging from 92 to 98 keabl* for
Nank1-7*, and from 43 to 45.5 kcainol* for Nank1—6*
(Table 3). The calculated unfolding enthalpy for Nank®
at its T, is significantly larger than for Nanki6* at its Ty,

troscopic properties that were midway between those of the
folded and fully unfolded proteins. To test for intermediates,
and to further examine whether stability is modular in these
ankyrin repeats, we measured the heat associated with the
thermal unfolding of Nankt6* and Nank:X7* by dif-

consistent with the steeper thermal unfolding transition seenferential scanning calorimetry (DSC). Comparing direct,

for Nank1-7* (Figure 3). To directly compare the unfolding
enthalpies of Nanki7* and Nank}-6* they must be
extrapolated to a common temperatufg.(This can be done
using the expression:

AH°. = AH°Trn +AC(T = T,) (7
Using values ofAC, determined from the temperature
dependence of the free energy of unfolding of Nank1
and Nankt-6* in 1 M urea (Table 2), and extrapolating to
aT of 36 °C (midway between th&,’s of Nankl—7* and
Nankl-6* in 1 M urea, minimizing extrapolation error),
values of AH° of 84 and 52 kcal/mol are obtained for
Nank1l-7* and Nank1-6* respectively® BecauseAH®
values for Nankt7* and Nankt-6* differ significantly
more than correspondiryG° values, there must be a large
compensatory difference NS’ values between Nanki7*
and Nank%-6*. For Nankt7*, AS is 0.31 kcaimol~-K 1

at its Tn, significantly larger than the corresponding value
of 0.15 kcaimol*-K~* for Nank1-6* at its T,,.°> Extrapolat-
ing to the same common temperatufié € 36 °C) using
the expression

AS=AS; +AC, |n(l) ®)

T

m,

values ofAS’ of 0.27 and 0.17 kcainol~'-K~* are obtained
for Nankl—7* and NankX-6*, respectively.

Differential Scanning Calorimetry of the Drosophila
Ankyrin RepeatsOne possible interpretation of the large
decreases in the-value and van't Hoff enthalpy of unfolding

4 AH°,, values were taken from method B, where eq 6 was fitted to
the CD-detected thermal unfolding data, holdix@, constant at values
determined from analysis of urea-induced unfolding transitions.

5At T, WhereAG® = 0, AH° = T,AS, or AS’ = AH/T.

calorimetrically measured heats of unfoldingH°ca) with
those determined using a two-state modeHf,y) tests the
validity of the two-state model, namely, that only native and
denatured states are highly populated, and that intermediate
states are absent. If unfolding proceeds without intermediates,
AH°c will have the same numerical value Asl°y (AH® 4/
AH°, = 1), whereas if intermediates are populat&ti°.,

is likely to exceedAH®y (AH®w/AH . < 1).

As with thermal unfolding transitions monitored by CD,
the calorimetric transition of Nanki7* in 1 M urea appears
to be significantly sharper than that of Nank@* (Figure
4). Continued scanning to higher temperatures produced a
nonlinear baseline (not shown), perhaps representing a heat
of reaction for an irreversible process. For Nanit, the
calorimetric enthalpy of the major unfolding transition
(obtained as the area between the DSC scan and the fitted
baseline, normalized to the number of moles of polypeptide)
is very similar to values obtained using a two-state model
(Table 3). Using the two-state enthalpy estimated using
method B AH°, = 96 kcatmol™, Table 3), aAH° to
AH°y ratio of 0.99 is obtained, which is consistent with
two-state unfolding of Nank7*.

For Nank1-6*, the calorimetric enthalpy of the major
unfolding transition is difficult to quantify because the
transition is rather broad, and the baselines are not well-
defined. With the requirement that the native and denatured
baselines have the same slope (thus maintaining a constant
AC, value), a calorimetric enthalpy of 63 kealol™? is
estimated. If, instead, separate baselines are fitted to the low-
and high-temperature regions of the Nanlet DSC scan
(which appear to fit better than those that maintain a constant
AC,), an enthalpy of 47 kcahol™! is obtained. Enthalpy
estimates from two-state models are close to this lower value,
and again using method B to estimate a two-state unfolding
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Ficure 4: Differential scanning calorimetry of ankyrin repeat
polypeptides from theDrosophila Notch protein. Excess heat
capacity of Nank+7* (O) and Nank*+6* (»), each at 0.5 mg/
mL, recorded at a scan rate of 0.5rKin"1in 1 M urea. A parallel
scan of dialysis buffer was subtracted from the data. Curves are
normalized to the number of moles of polypeptide to yield molar
excess heat capacity. Conditions: 150 mM NacCl, 25 mM-Tris
HCI, 1 M urea, pH 8.
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enthalpy yields a\H°y to AH®¢, ratio of 0.96. However,  Fgure 5: Comparison of changes imvalue and AC, for

with the larger estimate ahH°,, this ratio becomes 0.71. unfolding of ankyrin repeat polypeptides @frosophila Notch

Thus, for Nankt6*, the calorimetry data are somewhat protein with those predicted from chain length. (A) Measured

inconclusive: while they are consistent with two-state (stippled bars) and calculated (open bans)alues for urea-induced

. . ... unfolding. (B) Measured (stippled bars) and calculated (open bars)
unfolding, they can equally be interpreted as an indication Ac values for unfolding. Calculated values are based on the linear

of multistate unfolding. relations of Myers et al.50) betweenm-value andAC,, and the
change in accessible surface area upon unfolding. Changes in
DISCUSSION accessible surface area upon unfolding are estimated using the linear

relation between chain length aldASA in Figure 1 of Myers et

Cooperatve, Two-State Unfolding of Notch Ankyrin al. (60). Chain lengths of 246, 214, and 181 residues were used for
Repeat Polypeptidesankyrin repeat proteins differ from ~ Nankl-7% Nank1-6* and Nank}-5*, respectively.
typical globular proteins in that the tertiary structure of py CD, indicating an all-or-none, cooperative transition in
ankyrin domains consists of a regular, linear array of modules which distant regions of the chain are coupled to each other.
that make only short-range interactions. This modular To our knowledge, this is the first time the unfolding of a
architecture raises the pOSSIinIty that the stability of ankyrin repeat protein has been shown to be two-state by this rigorous
domains may be modular as well; that is, to some degree,thermodynamic criterion.
the individual modules may be thermodynamically inde-  |n addition to affecting the apparent stability and reaction
pendent of one another, and may unfold independently of order, modular stability would also affect derivative ther-
their neighboring repeats. As the ankyrin repeats of the Notch modynamic quantities. If individual repeats unfolded inde-
receptor are involved in a number of different binding pendently, the small cooperative unit size (33 residues) would
interactions that regulate signaling, allostery must play an result in shallow unfolding curves. Two thermodynamic
important role in function. Modular stability would have parameters that are sensitive to the amount of surface area
important implications for allosteric control, making action exposed during an unfolding transition, and thus, to good
at a distance an unlikely mechanism by which binding could approximation, to the size of the cooperative unit, are the
influence reactivity. However, modular stability may help  m-value @7, 49, 50 and AC, (50, 53, 52. In a survey of
facilitate the generation of diversity via genetic mechanisms m and AC, values for two-state unfolding of globular
such as duplication, deletion, and recombination, since high proteinS, Myers et al. observed a direct linear relation
modularity would mean that repeats could tolerate substitu- petween these thermodynamic quantities and the estimated
tion of neighboring repeats without deleterious effect on change in accessible surface area upon unfolds®y The
stability. values ofm and AC, obtained for unfolding of Nankt7*

Despite the modular architecture of ankyrin repeat proteins, agree quite well with those predicted for proteins of
the data presented here indicate that the ankyrin repeats oequivalent length from the relations found by Myers et al.
Notch do not possess modular stability. Urea-induced (Figure 5). The predictedrvalue for urea denaturation is
unfolding curves have sigmoidal, cooperative shapes. More-2.77 kcaimol~'-M~1, compared with an average-value
over, CD and fluorescence describe identical transitions. Suchfrom CD and fluorescence unfolding of 2.79 keabl~1-M 1.
behavior is consistent with long-range cooperativity across Likewise, the predicted\C, value is 3.92 kdmol~*-K1,
the ankyrin domain. Furthermore, for NankZ*, the calo- compared with a measured value of 4.14 koall 1K1, If
rimetric enthalpy of unfolding closely matches that obtained the unfolding transitions measured here were those of
using two-state models to fit thermal unfolding monitored thermodynamically independent modules, much lowveand
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AC, values would be expected, based on the relations of with the previous repeat on one side and with solvent on
Myers et al. (approaching 0.59 kealol--M~! and 0.16 the other.

kcalmol1-K~1, respectively, for a cooperative unit of 33 Identification of a seventh ankyrin repeat as part of the
residues). Notch ankyrin domain simplifies the interpretation of an

The observation that inclusion of the putative seventh interaction detected by a yeast two-hybrid assay between
ankyrin repeat shifts the unfolding transition to higher Suppressor of Hairless (a downstream transcription factor
denaturant concentration and temperature (Figures 1, 3, and’ the Notch pathway) and the intracellular domain of the
4) provides further evidence for long-range cooperative NOtch receptorg?). This interaction was proposed to involve
interactions in the Notch ankyrin domain. If the putative the region of polypeptide N-terminal to the Notch ankyrin
seventh repeat adopted a fold of intrinsically high stability, domain (termed RAM), along with the region immediately
but did not influence the stability of the other repeats, its C-terminal to the six identified Notch ankyrin repeats. The
inclusion in the ankyrin domain would produce a broader Six-répeat ankyrin domain was shown to be necessary but
unfolding transition, consisting of a large contribution from Not sufficient for the C-terminal interactio®). Since the
unfolding of the N-terminal repeats under mildly destabiliz- results_presented here demonstrate that the C-terminal region
ing conditions, and a smaller contribution from unfolding 1S @ critical part of the ankyrin domain, the Suppressor of
of the C-terminal region under strongly destabilizing condi- Halrless interaction can be regarded as an interaction wlth
tions. Instead, we find that the entire unfolding transition is W0 adjacent domains on Notch (the RAM and full ankyrin
shifted to strongly destabilizing conditions and is sharpened domains), rather than with two domains separated by a third
(Figures 1 and 3). Thus, the entire ankyrin domain (including €longated, ankyrin domain. We expect that the seventh

regions near the N-terminus) is stabilized by the putative ankyrin repeat will contribuf[e significantly to the surfage of
seventh, C-terminal repeat. the ankyrin domain that binds to Suppressor of Hairless;

whether the six N-terminal repeats simply act by stabilizing
the seventh repeat, or whether they also contribute directly
to the binding interaction must await further studies.
Differences in Deniative Thermodynamic Parameters for
nfolding, and Relation to the Extent of the Structural
Transition. In addition to large change in unfolding free
L2 . X energy that results from deletion of the putative seventh
polypeptlde s relatively low (4.1 l.(CﬂhOI 1)_compare_d V,V'th ankygr]i)rlw repeat, there are large changes Fi)n quantities that
typlcal_ values for glqbular proteins, but is quite S'F“"ar 0 gescribe sensitivity of stability to the perturbants used to
unfolding free energies measured for other ankyrin repeatbring about unfolding (urea and temperature). Deletion of
domains. Estimates of the stability of p16, a polypeptide that o 1 tative seventh repeat results in large changes in the
contains four ankyrin repeats, range from 1.9 to 3.7 mvalue, AC,, AH®, and AS®, whereas further deletion of

kcal-mol‘l, with hig_her salt concentrations yie_Idipg higher  ha sixth repeat produces only a minor change imthealue
estimates of stability 5-58). Although the similar low ¢, re5.induced unfolding. Since tievalue andAC, are

stabilities of p16 and Nank16* might be taken as suggestive  poih pelieved to be related to surface area changes upon
that the ankynn repeat fold is of modest stab|l_|ty overall, unfolding @47, 49, 50, 53, 54, §9these parameters would
perhaps either as a result of.a small hydrophoblc COre Or aSpg eypected to increase by roughly one-sixth upon addition
a result of modularity, the high unfolding free energy and ¢ the putative seventh repeat to a domain consisting of six
two-state nature of the seven-repeat Notch ankyrin polypep-¢,14ed repeats. Instead, the-value andAC, increase by
tide (8.0 kcal/mol) demonstrate that these modularly struc- q,ghly 50 and 85%, respectively, when the seventh repeat
tured proteins can exhl_blt stabilities similar to those seen s 5qded (Figure 5). This large increment suggests that the
for globular proteins of irregular topology. addition of the putative seventh repeat results in an increase
The small change in stability that results from inclusion in the number of residues participating in the unfolding
of the sixth repeat in the Notch ankyrin domain, compared reaction beyond residues within the seventh repeat. Likewise,
with the large change resulting from inclusion of the putative the entropy of unfolding is larger (making unfolding more
seventh repeat, may suggest that different ankyrin repeatsfavorable) for the seven-repeat protein than for the six-repeat
contribute different amounts to the overall stability of the protein by around 60%. One source expected to contribute
domain. Alternatively, these stability differences may result significantly to this difference in entropy of unfolding is an
from differences in solvent interactions with the sixth versus increase in conformational disorder upon unfolding. The 60%
seventh repeat. Given the importance of the putative seventhincrease in unfolding entropy of Nank¥* compared to
repeat, the sixth repeat is not likely to make contacts with Nankl—-6* suggests that the putative seventh repeat facili-
solvent on the surface that is normally packed against thetates an orderdisorder transition that extends over a greater
seventh repeat; thus, solvation of this interface may be portion of the polypeptide chain than just the seventh repeat.
destabilizing, and may cancel any stabilizing contributions  Structural Interpretation of the Thermodynamics of Delet-
from the sixth repeat. Folded as a seventh ankyrin repeat,ing the Putatie Seenth RepeatAll of the structural and
the C-terminal region would contain two polar residues at thermodynamic data are consistent with a model in which
conserved nonpolar positions of helix-1 that would be better the C-terminal region folds as a seventh ankyrin repeat, and
suited to contact solvent on its exposed face [Ser appthe  that the sixth repeat is only folded if the seventh repeat is
position, and Arg at the Leu3 position; Figure 1, preceding included. As shown in the preceding pap48)( deletion of
paper 43)]. In this regard, the C-terminal, seventh ankyrin the putative seventh repeat decreasesithelix content and
repeat may serve as a “capping” repeat, interacting favorablyincreases the frictional coefficient of the resulting six-repeat

Differences in Stability of the Notch Ankyrin Polypeptides
Containing Variable Numbers of Repeafhe significant
increase in stability that results from including the putative
seventh ankyrin repeat sequence in the Notch ankyrin domainU
strongly argues that this region is a critical component of
this folding unit. The unfolding free energy of the six-repeat
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polypeptide, consistent with unfolding of the sixth repeat.
The thermodynamic data here are consistent with this picture.

Whereas experimentally determined and AC, values for

unfolding of the seven-repeat protein match expected values ;,
surprisingly well, values for the six-repeat protein match
values expected for a protein containing only five folded 13.

repeats (Figure 5).

In contrast, further deletion of the sixth repeat appears to 14.
have little effect on the remaining structure or stability.
Fluorescence measurements indicate that the structural

10.
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of the unfolding free energy and-value to removal of the
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