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ABSTRACT. The receptor associated protein (RAP)
the low density lipoprotein receptor-related protein

is a 38 kDa ER-resident protein that binds tightly to
(LRP), and other members of the LDL receptor family

of receptors, and competes with all known LRP ligands for binding to LRP. To better understand the
domain structure and organization of RAP, we have expressed RAP subfragments and examined them by
two-dimensional HSQC NMR and fluorescence spectroscopies, by differential scanning calorimetry, and
by both equilibrium and velocity sedimentation measurements. We found that the protein is organized
into three domains located in the first third (1D), middle third (2D), and last third (3D) of the protein. All
three domains adopt stable tertiary structure as isolated domains and are monomers. Whereas domains

1D and 2D do not interact with one another, 3D
intact RAP. Sedimentation measurements also
significantly elongated.

The 38 kDa receptor-associated protein (RAR3s first
isolated as a protein that copurifies with the low-density

interacts with 2D, both in a 2D-3D construct and in
indicated that intact RAP, although monomeric, is

binding regions of LDL receptor family members such as
LRP. To date, the only atomic resolution structural informa-

lipoprotein receptor-related protein (LRP) and that is present tion on RAP is an NMR solution structure of residues-18

in variable stoichiometry relative to LRPLY The tight
interaction responsible for this copurificatioq(~3 nM)
reflects the role that RAP is believed to play in vivo as a
chaperone for correct folding of LRP and of certain other
members of the LDL receptor family and also in preventing
premature binding of protein ligands to folded LRP in the
ER or Golgi —4). The finding that RAP competes for
binding of all protein ligands of LRP2( 5—9) has made it
an invaluable reagent for mapping LRP’s ligand binding
regions but raises the question of how RAP can bind at
multiple sites within LRP and also compete for binding with
ligands of very different primary and tertiary structures. To
answer this question, it will be necessary to have an
understanding of RAP’s structural organization and ulti-
mately of the atomic details of its binding to the ligand
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112 (out of a total of 323 residues in full-length RAP),
showing it to contain a compact three helical bundle, but
with residues 93112 disordered1(0). This domain is of
functional interest in that it contains the epitope for the
Heyman nephritis antigerl().

Several models have been proposed for the domain
organization and structure of RAP, although in each case
based on relatively limited data. The first, proposed by Bu
and colleagues, recognized an apparent triplication of an
approximately 100 residue sequence within the primary
structure of RAP and suggested that the protein is organized
into three domains, one associated with each of the three
repeats, although with different functions associated with
each domain. A modification of this model incorporated data
on sites of proteolytic susceptibility and denaturation by
guanidine hydrochloride and proposed a two-domain struc-
ture, with portions of the middle repeat being associated with
each of the flanking repeats, to give a total of only two
domains. An independent study by Ellgaard expressed each
of the three repeats as a separate peptide and used one-
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propose a three-domain model, although without examining
any domair-domain interactions in larger constructs or in
intact RAP. More recently, a differential scanning calorimetry
(DSC) and CD study of RAP and subfragments proposed a
four-domain model, with the first and last domains corre-
sponding approximately to those of Ellgaard and colleagues
but with the middle repeat being composed of two domains,
the first of which was proposed to associate with the
N-terminal domain.

To more definitively determine the number and size of
individual domains within RAP, and to determine whether
any of them interact in the intact protein, we have used a
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combination of two-dimensional HSQC NMR, differential 6His-NusA-fusion proteins were purified from whole cell
scanning calorimetry, fluorescence spectroscopy, and sedidysate using Ni-NTA affinity chromatography (Qiagen),
mentation measurements on intact RAP and on subfragmentsaccording to the manufacturer’'s directions. After cleavage
Our findings indicate that none of the previous models fully with TEV proteinase (1:1000 w/w, overnight at@), 6His-
represents intact RAP in terms of the number of domains NusA was removed from the protein of interest by-WNiTA
and/or domair-domain interactions. Instead, we found that, affinity chromatography. RAP and RAP subfragments were
whereas there are 3-folded domains each representing abowdditionally purified by the same anion exchange chroma-
one-third of the protein, as found previously by Ellgaard et tography step that was used in the purification of GST-fusion
al. (12), the second and third domains interact weakly with proteins.

one another, whereas the first domain is entirely independent. Protein concentrations were determined spectrophotometri-
Furthermore, sedimentation velocity measurements showedcally, using extinction coefficients calculated from the
that the domains are organized in a way that gives a composition of tryptophan and tyrosine residues present in
significantly elongated structure, although the protein behaveseach fragment and the relationskf§® (Mt cm™) = 5500

as a monomer. x humber of tryptophang 1490 x number of tyrosines

(13). The extinction coefficients determined were 13 98G-M

MATERIALS AND METHODS cm* for 1D, 12 490 M cm for 2D, 9970 for 3D, and
Expression, Purification, and Refolding of RAP and RAP- appropriate linear sums for other constructs or for intact RAP.

Derived Domains The expression vector pGEX-2T (Am- Differential Scanning Calorimetry Experiments were

ersham Biosciences) containing the RAP cDNA was used performed on a MicroCal VP-DSC differential scanning
as a template for construction of RAP subfragments: 1D calorimeter using a scan rate of°C/min. Proteins were
(1—112) and 1164, 2D (93-215), 3D (206323), 1D-2D dialyzed into the same buffer as used previously by Medved
(1—215), and 2D-3D (93323) in polymerase chain reac- et al. (L4), namely, 20 mM glycine, 0.25 M guanidine
tions. PCR products were cloned into either pGEX-2T or hydrochloride, pH 8.7. Protein concentration in the cell was
PQE30NusA-TEV expression vectors. The pGEX-2T vector 1 mg/mL (~8 uM). Differential scanning calorimetric data
was transformed into BL-21 cells, while pQE30NuUsATEV were analyzed using MicroCal DS@irigin, using the model
vector was transformed into SG13009 cells. The pGEX of independent two-state transitions, from whikh AH,
expression vector was designed to produce fusion proteinsand AH'a"tHoff gre calculated.
of the insert-encoded protein coupled to glutathidie NMR Spectroscopy*H**N]-HSQC spectra were recorded
transferase (GST), with a thrombin cleavage site betweenon a Bruker DRX600 instrument equipped kvi 5 mm {H/
them. The pQE30NusA-TEV expression vector was designed'°N/*3C) triple resonance cryoprobe and pulse field gradient
to produce fusion proteins of the insert-encoded protein capability. Uniformly*>N-labeled samples of RAP and RAP
coupled to 6His-NusA protein, with a TEV proteinase subfragments were prepared in 20 mM Tris, 50 mM NacCl,
cleavage site between. pH 7.4, 90% HO/10% DO at a protein concentration of
Fusion proteins were expressed eitheEstherichia coli 0.4 mM or 100uM, while the sample of RAP run under
BL-21 cells in 2YT medium supplemented with 150 mg/L optimal conditions for cryoprobe detection was AM
ampicillin or SG13009 cells in 2YT medium supplemented prepared in 50 mM MOPS buffer titrated with bis-TRIS-
with 150 mg/L ampicillin and 50 mg/mL kanamycin. propane at pH 7.2. Spectra were recorded at 298 or 293 K.
Expression was induced with 1 mM IPTG at an §dof [*H'N]-HSQC data were processed and analyzed by NM-
0.6. The cells were harvested by centrifugation after a further RPipe (5).
4—5 h growth at 37°C. For NMR experiments, cells were Fluorescence Measuremenfauorescence spectra were
grown in minimal medium, consisting of M9 salts supple- recorded on a QuantaMaster spectrofluorimeter (Photon
mented with 6 mL/L MEM vitamin solution (Gibco BRL), = Technology International, London, Ontario, Canada). Excita-

1 mM MgSQ, 40 uM CaClb, 2 g/L glucose, and 1 g/t>- tion was at 295 nm, to ensure excitation of only the
NH,CI (Cambridge Isotope Laboratories). Cells were induced tryptophans, with slits of 1 nm for excitation and 4 nm for
as above and were harvested after 6 h. emission. Emission was recorded between 305 and 400 nm

Harvested cells with expressed GST-fusion proteins were in steps of 1 nm with an integration timd b s at 25°C.
resuspended in TBSTE buffer (20 mM Tris, 150 mM NacCl, All proteins were in 20 mM Tris, 50 mM NacCl, pH 7.4 at a
10 mM EDTA, 0.5% Triton X-100, 0.5%3-mercaptoethanol  concentration of 5:tM. Spectra were normalized based on
(BME), pH 7.9) and sonicated for 5 min total pulse time. the fluorescence intensityi6 M guanidine hydrochloride
GST-fusion proteins were isolated from whole cell lysate and the number of tryptophans in the fragment.
by GSH-Sepharose chromatography and dialyzed overnight Sedimentation Velocity and Sedimentation Equilibrium
against 20 mM Tris, 50 mM NaCl, 4 mM EDTA, and 0.1% MeasurementsSedimentation velocity and sedimentation
BME. Following cleavage with thrombin (1:5000 mol/mol equilibrium experiments were performed on an XLA Beck-
ratio, 15 min at 20C), GST was removed from the domain man Coulter analytical ultracentrifuge at the Keck Biophysics
of interest by GSH-Sepharose chromatography. RAP or Facility at Northwestern University. For sedimentation
RAP subfragments were subsequently purified by anion velocity measurements, RAP in the same buffer as used for
exchange chromatography on Q-Sepharose HP (Pharmaciajhe NMR experiments (20 mM Tris, 50 mM NacCl, pH 7.4),
in 20 mM Tris, pH 8.0, using a linear gradient of-600 at different concentrations, was centrifuged at 60 000 rpm
mM NacCl, except for full-length RAP, where the gradient for several hours. Sedimentation of samples was followed
was 50-500 mM due to RAP’s low solubility in low salt by absorbance at 280 nm for the 1 mg/mL sample and at
buffers. Purified RAP and RAP subfragments were dialyzed 297 nm for the 3.5 mg/mL sample to maintain an OD of
against 20 mM Tris, 50 mM NacCl, pH 7.4. about 0.9.
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Ficure 1: RAP unfolds as three distinct domains. DSC traces for
unfolding of RAP fragments. From top to bottom the traces
represent fragment 1112 (1D), fragment 93-215 (2D), and
fragment 206-323 (3D).

Table 1: Thermodynamic Parameters for Unfolding of Various
RAP Constructs

Tm AHcaI AHvant Hoff
species (°C)  (kcalmor?)  (kcalmol?Y)  ratic®
1D (1-112) 64.7 65.3 64.2 1.02
2D (93-215) 54.0 49.8 43.2 1.15
3D (216-323) 43.2 62.0 51.7 1.20

a Ratio represents the ratidbH?/AH'", which is a measure of how
many unfolding units (domains) are present within a transition.
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with a relatively small dispersion in tHél dimension (about

2 ppm excluding NHside chains and indole NH), consistent
with the earlier NMR structure determination of this region,
which showed the presence of a three-helical bundle
encompassing residues-188 (10). An HSQC NMR spec-
trum was also recorded of a closely related construct, residues
1-92 (spectrum not shown), which contains the whole of
the ordered structure found previously. Of the 76 backbone
NH resonances resolvable in the spectrum 82 (out of

87 nonproline residues that are expected to give resonances),
all were present at either identical positions (64 peaks) or
only slightly perturbed positions (12 peaks) in the spectrum
of 1-112. Furthermore, 19 additional peaks were present,
out of the 20 expected for the extra residues 282. Almost

all of the additional peaks occurred‘t chemical shifts of
8.05-8.35 ppm, indicating a random coil structure for this
linker region. This is in keeping with what has been reported
previously for this region, namely, that the portion-2312

is unstructured and highly flexible as part of the fragment
18-112 (12).

The fragment +164 had been reported by Medved et al.
to contain two distinct domains, one from 1 to 92 and one
from 93 to 164 {4). The two-dimensional*H-1°N] HSQC
NMR spectrum of this fragment (Figure 2B) consisted of
all of the narrow resonances present in the spectrum of the
fragment 112 (Figure 2A), together with additional
intensity in the center of the spectrum that was broad and
unresolved, implying that the additional residues from 113
to 164 did not give rise to any narrow, dispersed resonances
suggestive of a new structured domain.

The fragment 93215 gave a well-dispersed, well-resolved

For sedimentation equilibrium measurements, fragments ysoc NMR spectrum (Figure 2C), consistent with this
1D, 2D, 3D, 2D-3D, and intact RAP samples were prepared yegion also containing a well-folded domain. Approximately

in 20 mM potassium phosphate buffer, pH 7.4 containing
50 mM NacCl. Scans were collected at Z5 at 230 and 280
nm in radial step mode, with a 0.001 cm radial resolution.

70 resonances were clearly resolvable as dispersed, single
peaks, although these probably include some that represent
the flexible region from 93112 that are also present in the

Determinations were the average of 20 measurements. Thre@ragment +112. In addition to these resonances, there is

concentrations were used for each type of sample, with OD ¢gpsiderable broad overlapping intensity between 119 and
values of 0.3, 0.5, and 0.7 for both wavelengths. Samples 123 ppm 5N dimension) and 8.0 and 8.4 ppniH(

were sedimented to equilibrium at 32 000, 38 000, 44 000,

and 50 000 rpm for 1D, 2D, and 3D; at 24 100, 34 200,
41 900, and 48 300 rpm for 2D-3D; and at 18 300, 25 100,
30 400, 34 900, and 38 900 rpm for intact RAP. Data were
analyzed by UltraScan Il Data Analysis Software.

RESULTS

Differential Scanning CalorimetryJsing the same buffer

dimension). This suggests that some portion may be under-
going conformational interconversion and hence give broad-
ened lines.

The fragment 206323 gave a spectrum with a similar
spread of chemical shifts in théH dimension as the
fragments 112 and 93-215, although with a fewer
number of resonances that were completely resolved (Figure
2D). Thus, many of the resonances Hatlchemical shifts

conditions as Medved et al., DSC scans were carried out onat about 8 ppm, with the result that there was significant

the three constructs 1D, 2D, and 3D, representing the first,

overlap in this region even though the resonances themselves

middle, and last thirds of RAP. Each species gave a simplewere relatively narrow. Nevertheless, the spectral dispersion

unfolding transition that was very well-fitted to a two-state
unfolding process (Figure 1). In addition, the ratio of
AH calorimetig A van't Hoff \yag 1 within experimental error

indicated that there was an ordered conformation within this
fragment.
Independence of Domains 1D and .2Do examine the

(Table 1), indicating that only a single domain was present dependence of the structure present in domain 1D on the
in each species. The relative stabilities of the three domainspresence of domain 2D and vice versa, the two-dimensional
were the same as found previously for constructs that covered*H-*N] HSQC NMR spectrum of the fragment-215 was

equivalent portions of RAP, with thE, values being 65C
for 1D, 54°C for 2D, and 42°C for 3D (14).

2D [*H-1"N] HSQC NMR Spectra of RAP Fragmerithie
two-dimensional{H-*°N] HSQC NMR spectrum of the first
112 residues of RAP, expressed as a unifortfilirenriched
protein, showed excellent resolution (Figure 2A), although

recorded and compared with the sum of the spectra-GfiP

and 93-215. The spectrum of fragment-215 was well-
resolved (Figure 3A) and represented a simple superposi-
tioning of the resonances seen previously from the fragment
1-112 and the additional resonances present in the fragment
93—215 (Figure 3C). This shows that the domains present
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FiIGURE 2: RAP contains only three discrete folded domaiffN{H]-HSQC NMR spectra of uniformly*N-labeled RAP domains recorded

at 25°C and 600 MHz for*H. Panel A, fragment+112, encompassing domain 1D; panel B, residue&64; panel C, residues 93-215
encompassing domain 2D; panel D, residues-2883, encompassing domain 3D. Note that the very sharp resonant®s atemical

shifts of 127 ppm in panel A, 131 ppm in panel B, and 129 ppm in panel C are likely to arise from the C-terminal residue, based on their
strong downfield chemical shifts and high intensity. Also, the spectra have been plotted only as far downfield as 95 pich thus do

not show the resonances present from tryptophan indole NHs.

in the individual fragments were also present in the longer of the signal intensity occurring in the center of the spectrum
fragment, with the same structures, suggesting that there wasaround 8 ppmfH) as unresolved resonance intensity (Figure
no domair-domain interaction between these two domains. 3B). This contrasts markedly with the simple sum of spectra
The narrow line widths, similar to those of each of the of the component fragments (Figure 3D) and implies that
smaller fragments, are also consistent with two independentlythere is an interaction between the two domains that is sensed
mobile domains being present rather than a single slowerby most or all of the residues in both domains. Spectra of
moving domain, which would have resulted in much broader this tandem domain species were also recorded in the
resonances throughout. presence of higher salt concentration or of low concentrations
Interaction between Domains 2D and 3[A similar of guanidine or detergent in an attempt to disrupt the
comparison was made between the behavior of domains 2Dinteraction between the domains. However, none of these
and 3D as isolated fragments and as a single connectedspectra had a significantly improved resolution that might
species by recording the two-dimensiondfi{>N] HSQC indicate such a disruption (data not shown).
NMR spectrum of fragment 93323 and comparing it to 2D [*H-15N] HSQC NMR Spectrum of Intact RARitact
the sum of NMR spectra of the constituent separate frag- RAP gave an HSQC NMR spectrum composed of a set of
ments. The spectrum of 93823 was very poorly resolved, narrow well-resolved, well-dispersed resonances and a region
with almost no discernible individual resonances, and most of broad unresolved intensity centered on 8 ppif) (Figure
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Ficure 3: Interactions between 2D and 3D but not between 1D and28-'H]-HSQC NMR spectra of uniformly labelled RAP fragments.
Panel A, fragment 1D-2D (1215); panel B, fragment 2D-3D (9323); panel C, superpositioning of spectra of fragmentd 12 and
93-215; and panel D, superpositioning of spectra of fragment®293 and 206-323.

4A). The dispersed narrow resonances corresponded indata fitted to a single, ideal component model and the MWs
position and resolution with those present in the fragment calculated from the primary structures (Table 2).
1-112 (Figure 2A), suggesting that in the intact protein, this ~ Sedimentation velocity measurements were also carried
extreme N-terminal domain retains its structure and has out on intact RAP. The distribution profile showed that the
motion that is independent of the remainder of the molecule. sample sedimented with a sedimentation coefficient®bS
In keeping with this, the spectrum of intact RAP was very (data not shown). If RAP behaved as a monomeric 38 kDa
similar to the sum of spectra of 1D and 2D-3D (Figure 4B). globular protein, it would be expected to have a sedimenta-
A spectrum of RAP was also recorded at a very much lower tion coefficient of 6.0S. The much smaller value observed
concentration (1uM) (Figure 4C) to determine if the  suggests that RAP must have a nonglobular structure. When
broadening was concentration dependent. This spectrummodeled as a prolate ellipsoid, an axial ratio of 11:1 is
showed the same pattern of resolved resonances from theequired to give the observed sedimentation coefficient.
N-terminal domain and broad resonance intensity from the Fluorescence Emission Spectra of RAP and RAP Frag-
remainder of the protein as was present at much higherments RAP contains five tryptophan residues, two in the
concentrations. N-terminal domain, two in the middle domain, and one in
Sedimentation Equilibrium and Velocity Measurements the C-terminal domain of the protein. Tryptophan emission
Sedimentation equilibrium measurements were carried outspectra were recorded for the fragments112, 93-215,
on intact RAP and on the fragments 1D, 2D, 3D, and 2D- 206—323, and 1215, as well as for intact RAP (Figure 5A).
3D. All of these species behaved as monomers, with excellentThe wavelength maximum for the emission spectrum of the
agreement between the MWs deduced from the experimentafirst domain was 335 nm, consistent with partial surface
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FIGURE 4: 2D-3D intact in intact RAP. Panel AIN-H]-HSQC HSQC NMR spectrum of uniformly labelled RAP at 3@@. The sharp,
resolved resonances arise exclusively from domain 1D (compare to Figure 2A). Panel B, superpositioning of spectra-af2Pafid
2D-3D (93-323) at 30uM. Panel C, spectrum of intact RAP recorded aul¥0

a model that represents a much more detailed description of

Table 2: Sedimentation Equilibrium of RAP and RAP Fragments ) -l ’ )
the domain organization of RAP and one that differs in one

calculated MW

experimental MW

or more important respects from any of the previously

construct (Da) (Da) .
published models.
1D (1-112) 12 400 12 947 . . . . .
2D (93-215) 12 280 14 270 Differential scanning calorimetric measurements of the
3D (206-323) 12 670 12 705 constructs 1D, 2D, and 3D presented here showed that each
2D-3D (93-323) 25450 26 956 of these species contains a discretely folded domain, with a
RAP (1-323) 37430 37 769

well-defined unfolding temperature. The nearness of the
AHCAHVvantHoff ratio to a value of 1 for the unfolding
exposure of both of the tryptophans, as found in the solution transitions of each of these species supports the conclusion
structure. A spectrum with a similar wavelength maximum, that each consists of only a single domain. Sedimentation
although lower intensity, was found for the 9315 frag- equilibrium measurements furthermore showed that each
ment. The emission spectrum of the final domain was about domain remains monomeric as an isolated species. Impor-
50% of the intensity of the first domain and more intense tantly, two-dimensional NMR spectroscopy shows that each
than the middle domain, despite having only one tryptophan. of these monomeric species contains a well-defined stable
In addition, the wavelength maximum was more red-shifted, tertiary structure, although the extent of such a structure
to 342 nm, suggesting a more solvent exposed location thanvaries with the domain, being most extensive for 1D, less
the average for the pairs of tryptophans in each of the otherfor 2D, and least for 3D. This is also the order of decreasing
two domains. The spectrum of the larger fragment15 stability for these domains, indicated by the DSC unfolding
was indistinguishable from that of a mixture of the 112 temperature, suggesting a relationship between the stability
and 93-215 fragments in 1:1 ratio and was nearly an exact of the domain and the extent of well-defined tertiary structure
superpositioning of the spectra of the isolated112 and present.
93-215 fragments (Figure 5B). Similarly, the spectrum of  \yhereas one earlier model had also proposed the existence
intact RAP was well-matched by the sum of spectra of the o three domains, based on the appearance of one-
1-215 fragment and the C-terminal 26823 fragment  gimensional'H NMR spectra, that study did not examine
(Figure 5C) and by the sum of the spectra efll2, 93- the behavior of pairs of domains or compare the behavior
215, and 206323 fragments (Figure 5D). The same was f 4 given domain in isolation with its behavior in intact
true if the spectra of 1:1 and 1:1:1 mixtures of these Rap (12). As a result, the model did not address how
fragments, respectively, were compared (Figure 5C,D).  jndividual domains might interact with one another. In the
present study, two-dimensional HSQC NMR spectra of 1D,
DISCUSSION of the tandem construct 1D-2D, and of intact RAP showed
Prior to this study on the domain composition and that 1D is completely independent of the remainder of the
organization of RAP, several quite different models had been protein and is only loosely linked to domain 2D, thereby
proposed for RAP that involved the presence of two, three, allowing it completely independent motion. In contrast, two-
or four domains 12, 14, 16). These models were mostly dimensional HSQC spectra of 2D and 3D, as isolated
based on techniques that did not report directly on the tertiary domains, as the tandem construct 2D-3D, or as part of intact
structure of the constructs being examined. In the presentRAP, showed that these domains interact with one another
study, we have used not only DSC, fluorescence, andinthe same way in both 2D-3D and intact RAP. Sedimenta-
sedimentation measurements but also much more structurallytion velocity measurements on RAP, which was shown from
informative two-dimensional NMR spectroscopy to obtain separate sedimentation equilibrium measurements to be
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Ficure 5: Tryptophans in different RAP domains do not interact with one another. Fluorescence emission spectra of RAP and RAP
fragments. Panel A, detdashed line, 1D; dashed line, 2D; datot—dashed, line 3D; long dashed line;-2D; and solid line, intact RAP.
Panel B, dot-dashed line, 1D; dashed line, 2D; long dashed line2; solid line, spectrum of a 1:1 mixture of 1D and 2D; and dotted
line, calculated sum of spectra of 1D and 2D. Panel C, long dashed #ir#D1dot-dot—dashed line, 3D; dashed line, spectrum of a 1:1
mixture of 1—2D and 3D; solid line, RAP; and dotted line, calculated sum of spectra-@Dland 3D. Panel D, detdashed line, 1D;
dashed line, 2D; detdot—dashed line, 3D; long dashed line, 1:1:1 mixture of 1D, 2D, and 3D; dotted line, calculated sum of spectra of
1D, 2D, and 3D; and solid line, RAP. Excitation was at 295 nm.

monomeric, gave a sedimentation coefficient that indicates was observed. Instead, dramatic broadening and concomitant
that the protein must be nonglobular and highly elongated. loss of spectral dispersion was observed that is more
The present results, taken together, thus suggest a quiteonsistent with a weaker interaction in which there is an
distinct new model for RAP of three domains of similar size, exchange between well-populated associated and dissociated
arrayed in an extended manner, with the first domain quite conformations. Since this is an intramolecular process, it
independent of the other two, and with the second and third should be independent of RAP concentration, which is what
domains interacting in a way that causes broadening of mostwas found for two-dimensional HSQC NMR spectra run at
or all of their resonances. high and low concentrations. Such an exchange between
Nature of the Interaction between 2D and.3he present  closed and open conformations is also consistent with the
results do not permit an unambiguous description of the sedimentation velocity measurements, which imply a quite
nature of the interaction of domains 2D and 3D to be elongated average structure for RAP.
obtained. Fluorescence measurements on isolated RAP Given the evidence from the present study for a three-
domains, on tandem constructs, and on intact RAP suggestdomain structure for RAP, it is instructive to reexamine
that there is no major conformational change that affects earlier alternative proposals of twdg) or four domains14).
domains 2D and 3D when they are part of the same protein The two-domain proposal acknowledged the likelihood that
since the fluorescence spectra always appear to be additiveall secondary structural elements wouldds&elical and that
This could, however, also result either from compensatory the three helical bundle found in the first 100 residues would
changes that give the same final fluorescence intensity orbe present in the final structure. In particular, the idea that
from the limited number of reporter groups giving too local RAP might be a two-domain protein came from the biphasic
a perspective of the protein conformation. It is clear, denaturation behavior of intact RAP toward guanidine
however, from the dramatic increase in broad resonancehydrochloride followed by CD. The authors also found that
intensity in the center of the two-dimensional HSQC NMR only the regions from 15 to 94 and from 223 to 323 were
spectra of 2D-3D and intact RAP and loss of signal from largely resistant to proteolysis, suggestive of folded structures
the dispersed resonances as compared with the sums obnly within these regions. To accommodate a two-domain
isolated domains, that the interaction between 2D and 3D isstructure, as well as the different proteolytic susceptibility
not a tight association of the two domains to give one that of the first and second halves of the middle repeat and the
effectively has twice the molecular weight. Such an interac- indication from binding studies that there might be an
tion would lead to resonance broadening but would do so in interaction between the first and the middle repeats, it was
a manner than resulted in an approximate doubling of line proposed that a predicted helix from 134 to 159 interacts
width for the dispersed resonances seen in the spectra of thdightly with the N-terminal three-helical bundle to give a
isolated domains and perturbation of the chemical shift only domain containing four helices, while the second domain
for those that are at the contact interface. This is not what was suggested to be composed of one very long helix from
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the C-terminal repeat interacting with two small helices, one and hence give rise to a small change in heat capacity. Also

each from the middle repeat (residues +896) and from
the C-terminal repeat (residues 2853). Our NMR results
clearly show that domain 1D (residues112) is independent

consistent with this, the remainder of this region, residues
165-215, would not be expected to have a stable tertiary
structure, thus explaining the difficulty in preventing pro-

of the remainder of the protein and thus cannot form part of teolytic degradation of this construct during expression and
a larger 4 helix bundle with part of the central repeat, while isolation.

both 2D and 3D are well-structured domains in their own

right.
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proposal here that domains 2D and 3D interact. The propose

domain boundary between D2 and D3 occurs at-1834, 1

which is the start of a region containing several proteolyti-
cally sensitive sites found by Wardell and colleaguls).(

The present NMR data, showing that 1D is independent of
2D, whether it is part of intact RAP or of the 1D-2D tandem
repeat, are not compatible with the interaction between D1
and D2 of the four-domain model. In addition, the similarity
of NMR spectra of constructs-1112 and +164, as far as
number and position of sharp, resolved resonances, is not
consistent with the presence of a discrete well-structured
domain encompassing residues +184. It is significant that

the earlier study also examined by DSC constructs covering /-

each of the regions that we propose to be discrete domains g
and found only a single well-defined unfolding transition

for each. These were reproduced in the present study. Also 9.

significant was that the authors reported that it was not
possible to obtain a stable construct for domain D3 (residues
164—216) and that the construct representing their domain
D2 (residues 89163) gave no unfolding transition by DSC
(although it did give a small change in heat capacity and
evidence from CD spectra for loss afhelix over a wide

temperature range). In contrast, the present DSC data strongly 12.

suggest only a single domain for each of the three repeats
of the protein. In keeping with this, an explanation for the
absence of a separate unfolding transition for the region 89
164 (although with a change in heat capacity) is that it
represents premature termination of our central domain (2D). ;
Such premature termination would disrupt the domain and

make it unstable, even though there might still be high 16.

a-helical content. As the temperature is increased, this region
would be expected to progressively losedtbelical content

o o pw N

10.

11.

14.
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