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Studies of the Ankyrin Repeats of tirosophila melanogastelotch Receptor. 1.
Solution Conformational and Hydrodynamic Properties

Mark E. Zweifel and Doug Barrick*
T. C. Jenkins Department of Biophysics, The Johns Hopkinseldsity, 3400 North Charles Street, Baltimore, Maryland 21218
Receied July 10, 2001

ABSTRACT. To gain insight into the structural basis for Notch signaling, and to investigate the relationship
between structure and stability in ankyrin repeat proteins, we have examined structural features of
polypeptides from th®rosophila melanogasteédotch protein that contain five, six, and a putative seventh
ankyrin repeat. Circular dichroism (CD) spectroscopy indicates that Notch ankyrin polypeptides of different
length contain a significant amount @fhelix, indicating that a folded structure can be maintained despite

the loss of individual ankyrin modules. However, tidnelical content of the construct with the putative
seventh repeat is slightly higher than polypeptides containing fewer repeats, suggesting that the putative
seventh repeat may help stabilize other parts of the ankyrin domain. Fluorescence spectroscopy indicates
that the single tryptophan in the fifth ankyrin repeat is in a nonpolar environment and is shielded from
solvent in all three constructs, although slight differences in spectroscopic properties of the six- and five-
repeat constructs are observed, indicating minor structural changes. Near-UV CD indicates that these
ankyrin polypeptides contain a significant amount of fixed tertiary structure surrounding their aromatic
side chains. Gel filtration chromatography and sedimentation equilibrium studies indicate that these ankyrin
repeat polypeptides are monomeric. Sedimentation velocity studies indicate that each polypeptide exhibits
significant axial asymmetry, consistent with the elongated structure seen for other for ankyrin repeat
proteins. However, the degree of asymmetry is greatest for the construct containing six repeats, suggesting
that in the absence of the putative seventh repeat, the sixth repeat is partly unfolded.

The Notch pathway is a ubiquitous transmembrane signal- modulation is proposed to result from direct proteprotein

ing pathway involved in a variety of cell-fate decisions in
higher eukaryotesl{-6). Through extensive genetic studies,

interactions between NIC and intracellular proteins. Many
of these proposed interactions involve a set of ankyrin repeat

a large number of genes have been identified that specificallysequences located near the N-terminus of NIC. Direct

influence Notch signaling iDrosophila melanogastgf7—
9) and Caenorhabditis elegang, 10. One of the central

interactions have been suggested between these ankyrin
repeats and the transcription factor Suppressor of Hairless

components in the Notch signaling pathway is the product (23, 24, the agonist protein Deltex2§), and the nuclear

of the Notch gene, a large (2703 residuedirosophilg),
single-pass transmembrane recepttt, (12. Signaling is
initiated by binding of extracellular ligand to specific EGF-
like repeats in the receptoid—15), and is potentiated by
one or more proteolytic cleavageks(-20) and by dissocia-

proteins SKIP 26), EMB5 (27), and SEL-8/LAG-3 28, 29.
In addition, the Notch ankyrin repeats have been proposed
to self-associate to form a homotypic compléd)(

Ankyrin repeats are directly repeated sequences of around
33 residues30). Because of the limited sequence homology

tion of receptor heterodimers on the extracellular side of the among different repeats, identification of the precise begin-
cell membranedl). As a result of these extracellular and ning and ending of ankyrin repeat domains from primary
transmembrane modifications to the Notch receptor, the
intracellular portion of the receptorL000 residues iD. 1 Abbreviations: NIC, Notch intracellular domain; PCR, polymerase
melanogaster dissociates from the membrane, enters the chain reaction; Nankt5*, Nank1—6*, and Nankt7*, Notch ankyrin

nucleus, and activates transcription of downstream gédres (
17, 19.

The activity of the cleaved, intracellular portion of the
Notch receptor (termed NI€)is modulated by a large
number of proteins [reviewed irB( 22)]. Based on two-
hybrid and co-immunoprecipitation studies, much of this
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repeat polypeptides containing five, six, and seven repeats, and with
the two internal cysteines replaced with serines; Naitk1Notch
ankyrin repeat polypeptide containing six ankyrin repeats, but containing
two internal and one N-terminal cysteine; IPTG, isoprofyi-
galactopyranoside; imd, imidazole; T##Cl, tris(hydroxymethyl)-
aminomethane hydrochloride; NTA, nitriloacetate; SDS/PAGE, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; CD, circular
dichroism;Fo, fluorescence in the absence of quencligx;, Stern—
Volmer constant; NATA, N-acetyl tryptophanamides*, weight-
averaged apparent sedimentation coefficidt; apparent diffusion
coefficient; g(s*), differential sedimentation coefficient distribution
function;s°, sedimentation coefficient at infinite dilutio®?, diffusion
coefficient at infinite dilution;s%o and D%y, sedimentation and
diffusion coefficients at infinite dilution, corrected to water at 20

S, Svedbergs (188 s); fo, minimum frictional coefficient corresponding

to a hydrated sphere/b, axial ratio of a prolate ellipsoid of revolution.
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sequence can be di_fﬁCUIB_q‘)‘ In DrOSOph”’C} Six ankyri_n Table 1: Sequence of the Six Identified Ankyrin Repeats and the
repeats have been identified from analysis of the primary pytative Seventh Ankyrin Repeat froBrosophila melanogaste
sequence of NotcH(), although inC. elegansa potential Notch?

seventh ankyrin repeat has been identified in the GLP-1 Consensus® XEXOULHOAGXX L LXLOBLRLLE XL KL XKKXKK

Notch homologue31, 32, and in human Notch, a seventh  2° structure” bb aaaaaaaaa aaaaaaaaaa bb
ankyrin repeat has also been identified (Steven Blacklow, Revea L L TPLOIAR S Los b
1 i epea c 1. \Yae z S 1= ae.lna
personal Commumcatlon)' . . . Regeat 2 tgeTSLHLAArfgiagAAerLdggadanchn
.Although the sequence variability of ankyrin repeats is Repeat 3 £ grTPLEAAVaadamgVFqi LLrnratnlnarmh
high, the three-dimensional structure of several ankyrin repeat repeat 4 dgtTPLiLAArlaiegMvedLitadadinaadn
domains is quite regulaB®). Each ankyrin repeat adopts a  Repeat 5 sgkTALHWAAavnnteAVniLLmhhanrdagdd
fold consisting of two antiparallei-helices connected by a ~ Repeat 6 kdeTPLfLAAregsyeACkalLdnfanreitdh
short loop. A second loop, which connects adjacent repeats Repeat” ndrlPrdvaserl. hhdlvriLdehvprspaml

folds into ap-hairpin that is often involved in protein _ :hRegpzeat bdoundfflries t’af_etfrIOT ||3|v0r3_<ll eé]cep_t iﬁf repea:t_g, Vﬁ-'}ic'&-
H : H H IS the resiaues immeaiately rollowin € SIXth repeat iaentiried In

protein interactions33-42). Adjacent ankyrin repeats pack (31) % = any residu, £ turn,yO= cor c?r The U= Prg or Ala oo
against each other to form a roughly linear array of helix hydrophobic, z= insertion of 16 residues (gldtgediennedsta), (dot)
pairs with an extended hydrophobic core. This overall tertiary means gap. Residues that match the consensus are in upper-case, bold.
structure differs significantly from that seen for typical °Secondary structure assignments=(a-helix, b= $-strand) are based
globular proteins. Ankyrin repeat proteins have a regular N comparisons of sequences of ankyrin repeats whose structures have
topology, consisting of regularly spaced modules where close ?€8" determined to high resolutioBS(42).
contacts are made by residues that are close in primary ) . .
sequence, whereas typical globular proteins have irregularthat the structure of Notch ankyrln repeats is not e_nt|rely
topologies, where close contacts are made by residues verynodular. In the accompanying papet5), we provide
distant in primary sequence. ewde_nce that there are Io_ng—range interactions that give rise

The modularity of ankyrin repeat protein architecture may 0@ high level of cooperative folding. Results_, presented here
be reflected both in the distribution of structure along the &lS0 show that the putative seventh ankyrin repeat of the
domain and in the thermodynamics of unfolding of these DrosophilaNotch protein is an important part of the Notch
proteins. First, in terms of the structural distribution across ankyrin domain. Furthermore, hydrodynamic studies pre-
ankyrin domains, the potential for individual repeat modules Sented here indicate that the Notch ankyrin repeat constructs
to act as autonomous structural domains would allow &€ monomeric, indicating that, by themselves, these ankyrin
individual repeats (or groups of modules) to be incorporated repe_at domains do not associate, contrary to yeast two-hybrid
into, or removed from, preexisting domains without disrupt- Studies 4, 46, 47.
ing the qverall folding pattern. Such addltlon_and deIet_lon EXPERIMENTAL PROCEDURES
of domains may result from naturally occurring mutation
mechanisms (i.e., insertion, deletion, and duplication), or may  Subcloning and Mutagenesksragments of thBrosophila
be the product of protein engineering studies. The natural Notch gene encoding various ankyrin repeats were amplified
variation in the number of ankyrin repeats from different using the polymerase chain reaction (PCR) from a plasmid
domains suggests some degree of structural modul@f}y (  containing a cloned Notch cDNA (pMtNcDNA, a gift from
Myotrophin, a protein containing only three ankyrin repeats, Dr. Spyros Artavanis-Tsakonas). PCR primers contained
adopts a stable fold, demonstrating that small clusters of BanrH|l and Ndd sites on their 5ends to permit subsequent
repeats can fold4@). Similarly, a two-repeat fragment of  cloning of amplified DNA. Primers were designed to amplify
p16, a four ankyrin repeat tumor suppressor protein, has beerDNA encoding amino acids 19622082 (Nankt-5), 1901
engineered that folds autonomous#d). Second, in terms 2116 (Nank%6), and 190%+2148 (Nank7). PCR prod-
of thermodynamics of unfolding, ankyrin repeat proteins may ucts were digested witBamHI and Ndd, gel-purified on
unfold in a modular, multistate reaction controlled by short- Nusieve GTG agarose (FMC), and subcloned into the pET-
range interactions, in contrast with the high degree of 15b expression vector (Novagen). The resulting constructs
cooperativity of unfolding seen for many globular proteins. encode N-terminal Histags fused to ankyrin repeats-%

To obtain a structural picture of the ankyrin repeat domain (Nank1-5), 1-6 (Nank1-6), and -7 (Nank1-7; see Table
of the Drosophila Notch protein, to better define its 1 for sequences). Early in the course of these studies, we
boundaries, and to investigate the degree to which ankyrinreplaced the cysteines with serines to improve long-term
repeat proteins display modular stability and structure stability (Nankt-5* Nank1l—6* and Nankt7* where the
distributions, we have examined solution structural and asterisk indicates cysteine replacement). Standard PCR
hydrodynamic properties of a variety of polypeptides derived mutagenesis techniques were used to substitute the cysteines
from the ankyrin repeat region of thBrosophila Notch in repeats 2 and 5 with serines (Table 1). The N-terminal
protein. Our results indicate that the Notch ankyrin polypep- cysteine in repeat 1 was simply omitted, as it is predicted to
tides studied here adopt folded structures that are consistentbe in a loop region and is not likely to influence the structure
at low resolution, with known ankyrin repeat folds. We find or stability of the ankyrin domain. These serine-substituted
evidence for some degree of structural modularity, in that polypeptides, which appear to be of similar solution structure
polypeptides with different repeat number retain an overall and stability to the cysteine-containing polypeptides (see
structured conformation; however, a detailed comparison of accompanying papetb), are the primary subject of the work
structural parameters indicates that there are structuralpresented here.
consequences of adding and removing individual ankyrin  Protein Expression and PurificationThe E. coli strain
repeats that extend beyond the deleted repeats, suggestinBL21(DE3) was transformed with the pET-15b constructs
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described. Five milliliters of overnight culture was used to cence spectra were recorded at a sample temperature of 20
inoculate Fernbach flasks contaiginl L of LB (48) °C.

containing 0.1 mg/mL ampicillin. Flasks were shaken at 37  To determine the efficiency of fluorescence quenching by
°C until an OQyo of 0.7 was reached. IPTG (www.labsci- sodium iodide (Nal), 1«tM Notch ankyrin polypeptide in
entific.com) was added to 1 mM, and cultures were shaken 25 mM TrisHCI, pH 8.0, 0.5 M NaCl was titrated with a

at 37°C for 3—4 h. Bacteria were collected by centrifugation, solution containing the same protein and buffer concentra-
and cell pellets were placed at80 °C. Cell pellets were  tions, but with 0.5 M Nal instead of NaCl. Following this
resuspended in lysis buffer consisting of 50 mM THEI, procedure, ionic strength remained constant throughout the
pH 8, 20 mM imidazole (imd), pH 8, 300 mM NaCl, and titration. Fluorescence was excited at 295 nm (2 nm
were disrupted using a French press (SLM Aminco). Lysed bandwidth), and emission was measured at 334 nm (4 nm
cells were centrifuged at 18 000 rpm in a JA-20 rotor for 30 bandwidth). The excitation wavelength was selected to be
min to separate the supernatant from the pellet. Nai7k1l to the low-energy side of the tryptophan absorbance transition
partitioned primarily into supernatant, whereas the other to avoid tyrosine fluorescence. The emission wavelength was
constructs partitioned into the pellet. For NankZ, the chosen as an average of the wavelength of maximum
supernatant was loaded onto a niekiITA column (Qiagen) emission of Nank%7*, Nank1—6*, and Nank1-5*, respec-

that had been equilibrated in lysis buffer, and was eluted tively.

with lysis buffer containing 250 mM imd. For the shorter ~ Quenching data were analyzed using the St&falmer
constructs, pellets were solubilized in lysis buffer containing equation:

8 M urea (resuspension buffer), and were loaded onto

nicke=NTA columns that had been equilibrated in resus- Fo _
pension buffer. These shorter constructs were eluted with = 1+ KevINal] @)
resuspension buffer containing 250 mM imd. Fractions

containing Notch ankyrin repeat polypeptides were then where Fy is fluorescence in the absence of N&, is
dialyzed extensively against 50 mM T#4$Cl, pH 8, and fluorescence in the presence of Nal, dtg is the Stern-
were loaded onto a DE52 (Whatman) anion exchange columnVolmer constantg0, 5J). In the absence of static quenching,
equilibrated with 50 mM Tris, pH 8. Material was eluted the Stera-Volmer constant is equal to the product of the
with a linear NaCl gradient from 0 to 1 M. Sample purity fluorescence lifetime and the bimolecular rate constant for
was assessed by SDS/PAGE; in some cases, faint high andollision between the chromophore (tryptophan) and the
low molecular weight bands were detected, and were quencher (iodide), and should be related to the accessibility
subsequently removed by chromatography on a Sephacrylof the chromophore. To help interpret the Stekfolmer
S200 gel filtration column in 25 mM Tris, 150 mM NaCl, constant in terms of accessibility, iodide quenching studies
pH 8. Purified proteins were concentrated to around 10 mg/ were performed ofl-acetyl tryptophanamide (NATA; Sigma
mL, dialyzed against 25 mM TrisICl, 150 mM NacCl, pH Chemical Co.), a model for a fully exposed tryptophanyl
8, passed through 0.22n filters, and stored at80 °C. residue in a polypeptide. The same excitation wavelength

Concentration DeterminatiorRrotein concentrations were and b_andwidth were used for NATA as for the Notch
determined by measuring the absorbance of the aromatic sidé*NKrin polypeptides, but fluorescence was detected at 260

chains (one tryptophan and one tyrosine for Nank1and nm, the wavelength of maximum emission for NATA.
Nank1—6*, one tryptophan for Nanki5*) in the presence Analytl_cal Gel Filtration ChromatographyAnkyrin repeat
of 6 M guanidine hydrochloride, pH 6.5. Extinction coef- Polypeptides were loaded onto a TosoHaas G3000PWXL 30

ficients were calculated as described by Edelhatg). (By cm HPLC column at loading concentrations ranging from

comparing identically prepared samples, the standard devia-t0 1© 500«M. Samples were chromatographed in 25 mM
tion in concentration determination was found to be less than 1S 150 MM NaCl, pH 8, at room temperature. A molecular

204 weight calibration curve was generated using elution times
§ ) _ i ) _ of size standards (BioRad) under the same conditions and
Circular Dichroism Spectroscopgircular dichroism (CD) flow rate.

spectra were collected on an Aviv 62A DS spectropolarim-  apaiytical Ultracentrifugation.Analytical ultracentrifu-

eter. For far-UV spectra, an 0.01 cm cell was used, With gaiion data were collected on a Beckman XLA/XLI ultra-

protein concentrations at roughly 10050 uM. For near-  cenpifuge. Samples were dialyzed extensively against 150
UV spectraa 1 cmeell was used, with protein concentrations  1,m NaCl. 25 mM TrisHCI pH 8.0, prior to centrifugation

at roughly 5QuM. For each construct, spectra were generated gng the resulting dialysate was used as a reference. Tem-
by aver_aging five wavelength scans, each obtained by Signal‘perature was maintained at & for both velocity and
averaging fo 1 s every 0.25 nm. To accurately determine gedimentation equilibrium; this low temperature slowed
molar ellipticity at 222 nma 1 cmcell was used, with protein  gedimentation during velocity runs so that a large number
concentrations at 2,6M. Samples contained 25 mM Tris ¢ scans could be collected.
HCI, 150 mM NaCl, pH 8.0. During data acquisition, sample  gedimentation equilibrium experiments were carried out
temperature was held at % using a thermoelectric cell  j, six-sector cells of 1.2 cm path length, or in two-sector
holder. cells of 0.3 cm path length for highly concentrated samples.
Fluorescence Spectroscojjluorescence emission spectra Protein concentrations ranged from around 6 to 200for
were recorded on an Aviv ATF 105 spectrofluorometer, sedimentation equilibrium runs. A range of rotor speeds-(25
following excitation at 295 nm. Samples were prepared as 31 krpm) was used for sedimentation equilibrium studies,
for CD (25 mM TrigHCI, 150 mM NacCl, pH 8.0), and were  and distribution of material was monitored by absorbance
diluted to roughly 5uM prior to data acquisition. Fluores-  at 280 nm. Equilibrium was assessed by comparing measure-
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ments of concentration distributions that had been made Stafford (personal communication). Hydrodynamic properties
several hours apart. When these distributions were identicalwere calculated from these bead models using a version of
within error, equilibrium was assumed. For constructs lacking the program HYDRO 2, 63 adapted to the Macintosh
cysteines, equilibrium was reached within-120 h. How- (Walter Stafford, personal communication).

ever, it was found that for samples containing cysteines, a

gradual depletion of material was seen at times as long asRESULTS

72 h. This depletion is likely to result from oxidative damage
to the cysteines, which may result in covalently cross-linked
aggregates$. Equilibrium data were analyzed using the
program MacNonlin-PPC5Q). Various models were fitted
simultaneously to data obtained at different concentrations
and rotor speeds.

Sedimentation velocity was carried out exclusively in two-
sector cells at protein concentrations of-BD uM. Sedi-
mentation velocity runs were centrifuged at 60 krpm, an
distribution of material was monitored by absorbance at either
230 or 280 nm, depending on sample concentration. Velocity
data were initially analyzed using the program DCIBB-<
55) to obtain a visual representation of sedimentation and

diffusional properties of the various Notch ankyrin repeat A
brop y P search. Decreased similarity to the consensus may be

constructs. Given the relatively loswvalues expected (and . ;
y b ( expected for terminal ankyrin repeats, as one of the faces of

observed) for polypeptides of this size, we also analyzed theth t should b dt vent. rather th tact
data using the program SVEDBERG to fit a single-species . € repeat shouid be exposed 1o solvent, rather than contact-

modified Fujita—Macosham function directly to the radial ing a neighboring ankyrin repeat.

Potential Notch Ankyrin Domain Boundaridglentifica-
tion of ankyrin repeats requires sequence matching to a
relatively weak consensus pattern. In iesophilaNotch
protein (L1), six repeats have been identifie@1( 64.
Compared to other ankyrin repeat proteins of known
structure, the six identified ankyrin repeats of Notch match
the ankyrin consensus sequence reasonably well (Table 1).
d These same ankyrin repeats are identified in a Pfam 5.5
search§5). In addition, weak similarity to the ankyrin repeat
consensus exists in the sequence immediately C-terminal to
the sixth ankyrin repeat drosophilaNotch (Table 1); this
C-terminal region is not identified as an ankyrin repeat in
the multiple sequence alignment of Bo&lj, or in a Pfam

distribution data %6, 57. Values ofs andD were extrapo- To examine whether the sequence C-terminal to the sixth
lated to zero protein concentration to obtglandD®. These ~ &nkyrin repeat oDrosophilaNotch differs from the con-

values were used in the Svedberg equation: sensus at positions predicted to be exposed to solvent, we

threaded this sequence on a pair of polygons that have the

_ SRT ) rough orientation of ankyrin repeats. In an analysis of several

D1 — ) ankyrin repeat structures, we find the packing to be best

described as, i + 3 ridges of helix 1 packing intg i + 4
to estimate molecular weights, wheres the partial specific  grooves of helix 2 (D. B. and K. Tripp, unpublished results).
volume of the protein (mL/g) angd is the solvent density.  This interhelical geometry is common in globular proteins,
Estimates ofv and p were obtained based on primary and has been found to coincide with an interhelical angle of
sequenced8) and buffer composition, respectively, using around 20 (66), consistent with the modest interhelical angle
the program SEDNTERPS). Values ofs® and D° were seen for ankyrin repeat structures. Such an angle prevents
subsequently corrected for the effects of low temperature, exact representation of the helix interface using standard

buffer, and salt composition to yield%ow and D%ow  helical wheels. The geometry of the helix interface can be
(Sedlmentatlon and diffusion coefficients at infinite dilution better represented by arraying the residues of helix 1 on a
in water at 20°C) using SEDNTERPF9). triangle, and those of helix 2 on a square; residues away

Axial ratios for the Notch ankyrin polypeptides were from the interface retain their approximate geometry in this
estimated with SEDNTERRS9). Values 0f%q ., were input, depiction (Figure 1).

along with molecular weights and hydration estimates \yhen the sequence C-terminal to the sixth ankyrin repeat
calculated from primary sequence composition, to calculate of Drosophila Notch is arrayed as described (Figure 1),

the ratio of the experimental frictional coefficient to that residues that match the ankyrin consensus sequence (shaded)
expected for an anhydrous sphere of the same moIecuIartend to be oriented between helices, or are on the faces of

volume (/fmin) and to compute the dimensions of prolate e pejices that would be expected to contact the sixth
ellipsoids of revolution that are compatible with the experi- ankyrin repeat. In contrast, four out of five of the residues

mental datd. that fail to match the consensus are on the face of the first

Bead models \r/]vere constructed from ankyrin reptlaat helix that would be expected to contact solvent. These
structures using the program pdb2bead, written by Walter g ations suggest that the low sequence similarity of this

C-terminal putative seventh repeat may be a result of its role
?Note that if intermolecular disulfide formation is responsible for 55 a “capping” ankyrin repeat which interacts with solvent

this depletion, it is occurring in the presence of 1 mM DTT. . .
8 Here the symbofmi, is used to represent the frictional coefficient on one face, rather than with another anky“n repeat.

of an anhydrous sphere, arfglis used to represent the frictional To examine the structure and stability of the ankyrin repeat

fﬁ;ﬁb‘gggtg ";gg’]%rr?jt&%' Sgr?(?zg-gﬂﬁaﬁ?fﬁgfﬁg; iE;OC";rEé?”;r:’(‘;ith region ofDrosophilaNotch, and to test whether this putative
Schimmel 61). However, it differs from that used in SEDNTERP, seventh repeat is incorporated into the Notch ankyrin domain,

wheref, is used to represent the frictional coefficient of an anhydrous We have subcloned and expressed a Notch cDNA fragment
sphere §9), rather than that of a hydrated sphere. Thus, the frictional encoding the 6 published ankyrin repeats [ifosophila

ratio calculated by SEDNTERP (designaté#d in that program, and * ; i
equivalent tof/fmin here) must be multiplied by the ratio of the Notch (Nank1-6), and one that contains the 6 published

unhydrated to hydrated spherical radius to obtain a shape, or PerrinféP€ats with the additional 32 residues of sequence C-
factor. terminal to the sixth repeat (NankT*). In addition, we have
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Ficure 1: Representation of the ankyrin repeat consensus, and a
possible arrangement of a seventh ankyrin repedripsophila
Notch. A. The consensus pattern for ankyrin repeats fl@thwas
placed onto two helical wheels, based on sequence analysis of
several ankyrin repeat crystal structures. Because the helices within
ankyrin repeats are not parallel, the orientation of the two helices

is approximate. The use of a triangle and square to represent the r
sequences of the two ankyrin repeat helices provides a reasonable .
geometric representation of the interface between these two helices v
(see text). (B) Sequence of the putative seventh ankyrin repeat ol

(6] (10° degecm®*dmol ™)

threaded onto ankyrin repeat wheels; alignment to the consensus
is as in Table 1. Residues that match the consensus are shaded.
The solid line indicates the interface with the sixth repeat.

240 260 280 300 320 340

expressed a construct that contains only the first through fifth Wavelength (nm)

repeat (Nank5*). This five-repeat construct has been Ficure 2: Circular dichroism spectroscopy of ankyrin repeat
predicted, based on yeast two-hybrid studies, to be capablePolypeptides fromDrosophila Notch. (A) Far-UV spectra of

P ; ; ; Nank1-7* (O), Nank1-6* (A), and Nank*-5* (O0). Samples were
of binding both to the intracellular activator protein Deltex at 1004M, in a cell of 0.01 cm path length. (B) Near-UV CD

(25) and to a construct containing the Notch ankyrin repeats gpectra of Nankt7* (O), Nankt-6* (a), and Nank+-5* (CJ).

and flanking N- and C-terminal sequenceg)( Samples were at 50M, in a cell of 1 cm path length. Conditions:
Far- and Near-UV Circular Dichroism Spectroscopy of 25 mM TrisHCI, 150 mM NaCl, pH 8, 5°C.

the Notch Ankyrin Repeaffo examine the overall secondary

structure and the degree to which the aromatic side chainsTable 2: Circular Dichroism and Fluorescence Properties of

(one tryptophan, one tyrosine, and four phenylalanines) areAnkyrln Repeat Polypeptides from ttiRrosophilaNotch Protein

packed into fixed environments, far- and near-UV CD spectra ] fluorescence
i - 222 emission
were collected (Figure 2). The far-UV CD spectra of (degen-dmol-res)? max (nmy Key (M-1)¢

constructs containing repeats 3 (Nankt-5*), 1—6 (Nank1-

6*), and 1-7 (Nank1-7*, where the “seventh repeat” is as  Nank-7* —9520 3330  2.00(2.06,1.99)
- : - Nankl-6* —8070 335.5 1.39 (1.35, 1.41)

shown in Figure 1 and Table 1) are all consistent with yznki—5+* —7750 3355 1.46 (1.49. 1.43)

significanta-helical structure (Figure 2A), showing minima NATA nd 360.0 10.71(10.57,10.87)

a,t 220 and 205 nm, a”‘?' a ,max'mum around 189 nmj A aMean molar residue ellipticity at 222 nm. Standard deviations on
significant a-helical contribution to each CD spectrum is  mean values of molar residue ellipticity are approximately 1%, and
consistent with these constructs adopting the ankyrin repeatresult, in large part, from error in concentration determination.
fold seen in several crystal structur@8{42). Although the " Emission maximum following excitation at 295 nfriStern-Volmer
far-UV CD spectra of the different Notch ankyrin repeat cKonstant for quenchlng_ of tryptophan fluorescence with sodium iodide.
. . sv was calculated using data at or below 0.12 M quencher.
polypeptides have similar overall shape, there are subtle but
reproducible differences in both shape and intensity. In
particular, the CD spectrum of NankT* has slightly deeper ~ €ach construct at 222 nm (a wavelength at which CD is
minima at 222 and 205.5 nm, and a h|gher maximum at 189 h|gh|y sensitive too-helical Structure). AVerage values for
nm than that of Nankt6*. In addition, the band at 205.5 €ach sample are presented in Table 2.
nm is slightly red-shifted in Nanki7* compared with The near-UV CD spectra of these constructs show several
Nank1—-6*. Both the intensity and wavelength differences transitions that are consistent with packing of aromatic side
indicate that Nank%7* has a highew-helical content per  chains into rigid environments (Figure 2B). Narkz* shows
residue than Nank16*. The CD spectrum of Nank15* is five distinct peaks. The 290 and 284 nm peaks are likely to
quite similar in intensity and shape to that of Nanié* result from the single tryptophan, and the two peaks at lower
(Figure 2A), as is the spectrum of Nank@, which retains wavelengths (255265 nm) may result from two or more
the three cysteines encoded by thmsophilaNotch gene of the four phenylalanines. The near-UV spectra of Nank1
(not shown). To obtain a more precise quantitative estimate 6* and Nankt5* have features similar to those of the
of the amount ofx-helix in each construct, fixed-wavelength Nank1-7* spectrum, although, again, there are slight dif-
averages were measured for several independent samples dérences between the spectrum of Nank* and those of
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surrounding the tryptophan is significantly nonpolar. For the
shorter Notch ankyrin constructs, there is a small shift to
longer wavelength, with a maximum emission wavelength
of 335.5 nm for both Nanki6* and Nankt-5*. These
results indicate a slight perturbation around the repeat 5
tryptophan of Nank#6* and Nank1-5*.

To probe the accessibility of the tryptophan in repeat 5 to
solvent, fluorescence quenching studies were performed on
Nank1-7* Nankl—-6* and Nankt-5* lodide anion is a
strong collisional fluorescence quencher of exposed tryp-
tophans, especially in polar environments. Addition of
sodium iodide (Nal) to the Notch ankyrin repeat constructs
decreases fluorescence (Figure 3B; in the St&folmer
representation, inverse fluorescence is plotted as a function
of quencher concentration, leading to a rise in the indepen-
dent variable with increased quencher). A much larger degree
of quenching is seen for NATA in aqueous buffer, resulting
in a steeper slope in the Steriolmer plot (Figure 3B).
NATA, a derivative of tryptophan, should be completely
accessible to the quenching agent, and thus should provide
an upper limit for quenching.

Slight deviations from linearity in the SterfVolmer
representation are seen for the Notch ankyrin constructs as
N R R well as for NATA. For the Notch ankyrin repeats, a slight
0 0.1 0.2 0.3 0.4 decrease in slope is seen at high Nal concentrations. Similar

Todide (M) downward curvature has been seen in acrylamide quenching

Ficure 3: Tryptophan fluorescence spectroscopy of ankyrin repeat studies of liver alcohol dehydrogenasd( 67, and was
polypepfides fromDrosophila Notch. (A) Emission spectra of attributed to multiple fluorophores with different properties.

Nank1-7* (O), Nank}-6* (A), and Nank-5* (O), resulting from Although the Notch ankyrin constructs studied here contain
excitation at 295 nm. Sample concentrations were roughtis a single tryptophan, residual tyrosine fluorescence may be
Conditions: 25 mM TrisHCI, 150 mM NaCl, pH 8, 20°C. (B) contributing to this downward curvature, although at the
Fluorescence quenching of NarkZ* (O), Nank}-6* (), Nank- excitation wavelength used (295 nm), very little tyrosine

* = i . i i . . . .
ﬁ)dgcljje).’ g:grl:lda;:c?r)g ttLygtftlnupgraer:zgl](ig g}lgrg?,é)]s\évghn;o?%g nm €Xxcitation should occur. Another possible explanation for the

excitation), in the absence and presence of Nal, respectively. Linesdownward curvature is that the quencher may be inef-
result from fitting a line with unity-intercept to data at or below  ficient: the quencherfluorophore encounter complex may

0.12 M sodium iodide. Conditions: 25 mM Tri$Cl, pH 8.0, total decay by dissociation and/or fluorescence, rather than thermal
halide salt concentration is maintained at 0.5 M to provide constant jaaycitation. For NATA. the slight upward curvature at high
lonic strength, 20°C. Nal concentrations may result from static quenching.

the shorter constructs. In particular, compared to the spectrum Because of the slight nonlinearity in the SteMolmer

of Nank1-7*, the fine structure in the spectra of the shorter Plots, we have used only fluorescence data at low quencher
polypeptides is somewhat smoothed out. Furthermore, bothconcentrations (at or below 0.12 M) to determine Stern

of the shorter polypeptides have increased CD around 310Y0Imer constants (fitted lines, Figure 3B; Table 2). Using
nm in what appears to be a shoulder. Although the peak atthis limited portion of the data, fitted SteriVolmer con-

: : : tants for Nankt6* and NankX-5* are nearly identical
268 nm might be expected to result from the single tyrosine S 1 )
in the sixth ankyrin repeat, this peak is present in the (1.39, 1.46 M, respectively), whereas that for Narki*

spectrum of Nankt5*, which lacks this residue, indicating is slightly '”?ref"‘?ed (2.0 M). These SternVolmer con-
: . S . stants are significantly less than that measured for NATA
that this peak must have its origin in the other aromatic

groups remaining in this construct [one tryptophan in repeat (10.7 M), indicating that for all Notch ankyrin constructs,
. . the single tryptophan is shielded fi her, istent
5, two phenylalanines in repeats 2 and 3 (Table 1)]. © single ryptophan 1s shielded Irom quencher, consisten

with the nonpolar environment inferred from tryptophan
Fluorescence Spectroscopy of the Notch Ankyrin Repeatsfluorescence emission above. Also consistent with the
To assess the solvent polarity around the single tryptophanfluorescence emission data, the quenching studies indicate
in the Notch ankyrin repeat polypeptides (located in repeat that for Nankt-6* and Nank1-5*, the tryptophan is in a
5; see Table 1), the fluorescence emission spectra of Nankl similar environment, and that this environment differs
7*, Nank1-6*, and Nankt-5* were recorded. The wave- somewhat from that of Nanki7*. However, the modest
length of maximum emission for tryptophan depends on the increase in accessibility of the tryptophan in Narkt to
polarity of the surroundings, shifting from around 330 nm iodide is somewhat surprising, given the slight blue-shift in
in nonpolar environments such as protein interiors to-350 its fluorescence emission spectrum, relative to those of
360 nm in water. For Nanki7* the wavelength of = Nankl-6* and Nank}-5*.
maximum emission in the tryptophan fluorescence spectrum Gel Filtration Chromatography of the Notch Ankyrin
is 333 nm (Figure 3A), indicating that the environment RepeatsThe oligomeric state of the Notch ankyrin repeat

Fluorescence (arbitrary units)

oLl v v e
300 320 340 360 380 400
Wavelength (nm)
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Ficure 4: Gel filtration chromatography of ankyrin repeat polypep-
tides fromDrosophilaNotch. (A) Elution volume versus predicted
molecular weight. Symbols indicate molecular weight standatdis (
Nankl-7* (O), Nankl-6* (a), and Nank*5* (O). Multiple
symbols show the result of independent chromatograms. Molecular
weights for standards are thyroglobulin, 670 00@globulin,

158 000; ovalbumin, 44 000; and myoglobin, 17 000. For the
ankyrin repeat polypeptides, ordinate values are the calculated
monomer molecular weights. (B) Dependence of elution volume
on the loading concentration of ankyrin repeat proteins. Symbols
are as in (A). Conditions: 25 mM TrBICI, 150 mM NaCl, pH 8,
room temperature.

polypeptides was assessed by gel filtration chromatography.

Comparison of elution times of the ankyrin repeat polypep-
tides with elution times of size standards is consistent with
a largely monomeric state (Figure 4A, Table 3). Although
gel filtration chromatography is not likely to detect low

Zweifel and Barrick

Using values of the partial molar volume based on amino
acid sequenceésg, 59, molecular weights of 30 200, 28 400,
and 24 500 were obtained for NankT*, Nank1l—6*, and
Nank1l-5* respectively. These values are close to the
predicted monomer molecular weight from primary sequence
(Table 3), with deviations of around 4% for NankT*, and
around 14% for Nanki6* and NankX-5*. Although
deviations are toward higher molecular weight for all three
polypeptides, the molecular weights determined by sedi-
mentation equilibrium are all much closer to monomeric
values than to dimeric values.

Sedimentation Velocity of the Notch Ankyrin Rep€ebds.
further assess the oligomeric state of the Notch ankyrin repeat
polypeptides, and to obtain information about their hydro-
dynamic shape, we have performed sedimentation velocity
experiments on the Notch ankyrin repeat polypeptides. Sets
of sedimentation velocity curves were analyzed using the
program DCDT §3, 59 to provide an intuitive representation
of the sedimentation properties of the sample. DCDT
produces a sedimentation coefficient probability distribution,
represented by the differential probability functig(s*).
Such distributions, og(s*) plots, are shown for Nankt
7*, Nank1-6*, and Nank%*-5* in Figure 6A. For a single
sedimenting species, the plot has a Gaussian shape centered
at the weight-average apparent sedimentation coefficgEnt (
and a width proportional to the translational diffusion
coefficient for the speciess8—55). Single-component fits
are shown as solid lines in Figure 6A. As with the
equilibrium data, a single-component fit provides an adequate
description of the data, indicating a single stoichiometric
species. Comparison of the normalizg@*) plots of the
Notch ankyrin polypeptides indicates a progressive decrease
in s* as repeats are removed, although the decreastimn
largest going from Nanki7* to Nankl-6*, with only a
modest decrease going from Nanl@* to Nank1-5*. In
contrast, the largest increase in the apparent translational
diffusion coefficient, estimated by the width of tlyés*)
plot, occurs in going from Nanki6* to Nank1—5* (Figure
6A).

To more accurately quantify sedimentation and diffusion

concentrations of associated species, the elution times arepefficients, the program SVEDBERGE, 57 was used to

independent of loading concentration over a 50-fold range
(10—500uM, Figure 4B), demonstrating that at the concen-
trations used for CD spectroscopy (2550uM), the Notch

analyzes* and D* values for Nank*7*, Nankl1l—-6*, and
Nank1-5* at different concentratiorfsValues ofs* and D*
were plotted as a function of loading concentration to

ankyrin repeat polypeptides studied here are predominantlyexamine the effect of concentration ef and to estimate

monomeric.

Sedimentation Equilibrium of the Notch Ankyrin Repeats.
To further examine the oligomeric state of the Notch ankyrin
repeat constructs, analytical ultracentrifugation experiments
were performed in equilibrium mode. Equilibrium distribu-
tions of Nank}7* at different concentrations and rotor

the values of andD at infinite dilution &, D°). Values of

s* are essentially independent of concentration over the range
examined, from 0.25 to 1 mg/mL (roughly 4@d0 uM,
Figure 6B), again consistent with the idea that only a single
oligomeric state is populated over this concentration range.
Values ofD* show a very modest increase with concentra-

speeds are shown in Figure 5. These data can be weII-fittedtion; although this trend is not expected, it is likely to be

to a single-component model using the program MacNonlin-
PPC 62) (solid lines, Figure 5), resulting in a random
distribution of residuals (Figure 5, top). Similar results were
obtained for Nank%6* and Nankt5* (not shown). If the
Notch ankyrin polypeptides were significantly populating
multiple oligomeric states, deviation from the single-
component model would be expected. Thus, the Notch

ankyrin polypeptides seem to exist as a single stoichiometric g

species over the concentration range examine@@®uM).

within error of the values db*. Values ofsandD at infinite
dilution (> andD®) were estimated from intercepts of linear
fits of s* and D* versus concentration (Figure 6B, Table 3).

4The program SVEDBERG was used because it provides a more
reliable determination of numerically smallvalues (as are expected
here) than DCDT, and because SVEDBERG permits analysis of scans
nly distributed throughout the ruf7), allowing multiple cells to
be analyzed simultaneously using absorbance optics.
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Table 3: Hydrodynamic Properties of Ankyrin Repeat Polypeptides fronDtlesophilaNotch Proteif

predicted from sedimentation

sequence gel filtration equilibrium sedimentation velocity
M MP me ool D%p me fifof a/b?
Nank1-7* 28830 30000 30200 241 0.74 29232 1.24 4.9
Nank1-6* 24929 28000 28400 211 0.76 25240 1.29 5.7
Nank1-5* 21244 18000 24500 2.04 0.90 20644 1.20 4.3

2 All measurements made in 150 mM NaCl, 25 mM THEI, pH 8.0.P Average values of molecular weight estimated from loading concentrations
ranging from 10 to 50Q:M; standard deviations of the mean are 300, 450, and 700 for NartkINank1—-6* and Nank*-5* respectively.
¢ Determined from multiple protein concentrations and rotor speeds as described under Experimental Prdaéaluessofs’,,, (in Svedbergs,
x 10718 s) andD%,, (x107¢ cm?-s71) were obtained by extrapolating valuessfand D* to zero concentration (Figure 6B), and then correcting
for the effects of temperature, buffer, and salt concentrati@alculated from the Svedberg equation using partial specific volumes based on the
amino acid composition of each of the three polypepti@&s $9. f The ratio of the experimentally determined frictional coefficient to that expected
for an equivalently hydrated sphere of the same mass and volulwéal ratios calculated using the program SEDNTEFR®,(61).
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Ficure 5: Equilibrium ultracentrifugation of Nanki7*. Absor- jg
bance at 235 nm versus radial position at three different concentra- 5 08p
tions and rotor speeds. Loading concentrations were 58 (inner =
sector), 19 (middle sector), and /&M (outer sector). Symbols ” o6r . [~ A s W---o-
indicate speeds of 25 krpn®}, 28 krpm (x), and 31 krpm 4). = PIETEY SREee 2o ®-----
Solid lines are the results of simultaneous fitting of an ideal single- 04, 02 04 06 o8 R

species model to the data. Combined residuals for all 3 speeds and

concentrations are shown above (1096 points total). Note that the
scale for the plot of residuals is around 5 times that of the data.
Conditions: 25 mM TrisHCI, 150 mM NacCl, pH 8, 5°C.

Concentration (mg/ml)

Ficure 6: Sedimentation velocity of Notch ankyrin repeat polypep-
tides. (A) Normalizedy(s*) representation of sedimentation coef-
ficients for Nankt-7* (O), Nank1-6* (a), and Nank*5* (O0).

These values were then combined with partial molar volume The ordinate indicates the fraction of total material sedimenting at
estlm{:ltes to evaluat(f,' molecular weights using the S_vedberga givens-value. To obtain normalizeg(s*) plots, the distribution
equation (eq 2). Estimated molecular weights are in close of data was numerically integrated for each polypeptide and was
agreement with monomer molecular weights predicted from divided into the originab(s*) values. This normalization corrects
primary sequence, deviating by 0.9, 0.7, and 3.0% for for differences in concentration and step-size, giving each distribu-

_ 7% _@* * ; tion unit area. Smooth lines represent single-component fits to the
Nank1-7*, Nank1-6", and Nank1-5% respectively (Table data. (B) Sedimentation and diffusion coefficients (open and filled

symbols, determined using SVEDBERG) as a function of loading
concentration. Estimates & and D° are obtained as intercepts
defined by linear fits to the data (solid and dashed lines, respec-
tively).

3).

To evaluate the frictional properties of the Notch ankyrin
repeat polypeptides, values fefandD° were extrapolated
to 20°C and to pure water as solvesty , andD%, Table
3). As seen qualitatively in thg(s*) plots of Figure 6A,
0w decreases substantially as a result of removing the

cnr-s1). These abrupt changes indicate that the frictional

seventh ankyrin repeat (from 2.41 to 2.11 S) whereas furtherProperties of Nankt7*, Nank1-6* and Nank}-5* differ
truncation that results from removing the sixth repeat Substantially from one another, and suggest that the molecular
decreases®,,y only slightly (from 2.11 to 2.04 S). In  dimensions of these polypeptides do not simply vary in
contrast,D%,, showed only a modest increase as a result Proportion to the number of repeats.

of removing the seventh ankyrin repeat (from 073,06 One way to examine the frictional properties that takes
to 0.76 x 10°® cn?-s™1), but increased substantially as a into account the changes in the molecular weight of Notch
result of further truncation (from 0.76 10°6to0 0.90x 1076 polypeptides with different numbers of ankyrin repeats is to
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Ficure 7: Experimental and calculated hydrodynamic properties
of Notch ankyrin repeat polypeptides. (A) Comparison of experi-
mentally determined shape factofff for Notch ankyrin repeat
polypeptides ©) with values calculated from bead models built
from ankyrin repeat proteins of known structuse)(Bead models

Nank1-6*

Zweifel and Barrick

of these behaviors (Figure 7A, Table 3). Instd#gljs larger

for Nank1-6* than for Nankt7*, indicating that removal

of the putative seventh ankyrin repeat increases the frictional
coefficient of the remaining polypeptide relative to the
corresponding hydrated sphere. This effect reverses for
Nank1-5%*, for which f/fy is less than those of Nankb*

and Nank1-7*.

Given the elongated structure expected for an ankyrin
domain, it seems reasonable to interpret shape information
for the Notch ankyrin repeats using prolate ellipsoids of
revolution as structural models. By assuming a hydration
value based on amino acid compositioB9( 68, the
experimentally determined frictional ratios can be used to
determine the length and ratio of the major and minor
semiaxes of prolate ellipsoids that would have the same
frictional properties as determined for the Notch ankyrin
polypeptides. Clearly, these ellipsoid shapes are not unam-
biguously determined by the data; rather, they provide a
general picture that is consistent with experimentally deter-
mined frictional properties. The three prolate ellipsoids with
frictional properties corresponding to NankZ*, Nankl1—

6*, and Nankt-5* are shown in Figure 7B. To match the
experimentally determined hydrodynamic data, the prolate
ellipsoid that is frictionally equivalent to Nank®* would
have to be more elongated than the ellipsoid matching the
frictional properties of Nankx7* (Figure 7B, Table 3). The
ellipsoid that is frictionally equivalent to NankB* would

be less elongated than either of the two longer polypeptides.
Whereas the decrease in axial ratio for Nankl is expected
from considerations of the effects of shortening an ankyrin
repeat domain, the increase for Nanié* compared to
Nank1-7* demands a more elaborate hydrodynamic model
than simple prolate ellipsoids can provide, such as one

were constructed from the coordinates of the five-repeat protein involving partial unfolding.

p18INK4c [pdb code 1IHB 42)] and from N- and C-terminal

fragments containing fewer repeats. These bead models consist 0

spheres of identical radius centered on eaetarbon; summed

sphere volumes equal the molecular volume estimated from primary

bISCUSSION

sequence. Sedimentation and diffusion coefficients were calculated  1n€ ankyrin repeat region of the Notch receptor is critical

for each bead model using the program HYDR82,(63, and were
converted to shape factors using the program SEDNTERR (
(B) Prolate ellipsoids of revolution with frictional properties

matching experimentally determined values for the Notch ankyrin

constructs. These ellipsoids are depicted using MATHEMATICA
(80) to plot surfaces defined by the parametric equations b
cos() cost), y = b sin(t) cost), z= a sin(u), wherea andb are

for signaling. Molecular biological techniques, such as the
yeast two-hybrid assay, have identified a number of putative
protein—protein interactions that involve the ankyrin repeat
region of Notch, including direct homotypic associati@g-{

25, 27-29). Structural information on the ankyrin region of
the Notch polypeptide will be essential for developing a

the major and minor semiaxes of the ellipsoids, and the parametersgetailed understanding of the molecular mechanisms behind

u andt vary over the rangg0=< t < 2z}, {—7/2 < u < 7/2}.
From the hydrodynamic analysis, valuesaodndb are 7.2, 7.55,
and 5.6 nm, and 1.35, 1.2, and 1.1 nm for Nank%, Nank1—6*,
and Nank1-5*, respectively.

compare experimental frictional coefficients with those
calculated assuming an equivalently hydrated spHgref
the same molecular volume. If the Notch ankyrin polypep-

Notch signaling. The results presented in this paper provide
insight into the overall structure of the Notch ankyrin repeat
region, help to delineate the boundaries of the ankyrin
domain, and ascertain the oligomeric state of this domain in
solution. The results presented in this and the accompanying
paper 45) also provide information on the degree to which
the modular architecture of ankyrin repeat proteins results

tides adopt a hydrated spherical shape, the ratios of thein modular structure and stability.

observed and hypothetical minimum frictional coefficients
[f/fo, @also known as a “shape”, or “Perrin” facto&lj] should

Overall Structural Similarities among Notch Ankyrin
Repeat Polypeptide®Based on the spectroscopic and hy-

be equal to 1, and should be insensitive to molecular volume, drodynamic measurements made here, the Notch ankyrin
i.e., the number of ankyrin repeats in the Notch constructs. repeat region appears to be folded into a monomeric but
If instead an elongated shape is adopted (as is expected fosomewhat elongated structure with significamthelical

a folded ankyrin domain)/f, should be larger than 1, and

secondary structure and fixed tertiary interactions. Far-Uv

should decrease steadily as repeats are removed and axialD spectroscopy indicates a significant amound.dfelical

asymmetry is decreased (Figure 74;s). However, the

structure (Figure 2, Table 2). Although the shapes of the

Notch ankyrin repeat constructs studied here show neitherCD spectra are consistent with significant helix content, the
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magnitude of the observed ellipticity appears to be somewhatwith known ankyrin repeat structures, the magnitude of this
low, considering the crystal structures of several ankyrin distortion is larger than expected based on the known
repeat proteins33—42), in which over 50% of each repeat structures of ankyrin domains. To illustrate this, shape factors
is a-helical. One possible explanation for the low observed were calculated from bead mode®2( 63 constructed from
ellipticity is that all of the helices are expected to be short, known ankyrin repeat structures. These calculated shape
either 9 or 10 residues in length. The CD @fhelices is  factors increase with increasing repeat number, consistent
both predicted and observed to be length-dependent, withwith increased axial asymmetry. However, for the longest
shorter helices producing less el[ipticity per r_esidue than structure analyzed (five repeats), the shape factor only
longer ones §9—71). Another possible explanation for the  jncreases to a value of 1.05, significantly lower than that
low observed ellipticity is that one or more of the repeats getermined for the five-repeat Notch polypeptide (Figure 7A).
on thg N-terminus is d|sord_ered. Th.e studies here examinegna explanation for the high apparent axial ratios for the
participation in the ankyrin <_joma|n of repeats on t_he Notch ankyrin polypeptides is that a portion of each of the
C-terminus, but not the N-terminus. Although the ellipticity Notch ankyrin polypeptides is unfolded, and is thus increas-

BLS;Z Er?tgrh s?glkgtr:nc?oiggeoatgﬁzrlz:\iwfr: :Zagaixpritcégr?s ing the frictional properties of the polypeptide; this unfolded
y uctu yr peat protel 'region likely includes the N-terminal His-tag present on each

the CD spectra are consistent both in shape and in magnitude . : .
with CD spectra of other ankyrin repeat domain (72— polypeptide, but may also extend into the N-terminal repeat

75), including p16, where high-resolution structural data of each construct. We note that shape factors_ sim?lar those
indicate that each ankyrin repeat adopts an ordered ankyrinme"’lsu.r ed f°f the NOtCh. constructs were obtamgd in hydro-
fold (41, 76. dynam|c.stud|es of a series of S|x—r9peat prote_olyt|c fragments
of ankyrin, the cytoskeletal protein from which the repeat
name derives (values dffy range from 1.2 to 1.3)74).
Although the numerical values of the shape factors of the
ankyrin fragments were interpreted as indicative of spherical
shape by the authorg4), we interpret their shape factors
psan indication of high axial distortion for ankyrin fragments.

Near-UV CD shows several bands from 250 to 300 nm
(Figure 2B). These bands are likely to result from exciton
coupling of aromatic side chains, which requires these side
chains to occupy fixed orientations with respect to each other
(61, 7. The observation that Nankb* (which is missing
one tyrosine and two phenylalanine residues that are presen
in repeat 6 of the longer constructs) retains a near-UV CD  Structural Differences among Notch Polypeptides with
spectrum similar to the longer polypeptides suggests that atDifferent Repeat Numberfespite the overall similarities
least some part of the near-UV CD spectrum (especially from in the secondary and tertiary structure of the seven-, six-,
250 to~270 nm) must result from the phenylalanine residues and five-repeat Notch ankyrin polypeptides, there are small
in repeats 2 and 3. Thus, rigid tertiary structure in the Notch but reproducible spectroscopic and hydrodynamic differences
ankyrin domain appears to include repeats 2 and 3. between Nank*7* and the shorter constructs, indicating

Unlike near-UV CD, which in principle probes the rigidity ~ structural differences. Slightly weaker (less negative) molar
of all of the aromatic side chains (tryptophan, phenylalanine, residue ellipticity values in the far-UV CD spectra of
and tyrosine) in the Notch ankyrin repeats, fluorescence Nankl—-6* and Nankt-5* (Figure 2A, Table 1) indicate that
spectroscopy (Figure 3) reports on the accessibility and the shorter constructs have lower percentages-bélical
polarity of the environment surrounding the single tryptophan structure. As these ellipticity values are normalized to the
in repeat 5 (Table 1). Based on the wavelengths of maximum number of residues in each polypeptide, this is not simply a
emission, the environment surrounding the tryptophan in result of losing helices of the putative seventh ankyrin repeat
repeat 5 appears to be rather nonpolar in all constructspy deletion; rather, it suggests that some of théelical
studied. Based on the fluorescence quenching, this tryptophanstructure present in repeats-@ of the full-length construct

appears to be sequestered from solvent. These findings args |ost upon removal of the putative seventh repeat.
particularly significant for Nank%5*, since removal of the

sixth and putative seventh repeats should expose part of the '€ near-UV CD spectra also indicate minor structural
fifth repeat to solvent. In the sequence alignment in Table changes for Nank6* and Nank}-5*. Although the spectra
1, the tryptophan in repeat 5 occupies #&position, which of all constructs have the same number of resolved peaks,
would pack against the N-terminal adjacent repeat (repeatand these peaks appear at the same wavelengths, the peaks
4). The observation that the tryptophan in Nar&t remains are considerably better resolved in the spectrum of Nank1
in a nonpolar environment is consistent with this model. 7* than in the spectra of the two shorter constructs. Because
These spectroscopic features indicate that all three Notchthe sixth ankyrin repeat contains one tyrosine and two
ankyrin polypeptides studied here contain a common region phenylalanines, changes in the near-UV CD spectrum of
of well-folded structure extending from repeat 2 through Nank1l-5* are not entirely unexpected. However, for
repeat 5, and at low resolution, this common structure is Nank1—6* these residues are retained, yet the near-Uv CD
consistent with known structures of other ankyrin repeat spectrum shows the same decreased resolution as for Nank1
proteins. 5*. Thus, the changes in the near-UV CD spectra of the five
Based on sedimentation velocity studies, the ankyrin repeatand six-repeat polypeptides must originate either from minor
polypeptides have high frictional coefficients, suggesting structural changes of the aromatic chromophores in the first
elongated structures. The shape factors determined here fofive repeats, or from disruption of the sixth repeat in Nank1
the Notch ankyrin repeats result in calculated axial ratios 6* as a result of deleting the putative seventh repeat. This
(a/b) of around 5 (Table 3), assuming a prolate ellipsoidal second interpretation is consistent with the loss.gfelical
shape. Although axial distortion is qualitatively consistent content seen for Nanki6*.
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Like the far- and near-UV CD data, the tryptophan appearto be appropriate for interaction studies, as they seem
fluorescence data also indicate minor structural changes forwell-structured based both on the spectroscopic data above
the five- and six-repeat constructs, compared to the seven-and on the thermodynamic data in the accompanying paper
repeat construct. There is a small but reproducible red-shift (45).

(2—3 nm) in the emission maxima of Nank®5* and All of the hydrodynamic methods we have used to
Nank1l-6* compared to that of Nanki7* (Figure 3A, determine the oligomeric state of tHerosophila Notch
Table 2), indicating a slight increase in the polarity of the ankyrin repeats indicate that the three constructs are mon-
environment surrounding the tryptophan in repeat 5. It is omeric over a broad range of concentrations (Figure6,4
possible that this slight shift is caused by a minor structural Table 3). For gel filtration chromatography, loading con-
rearrangement resulting from loss of structure in the adjacentcentrations ranged from 10 to 120 (and as high as 500
(sixth) repeat. Identical changes in the emission maximum uM for Nank1—-7*). For velocity sedimentation, loading

of the six- and five-repeat polypeptides would again be concentrations ranged from approximately 7 ta®0, and
expected if deletion of the putative seventh repeat disordersfor sedimentation equilibrium, loading concentrations ranged
the sixth repeat in the Nank®* polypeptide, so that further ~ from approximately 20 to 20«M. These findings are
truncation to Nank*5* results in no further loss of ordered  consistent with the observation that unfolding transitions of
structure. This structural model is also consistent with the these Notch ankyrin polypeptides are insensitive to protein
observation that quenching of tryptophan fluorescence in concentration [see accompanying papE)]. The observa-
Nankl-6* and Nank1-5* is perturbed to the same degree tion that all three constructs studied here are monomeric is
compared to Nankt7* (Figure 3B, Table 2). However, the important for interpreting the conformational differences
slight decrease in quenching of the shorter polypeptides between the seven-repeat polypeptide and the six- and five-
(indicative of decreased accessibility) is somewhat surprising, repeat polypeptides; demonstrating that these differences are
given the increase in the wavelength maximum of fluores- not a result of dissociation of a complex in response to
cence of the shorter polypeptides (indicative of increased truncation, but rather are a change in monomeric solution
polarity), as these two quantities typically show a positive structure. The fact that these well-foldBdosophilaNotch
correlation b1). ankyrin domains remain monomeric at concentrations greater

Sedimentation velocity data are also consistent with partial than 0.25 mM indicates either that the homotypic interaction
unfolding of the sixth repeat in the absence of the putative detected by yeast two-hybrid methods is quite weak on its
seventh repeat. Assuming an elongated, prolate structureown (Kq > ~1 mM) or that the interaction requires
deletion of terminal repeats should bring about a monotonic components outside the ankyrin domain. Specifically, the
decrease in shape factors and, as a result, calculated axiahomotypic interaction detected in the two-hybrid studies may
ratios. Indeed, this trend is seen in shape factors calculatednvolve a stabilizing interaction between the ankyrin repeat
from hydrodynamic modeling of ankyrin repeat structures domain and a separate region of the Notch intracellular
(Figure 7A). While a decrease in shape factor (and thus axialdomain, since the two-hybrid experiment tested for interac-

ratio) is seen in a comparison of NankZ* with Nank1l— tion between the first six ankyrin repeats and the entire
5* Nank1—6* has a larger shape factor (and thus a larger intracellular domain Z4).
calculated axial ratio) than NankI’* (Table 3, Figure 7A). Importance of the Putate Seenth Repeat for Structural

Thus, the variation of measured Notch ankyrin shape factorsintegrity. Although sequence identity among ankyrin repeats
(and computed axial ratios) with repeat number is inconsis- is relatively low @0, 31, the fact that multiple copies of
tent with a simple model in which deletion of ankyrin repeats ankyrin sequences are found in tandem makes identification
simply produces a shorter array of folded repeats (Figure of ankyrin domains relatively straightforward. However,
7), but is consistent with the a model in which the sixth repeat identification of the ends of an ankyrin domain presents a
is unfolded in the absence of the seventh repeat (i.e., Nank1l challenge both because terminal repeats may deviate from
6*). Unfolding of the sixth repeat in the absence of the the consensus sequence as a result of increased solvent
seventh repeat would increase the frictional coefficient of exposure, and because adjoining sequences may fortuitously
Nank1-6* compared with Nank*7*, and deletion of this  match the relatively weak consensus. For B@sophila
unfolded sixth repeat would significantly decrease the Notch ankyrin repeats, the average pairwise identity of
frictional coefficient of Nank1-5*, as is observed experi- repeats 6, as aligned in Table 1, is 31.5%, whereas the
mentally. average pairwise identity of the putative repeat 7 with repeats
Oligomeric State of Notch Ankyrin Repeat Polypeptides. 1—6 is only 17%. As a result of this low identity, the putative
Since the ankyrin domain of the Notch receptor is thought seventh repeat sequence was not identified as an ankyrin
to interact directly with several other proteins, determining repeat in an extensive search for ankyrin sequerg®s (
the oligomeric state of the Notch ankyrin repeat domain is  The spectroscopic and hydrodynamic studies demonstrate
an important first step in quantifying the stoichiometries and that the C-terminal putative ankyrin repeat sequence is an
affinities of the various noncovalent complexes that regulate important part of theDrosophila ankyrin domain, despite
Notch signaling. In particular, determination of the oligo- the poor match of this sequence to the ankyrin consensus.
meric state of the Notch ankyrin polypeptides should provide Not only does it appear that the putative seventh repeat is
insight into a proposed homotypic interaction between the incorporated into the ankyrin fold, it appears that this region
ankyrin repeats ofDrosophila Notch and a construct facilitates further structuring of at least some of the six
composed of the entire Notch intracellular doma#d)( and previously identified repeats. In particular, the spectroscopic
into interactions identified between similar ankyrin repeat and sedimentation velocity studies presented here are con-
constructs from the worm glp-1 Notch homologdé); The sistent with a role for the putative seventh repeat in inducing
constructs we are using to examine the oligomeric state structure in the sixth repeat, and without the seventh repeat,
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the sixth repeat appears to unfold despite the good match of 9.

the sixth repeat to the ankyrin consensus. These conclusions

are strongly supported by the results in the accompanying il'

paper 45), which demonstrate that the putative seventh

ankyrin repeat greatly stabilizes the entire ankyrin domain, 1o
and increases thermodynamic quantities that are sensitive to

the

Based on the data presented in this and the accompanying

number of residues participating in a folding transition.

paper 45), it seems quite likely that the C-terminal sequence

exerts its ordering, stabilizing effect on the ankyrin domain ;g

by adopting an ankyrin fold and packing against the sixth
repeat via a typical ankyrinankyrin interaction. However,

it is possible that although this C-terminal sequence stabilizes

the

Notch ankyrin domain through direct interactions, it

adopts a different fold. This mode of capping of repeat

proteins has been seen in the leucine-rich repeats of dynein

motor domain associated light chaifg], in the TPR repeats
of Secl7 79), and in the ankyrin repeats of Swi@5).

Determination of the precise structural means by which this

C-terminal sequence stabilizes the Notch ankyrin domain will
require high-resolution structural information.

Although the putative seventh ankyrin repeat identified
here for theDrosophilaNotch protein has escaped sequence

identified in a human Notch homologue (Stephen Blacklow,

personal communication). In addition, seven potential ankyrin
repeats have been reported in the Notch receptors encodedss,

by theglp-1 andlin-12 genes o€Caeonrhabditis elegan81,

32).

Interestingly, the seve@lp-1 ankyrin repeats identified

by Roehl et al. 82) are shifted by one repeat relative to those
identified by Bork 81), raising the possibility that in the
Glp-1 Notch homologue, there may be eight repeats in the 27

ankyrin domain. Experiments such as those described here

and in the accompanying papdsf will should help resolve

the number and locations of the ankyrin repeats in the Notch

homologues of. elegansas well as on the N-terminal end
of the DrosophilaNotch ankyrin domain.
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