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The Domain-Swapped Dimer of Cyanovirin-N Is
in a Metastable Folded State: Reconciliation of X-Ray
and NMR Structures

classical example for a domain-swapped dimer is bo-
vine pancreatic ribonuclease A (RNase A), discovered
already in 1962 by Crestfield, Stein, and Moore under
acidic conditions [12], although its X-ray structure was
solved only recently [13]. 3D domain swapping has been
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NCI-Frederick Here we report on studies concerning the domain-
swapped dimer formed by the potent human immunode-Frederick, Maryland 21702
ficiency virus (HIV)-inactivating protein cyanovirin-N
(CV-N). We previously solved the solution structure of
this protein in its monomeric form by nuclear magneticSummary
resonance (NMR) [10] and the solid-state structure of a
domain-swapped dimer by X-ray crystallography [11].The structure of the potent HIV-inactivating protein
Ribbon diagrams of both the monomeric NMR structurecyanovirin-N was previously found by NMR to be a
and the swapped dimer X-ray structure are provided inmonomer in solution and a domain-swapped dimer by
Figure 1. The structure of the monomer in solution canX-ray crystallography. Here we demonstrate that, in
be divided into two pseudosymmetric halves, each ofsolution, CV-N can exist both in monomeric and in
which comprises a triple-stranded � sheet with a � hair-domain-swapped dimeric form. The dimer is a meta-
pin on top. At the pseudo 2-fold axis, two helical turnsstable, kinetically trapped structure at neutral pH and
connect the halves. As can be appreciated from theroom temperature. Based on orientational NMR con-
view provided in Figure 1, this monomer structure isstraints, we show that the domain-swapped solution
essentially identical to domains AB� or A�B of the do-dimer is similar to structures in two different crystal
main-swapped dimer, with only the hinge residues,forms, exhibiting solely a small reorientation around
Trp49–Phe54, exhibiting significantly altered φ, � tor-the hinge region. Mutation of the single proline residue
sion angles [11]. We investigated the folding and thein the hinge to glycine significantly stabilizes the pro-
thermodynamic stability of the monomeric and dimerictein in both its monomeric and dimeric forms. By con-
forms of the wild-type protein, as well as that of a stabi-trast, mutation of the neighboring serine to proline
lized variant. We demonstrate that the wild-type dimerresults in an exclusively dimeric protein, caused by a
in solution is in a metastable conformation, which slowlydrastic destabilization of the monomer.
converts into the more stable monomeric form. Charac-
terization of the three-dimensional structure by NMR

Introduction and crystallography reveals that the CV-N dimer exhibits
varying conformations about the hinge region, depending

Three-dimensional (3D) domain swapping is a term on experimental conditions. Furthermore, we provide
coined by Eisenberg [1] for an oligomerization mecha- evidence that it is possible to stabilize the protein by
nism in which two or more polypeptide chains exchange a mutation in the hinge region, yielding both a stable
identical domains. The exchanged portion may consist monomer and dimer of CV-N. In addition, selective de-
of a single secondary structure element or an entire stabilization of the monomeric form is also possible by
globular domain. If exchange is reciprocal between two a single mutation.
monomers, dimers are formed, or, if not, oligomers will
occur. To date, a large number of domain-swapped di- Results
mers have been reported, interestingly, mostly by X-ray
crystallography [2]. Indeed, several cases have been Folding and Isolation of Dimeric CV-N
reported in which the X-ray structure of the identical During purification of recombinant CV-N, we consis-
protein exhibits a domain-swapped dimer, whereas, in tently observed a small fraction of dimeric species, re-
solution, monomeric structures are observed [3–11]. The
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Figure 1. Ribbon Representation of the Solu-
tion Structure of Monomeric Wild-Type CV-N
and the Trigonal X-Ray Structure of the Do-
main-Swapped Dimer

The different monomer units in the dimer are
colored blue and red. M, monomeric wild-
type CV-N; D, dimeric domain-swapped wild-
type CV-N.

gardless of whether the protein was isolated from the that is located in close proximity to the proline. It is
easily appreciated that the positions of most crosspeaksinsoluble cellular fraction under denaturing and reducing

conditions using refolding or from the soluble fraction are essentially identical for the monomer and dimer spe-
cies. However, discernable differences are observed forin a folded form. Figure 2 shows the result of the purifica-

tion/folding procedure for CV-N. The profile of the size the backbone amides of residues close to the trypto-
phan side chain, namely Leu47, Lys48, and Trp49, asexclusion chromatography for CV-N, after refolding and

removal of the N-terminal His-tag (Figure 2A), clearly well as Ser38 and Val39. The latter amino acids are
located on a helical loop close to the domain interfaceshows the presence of a minor fraction of dimeric spe-

cies and higher-order aggregates. Using the initial purifi- in the domain-swapped dimer structure previously
solved by X-ray crystallography [11] (see also Figurescation and refolding procedure detailed in Experimental

Procedures, we could not prepare sufficient amounts 1 and 7). In addition, the N�1H of the tryptophan side
chain resonates in a different location for the monomerof dimer for structural and thermodynamic studies. A

specific protocol was devised in order to increase the and dimer proteins, and these resonances can be used
as diagnostic crosspeaks to identify the presence andyield of dimeric species. In particular, it was necessary

to unfold and refold purified monomeric protein at high relative amounts of monomer and dimer. 1H and 15N
relaxation measurements at 20�C show that the averageconcentrations (�0.3–1 mM) from 8 M urea. In this man-

ner, up to �40% of the protein can be converted into T2 values for the amide nitrogens and for the amide
protons for the monomer are �125 ms and �50 ms,dimer (Figure 2B) and subsequently isolated by gel filtra-

tion. Furthermore, dimeric species can also be obtained respectively. The equivalent values for the dimeric pro-
tein under identical conditions are �60 ms and �23 ms,by incubation of purified monomer at very high concen-

tration (�2 mM) at 38�C (see below). Upon reinjection respectively. The values of these relaxation parameters
are consistent with the monomeric and dimeric speciesof the pure dimer fraction, no further partitioning into

monomer and dimer is observed. exhibiting molecular masses of approximately 11 kDa
and 22 kDa, respectively. Likewise, molecular mass esti-
mation by size exclusion chromatography on a cali-Solution Characterization
brated gel filtration column yielded values correspond-The oligomeric state of monomeric and dimeric CV-N
ing to monomer and dimer as described previously [11].was examined using equilibrium analytical ultracentrifu-

gation, NMR relaxation measurements, and size exclu-
sion chromatography. The ultracentrifugation data for Dimer to Monomer Conversion

A general feature of domain swapping is that monomericboth monomer and dimer samples demonstrated that
all were monodisperse and, assuming single, noninter- and dimeric forms are separated by a high energy barrier

[2]. In the case of CV-N, conversion of dimer to momomeracting species, yielded apparent molecular masses of
11,820 � 320 Da and 23,410 � 210 Da, respectively. is extremely slow at room temperature or below. Indeed,

samples containing 70–300 �M purified dimer did notThese values are in excellent agreement with those ex-
pected for a monomeric (11,621.8 Da) and dimeric yield any appreciable amounts of monomer after several

months, as assessed by NMR spectroscopy or gel filtra-(23,243.6 Da) protein. Figure 3 shows a superposition of
the two 1H-15N heteronuclear single quantum coherence tion. However, elevating the temperature to 38�C and

above speeds up the reaction sufficiently to allow one(HSQC) spectra of monomeric and dimeric CV-N under
identical conditions. Crosspeaks are labeled with resi- to follow the conversion. Starting with a sample of 75

�M dimer in 20 mM phosphate buffer (pH 6.0), we deter-due type and number. Those resonances that are miss-
ing or exhibit severe line broadening in the dimer spec- mined the ratio of dimer/monomer as a function of incu-

bation time at 38�C by NMR, using the Trp49 N�1H reso-trum are underlined. They arise from amino acids
surrounding Pro51 in the hinge region (Asn50–Glu56) as nance intensities as markers. The corresponding time

course for the disappearance of the dimer is illustratedwell as from residues in a helical loop (Leu36–Glu41)
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was measured quantitatively at 50�C (see Experimental
Procedures) and yielded a value of 2.5 mM. The elevated
temperature was necessary to establish a fast equilib-
rium between monomer and dimer. For comparison, the
Tm of CV-N is 60�C; therefore, less than 10% of the
protein is unfolded.

Equilibrium Denaturation Studies
The stability of monomeric and dimeric CV-N as well as
several mutant variants was investigated using urea-
and guanidinium hydrochloride (GdnHCl)-induced un-
folding. Figure 5A shows the urea unfolding curves,
monitored using fluorescence spectroscopy, for mono-
meric and dimeric wild-type CV-N as well as for the
dimeric S52P mutant. The latter was discovered in a
screen of a phage-displayed mutant CV-N library [47].
Figure 5B displays the GdnHCl unfolding curves ob-
tained for monomeric wild-type CV-N and the monomer
and dimer of the P51G mutant. (Note that complete
unfolding of this latter variant could not be achieved
with urea.) Inspection of the individual curves yield dena-
turant concentrations at the midpoint of the transitions,
Cm, of 4.7, 3.9, and 3.2 M urea for the wild-type monomer,
wild-type dimer, and S52P mutant proteins, respec-
tively. Likewise, midpoint denaturant concentrations of
4.4, 3.2, and 1.6 M GdnHCl were found for the P51G
monomer, the P51G dimer, and the wild-type monomer,
respectively. Since the fluorescence signal of the mono-
mer and dimer protein is essentially indistinguishable
and very different from that of unfolded protein, folded
monomer and folded dimer cannot be distinguished,
and equilibrium folding/unfolding conditions are only
strictly true for the monomeric species of wild-type and
P51G mutant CV-N under the conditions employed,
therefore precluding the extraction of thermodynamic

Figure 2. Characterization of the Monomeric, Dimeric, and Higher- parameters for the dimeric wild-type and dimeric P52G
Order Aggregates of CV-N by Size Exclusion Column Chromatog- proteins. For the dilute monomeric proteins, only folding
raphy between unfolded and folded monomer is observed.
Shown are the elution profiles of CV-N on a Superdex-75 column Likewise, the two-state assumption is true for the di-
(see Experimental Procedures). meric S52P mutant CV-N, since no folded monomer can
(A) Profile after extraction from inclusion bodies and refolding from

be observed under any conditions. We therefore onlyreduced, denatured protein.
extracted thermodynamic parameters for CV-N (M),(B) After urea unfolding and refolding at high concentration (0.3 mM).
P51G (M), and S52P (D) from the Gibbs energy function,(C) After equilibration of a pure monomeric sample at high concen-

tration (�2 mM) at 38�C for 4 days. The inset in panel B shows the with 	G as the free energy of unfolding in the absence
Trp N�1H region of the 1H-15H HSQC spectrum of a sample refolded of denaturant and with the m value representing the
at a concentration of 1 mM before column fractionation. The relative dependence of free energy on denaturant concentration
intensities of the monomer and dimer peaks in gel filtration agree

(urea or GdnHCl). Values obtained for these proteins areto within 5% with the intensities of the monomer and dimer signals
	GCV-N(M) 
 4.1 � 0.2 kcal · mol�1, 	GP51G(M) 
 9.8 �in the spectrum.
0.5 kcal · mol�1, and 	GS52P(D) 
 4.2 � 0.2 kcal · mol�1.
A complete list of parameters is provided in Table 1.

in Figure 4. As is easily appreciated, more than 50% of
dimer was converted to monomer after 12 hr. Similarly, Structure Determination by NMR

and Crystallographyincubation overnight at 45�C results in �85% monomer.
The reverse reaction was also monitored. A sample Residual NH dipolar couplings (1DNH) were measured for

a pure 130 �M dimeric CV-N sample in 25 mM phosphateof purified CV-N monomer at a concentration of 2.2
mM was kept at 38�C. After 21 hr, ca. 13% dimer was buffer (pH 8.0) at 20�C using a colloidal suspension of

Pf1 for partial alignment. A smaller set obtained for aobserved, and an apparent equilibrium was reached
after 4 days, yielding monomer and dimer in a 3:1 ratio. minor fraction of dimer present in the mixture of mono-

mer/dimer in 4% DMPC/DHPC (3/1) bicelles at 38�CIn this manner, domain-swapped dimer can also be pre-
pared efficiently (see Figure 2C and Experimental Proce- was obtained previously [10]. Residual dipolar couplings

were measured from an IPAP spectrum [18], and onlydures).
The dissociation constant for wild-type CV-N dimer those NH resonances that exhibited no overlap were
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Figure 3. Superposition of the 600 MHz 1H-15N HSQC Spectra of Monmeric CV-N and Dimeric CV-N in 20 mM Sodium Phosphate Buffer, pH
6.0, at 20�C

Monomeric CV-N, black contours; dimeric CV-N, red contours. All crosspeaks are labeled with the amino acid type and position in the mature
CV-N sequence. Crosspeaks marked by asterisks arise from the additional amino acids at the N terminus. Underlined residues in the spectrum
of the monomer exhibit extreme line brodening in the spectrum of the dimer. The inset shows a close-up of the superposition of the characteristic
resonances for the Trp49 N�1H for both monomeric and dimeric wild-type CV-N (black and red contours) as well as those of the P51G (cyan
and green contours) and S52P (magenta contours) mutants.

used. In total, 40 residual dipolar couplings were ob- used for data collection and refinement is provided in
Table 2. The tetragonal structure is also domaintained for the dimer aligned in the phage, and 17 were

obtained from the bicelle solutions. Using a monomeric swapped, with a full dimer in the asymmetric unit,
whereas, in the trigonal structure, there is only oneunit extracted from the previously determined trigonal

dimeric X-ray structure [11], either AB or A�B�, we calcu- monomer in the asymmetric unit. The tetragonal do-
mains (AB� and A�B) superimpose with an rms differencelated the magnitude of the axial component (Da

NH) and
the rhombicity (R) of the alignment tensor by singular of 0.38 Å with each other (backbone of 97 residues) and

an rms difference of 0.56 Å (backbone of 96 residues)value decomposition (SVD) [19, 20], yielding values of
14.6 Hz and 0.4 for the Pf1 aligned sample. A ribbon with the trigonal domain (AB�). While the domains are

virtually identical, there is a clear difference in the rela-representation of the crystal structure is provided in
Figure 6A, and the comparison between the experimen- tive orientation of the two domains between the trigonal

and tetragonal X-ray structures (see below). The tetrago-tally measured residual dipolar couplings and those cal-
culated based on the X-ray coordinates is provided in nal domain-swapped dimer is more “open,” with a van

der Waals surface area of 9026.4 Å2 compared to theFigure 6B. The rmsd value for 1DNH (Pf1) is 5.73 Hz, with
a linear correlation coefficient of 0.89. 8642.2 Å2 surface area of the trigonal dimer. Using this

new X-ray structure (Figure 6C), we again carried out aOur previous crystallographic investigation of CV-N
[11] utilized trigonal crystals. A new tetragonal crystal best fit of the alignment tensor to the coordinates of the

structure by SVD and compared the observed residualform of CV-N belonging to the space group P41212, with
unit cell parameters of a 
 b 
 61.97 Å and c 
 148.4 Å, dipolar couplings with those predicted. The magnitude

of the axial component (Da
NH) and the rhombicity (R) ofwas grown at high pH. A summary of the parameters
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Figure 4. Time Course for the Conversion of Dimer to Monomer for Wild-Type, Domain-Swapped CV-N at 38�C

The relative amount of dimer was quantitated by integration of the Trp49 N�1H resonance intensity. The NMR measurements were carried
out at 38�C on samples containing 75 �M protein in 20 mM sodium phosphate buffer (pH 6.0). The inset shows a close-up of the Trp N�1H
region prior to incubation at 38�C and after 48 hr.

the alignment tensor are �8.3 Hz and 0.5. As can be meric unit. Given the C2 symmetry of the dimer, one
of the principal axes of the alignment tensor must beappreciated from the correlation plotted in Figure 6D,

the agreement between experimental and predicted parallel, and the other two orthogonal, to the 2-fold;
thus, the dimer model is easily constructed from twocouplings is considerably worse, with rms difference

values of 10.3 Hz for the couplings and linear correlation AB monomers. The equivalent procedure was carried
out for the new tetragonal X-ray structure, yielding iden-coefficients 0.56 for the Pf1 data.

Determination of the domain orientation for the solu- tical results. A ribbon representation of the final dimeric
solution model is provided in Figure 6E. A comparisontion structure of the dimer was carried out using a proce-

dure analogous to the one described for determining of the experimental residual dipolar couplings measured
in phage solution (filled circles) and a smaller set ob-the relative domain orientation in a two-domain protein

fragment of a lectin [21]. The starting coordinates were tained using bicelles for alignment (open circles) with
those calculated based on this model is shown in Figurethose of two pseudomonomer units (AB� and A�B) ex-

tracted from the refined trigonal 1.5 Å X-ray structure 6F. The rmsd values for 1DNH (Pf1) and 1DNH (bicelles) are
1.5 Hz and 1.1 Hz, respectively, and the linear correlation[11], in which proline 51 at the junction between A and

B was removed, allowing for free rotation around this coefficients are 0.99 in both cases. Pertinent parameters
for the alignment tensors are 15.1 Hz and 7.6 Hz for thejunction. We then treated AB� and A�B as two indepen-

dent subdomains. Assuming that the orientation of the magnitude of the axial component and 0.6 and 0.2 for
the rhombicity in Pf1 and bicelle media, respectively.two subdomains is fixed in solution (at least to a first

approximation), the principal axis systems, or alignment The axis of both alignment tensors relative to the molec-
ular frame of the structure are shown in Figure 6E. Theirframes, of subdomains AB� and A�B should be equiva-

lent to the alignment system of the entire molecule and, orientation is clearly different, with differences in angle
between the z and x axes of �45�.vide infra, to each other. Using the residual dipolar cou-

plings, we calculated the order tensor principal axis sys-
tems for each domain. Rotation of pseudosubdomain
A�B around the hinge at amino acid position 51 until a Comparison between Solution and Crystal Dimer

Several of the bipyramidal tetragonal crystals grown atsuperposition of the individual coordinate frames was
obtained yielded the final model of the solution dimer. pH 10.3 were dissolved in water, dialyzed against 20

mM phosphate buffer (pH 6) at 4�C, and analyzed byAlternatively, we calculated the order tensor principal
axis system for the monomeric unit AB extracted from 1H NMR spectroscopy. Only a single resonance was

observed in the 1D spectrum for the tryptophan indolethe dimeric X-ray structure and used the residual dipolar
couplings for residues residing in subdomain A and region (10.5–11.5 ppm), located at exactly the position

of the Trp49 N�1H proton chemical shift identified forthose for amino acids located in subdomain B sepa-
rately. Rotation of subdomain B around the hinge at the solution CV-N dimer (see Supplemental Figure S1

at http://images.cellpress.com/supmat/supmatin.htm).residue 51, in an analogous fashion as described above,
yielded the relative orientation of A versus B for a mono- Therefore, the dimer observed in the crystal structure
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Figure 5. Equilibrium Urea- and GdnHCl-
Induced Denaturation Curves for Wild-Type
and Mutant CV-N Proteins in Both Monomeric
and Dimeric Forms

(A) Urea unfolding curve for monomeric wild-
type CV-N (diamonds), dimeric wild-type CV-N
(triangles), and the dimeric S52P mutant
(circles).
(B) GdnHCl unfolding curve for monomeric
P51G mutant CV-N (diamonds), dimeric P51G
mutant CV-N (triangles), and monomeric wild-
type CV-N (circles). The (un)folding transitions
were followed by the intrinsic fluorescence
excited at 280 nm. Raw data were converted
to the fraction of unfolded molecules and
plotted against denaturant concentration.
The recovered thermodynamic parameters
are summarized in Table 1. All measurements
were carried out at 20�C on samples con-
taining 10–20 �M protein in 20 mM sodium
phosphate buffer (pH 6.0).

and the dimer in solution have to be very similar in fibril formation characteristic of amyloid plaques [15, 17,
23]. Although no atomic structures of such higher-orderpacking and overall structure.
aggregates have been determined to date, models for
oligomerization have been proposed [15, 17, 24]. In par-Discussion
ticular, side chain hydrogen bonds between glutamine
and asparagine residues have been invoked as polarDomain-swapped dimers have recently attracted con-

siderable attention [22], since protein polymerization via zippers [16, 25], stabilizing antiparallel � sheets, such
as those found in amyloid fibrils. Initially thought of as an3D domain swapping has been suggested to promote

Table 1. Thermodynamic Parameters

Protein [Urea]/2 (M) [GdnHCl]/2 (M) 	G (kcal · mol�1) m (kcal · mol�1 · M�1)

CV-N (M)a 4.7 � 0.2 — 4.1 � 0.2 0.88 � 0.04
CV-N (D)b 3.9 � 0.2 — — —
S52P (D)c,d 3.2 � 0.2 — 4.2 � 0.4 1.6 � 0.2
CV-N (M)a — 1.6 � 0.1 4.2 � 0.2 2.6 � 0.1
P51G (M)c — 4.4 � 0.2 9.8 � 0.5 2.2 � 0.1
P51G (D)b,c — 3.2 � 0.2 — —

a Note, identical results were obtained with a C-terminal His-tagged CV-N, demonstrating that the additional residues had no influence on the
thermodynamic parameters.
b Qualitative assessment; midpoint of unfolding curve.
c (His-tag) at the C terminus.
d The data was fit to the equation for a dimer as described in Experimental Procedures.



Metastable Domain-Swapped CV-N Dimer
679

Figure 6. Ribbon Representations of the Structures, Top, and Correlations, Bottom, between the Experimentally Measured Dipolar Couplings,
1DobsNH, for the Domain-Swapped Dimer of CV-N and Those, 1DcalcNH, Calculated on the Basis of the Coordinates of the Different Structural
Models

Data for the trigonal X-ray structure (A and B), tetragonal X-ray structure (C and D), and the NMR solution structure (E and F). All structures
are displayed in the same orientation with respect to the AB� unit of the dimer. The principal axis frames for the alignment tensors relative to
the coordinate frame of the solution structure are also shown in (E).

in vitro curiosity, there is growing evidence that domain- preciated from the data presented in Figure 2, CV-N can
fold into different, alternative species exhibiting differentswapped dimers may well be discrete intermediates

prior to the formation of well-defined protein aggregates molecular masses. As evidenced by a variety of analyti-
cal techniques, such as gel filtration, ultracentrifugation,that manifest themselves as fibrous gels for a wide range

of different proteins [26]. The protein CV-N is another and relaxation measurements by NMR, the two major
forms are the monomer and dimer, the latter a domain-example in the growing list of proteins for which 3D

domain swapping has been observed. As can be ap- swapped species characterized here. Clearly, higher-
order aggregates are present as well, but they can be
heterogeneous in structure (unpublished data).

Table 2. Crystallographic Data Collection and Processing For both monomeric and domain-swapped dimeric
Statistics CV-N to coexist under identical conditions, the free ener-
Unit cell parameters a 
 b 
 61.97, c 
 148.4, gies for both conformational states must be compara-


 
 � 
 � 
 90.0 ble. The thermodynamic data show that, for wild-type
Space group P41212 CV-N, the free energy of unfolding is 4.1 kcal/mol for
Molecules/Asymmetric unit 1

the monomer. Since dimer unfolding for the wild-typeResolution (Å) 2.0
is not strictly a two-state system, owing to refolding toTotal reflections 392,421
also the monomer under equilibrium conditions, it isUnique reflections 20,437

Completeness (%) impossible to obtain an accurate value for 	G (dimer).
20.0–2.07 Å 99.4 We therefore used the S52P mutant as a prototypic
2.07–2.0 Å 99.5 example for the dimeric species, given that the midpoint

Rmerge (%) 4.9
in the urea unfolding curves for wild-type CV-N and theAverage I/� 19.4
S52P mutant was similar. Analysis of the unfolding curveR factor (%) 23.7
for the S52P mutant, taking the dimeric nature of theRfree (%) 24.5

Rmsd protein into account, yielded a 	GS52P(D) 
 4.2 � 0.2
Bonds (Å) 0.029 kcal/mol. Substantial stabilization of both monomer and
Angles (�) 4.5 dimer is achieved by a single point mutation of the piv-
Dihedrals (�) 27.9

otal proline, Pro51, located in the hinge between the
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swapped subdomains in the dimeric structure. For this sequentially adjacent in the polypeptide chain or close
in space. Their location in the dimer structure is illus-mutant, unfolding can only be achieved in GdnHCl at

room temperature, with a midpoint of denaturation of trated in Figure 7A, with sequential residues colored
green, and those located close in space (albeit on the4.4 M and 3.2 M GdnHCl for the monomer and dimer

species, respectively. For comparison, under identical other monomeric unit) colored yellow. The most likely
cause for severe line broadening, even to a degree be-conditions, the midpoint of denaturation for monomeric

wild-type CV-N is observed already at 1.6 M GdnHCl. yond detection, is motional averaging on the intermedi-
ate chemical shift scale, most likely on the milli/micro-The free energy of unfolding for the monomer is

	GP51G(M) 
 9.8 � 0.5 kcal/mol. The slightly reduced m second timescale. An obvious candidate responsible for
such motion is the proline itself, which clearly could bevalue observed for the P51G mutant (m 
 2.2 kcal/mol

M) when compared to the wild-type protein (m 
 2.6 involved in cis-trans isomerization. Proline residues in
folded proteins have been shown by NMR to isomerize,kcal/mol M) can easily be explained by the smaller sol-

vent-exposed surface area upon unfolding of the mu- with measured interconversion rates of 0.2/sec for cases
where two distinct sets of signals for the cis and transtant. The energetic difference between the monomer

and a domain-swapped dimer can be attributed to a forms were observed [27]. In the present case we do
not observe separate resonances. Instead, severe linevariety of causes. Based simply on entropic considera-

tions (rotational and translational entropy), one would broadening leads to loss of these signals, precluding an
accurate determination of the lifetimes for the differentexpect that the monomer should be favored. Energeti-

cally, on the other hand, a more favorable conformation forms. Nevertheless, it is safe to assume that the two
states associated with line broadening via exchange willof the polypeptide chain within the dimer could lower

its free energy. Since no new intermolecular interface is have faster interconversion rates than states for which
separate signals can be observed. Inspection of the twoformed in the domain-swapped dimer, only the hinge

conformation comes into play. In order to offset the X-ray structures establishes that, in both of them, Pro51
is found exclusively in the trans conformation, with φintrinsic entropic effect, a difference in hinge conforma-

tion could cause an energy difference between the ranging from �75� to �85� and � from 137� to 167�,
making cis-trans isomerization an unlikely cause.monomer and dimer, favoring the dimer conformation.

Therefore, in the present case, the hinge conformation Clearly, other reasons for line broadening can exist, orig-
inating from motions involving either other hinge resi-in the loop should be more favorable in the dimeric than

in the monomeric structure. Inspection of the solution dues or motions involving the tryptophan ring, which
would exhibit large ring current effects on the sur-NMR structure of the monomer reveals that indeed the

φ, � torsion angles of three of the four linker residues rounding residues.
Recent developments in NMR spectroscopy have had(Gln50–Asn53) lie outside the most favored Ramachan-

dran region for a random coil conformation, whereas, a major impact on structural studies of multidomain sys-
tems based on exploiting orientational constraints de-in the X-ray structures, all lie within the most favored

region. Indeed, considering the secondary structure ele- rived from residual dipolar couplings [28, 29]. In particu-
lar, the relative domain orientations within multidomainment originating at the hinge, namely the � hairpin com-

prising � strands �4 and �5, in the solution structure of proteins can be determined with relative ease [21, 30].
The domain-swapped dimer of CV-N discussed herethe monomer, a crossover of the polypeptide chain is

observed for packing the hairpin on top of the triple- constitutes an ideal example for employing this method-
ology. In solution, the most stable form of the proteinstranded � sheet in the C-terminal half of the structure.

Such a crossover is generally considered energetically is a monomer, and the monomeric structure was pre-
viously solved by NMR [10]. Surprisingly, the subse-unfavorable in terms of protein architecture. By contrast,

the linkers in both X-ray structures exhibit good geome- quently solved X-ray structure revealed the protein as
a domain-swapped dimer [11]. We previously demon-try, and no crossover or strained polypeptide chain is

apparent. As noted previously, this difference in local strated that the difference in quaternary structure (solu-
tion monomer versus domain-swapped dimer in theconformation of the linker has very little effect on the

overall structure and internal packing of the monomer crystal) is not caused by the low pH conditions used for
crystal growth [31] and, indeed, both the high- and low-solution structure or on the pseudomonomeric unit AB�

in the X-ray structure, respectively [11]. Essentially, all pH crystal forms contain domain-swapped dimers. Our
current work establishes that a dimer can also exist ininteractions present in the monomer are also present in

the AB� unit of the dimer, as can be easily appreciated solution, albeit in a kinetically metastable state. How-
ever, its lifetime at room temperature or below is suffi-from Figure 7. Even the local interactions around Pro51

are very similar (Figures 7B and 7C), apart from the ciently long for structural studies by NMR. This allowed
us to measure a large set of residual dipolar couplingsfact that Tyr100, His90, and Asp89 reside on the other

monomer in the dimer structure. This structural similarity on partially aligned protein in Pf1 phage at 20�C. At
this temperature we do not observe any appreciableis reflected in almost superimposable backbone amide

chemical shifts for the monomer and domain-swapped conversion of dimer to monomer.
The structure of the tetragonal crystal form of CV-N,dimer, immediately apparent by qualitative inspection

of the spectra displayed in Figure 3. A noteworthy differ- grown at high pH, again yielded a domain-swapped di-
mer structure, but with some reorientation of the twoence between the 1H-15N HSQC spectra of the monomer

and the domain-swapped dimer consists of missing and domains. In order to assess how the present solution
dimer relates to the crystallographic dimer, we dissolvedbroadened resonances in the latter. All residues associ-

ated with these features reside around Pro51, either several crystals and recorded a one-dimensional NMR
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Figure 7. Overall Structure of the Domain-
Swapped Dimeric CV-N Structure

(A) The backbone (N, C
, and CO) atoms for
monomer AB are shown in blue, and those
for monomer A�B� are shown in red. Hinge
and loop residues of AB and A�B� are colored
green and yellow, respectively. Side chains
are displayed for the pivotal proline 51 (AB)
and tryptophan 49 (A�B�). Environment around
the tryptophan side chain in the monomeric
NMR structure [10] (B) and the domain-
swapped dimeric X-ray structure [11] (C). The
polypeptide backbone is displayed in a worm
representation; atoms in the same monomer
are color coded blue and red. In the monomer
structure, this region represents the area
around the 2-fold axis of pseudosymmetry at
the interface of the two subdomains. In the
dimer structure, this region contains residues
from both monomeric units (blue and red
backbone), with the Trp49 side chain under-
going essentially identical interactions with
Asp89, His90, and Tyr100 as observed in the
monomer, albeit in an intermolecular mode.

spectrum of the solution. Using the Trp49 N�1H indol bicelle medium is consistent with this orientation. A best
fit superposition of the backbone trace for all threeresonance as a marker, we only observed a single peak

in the appropriate region of the spectrum, exhibiting the swapped dimer structures is shown in Figure 8A. As is
easily appreciated, all the structures resemble eachproton frequency associated with the dimeric species

characterized here (data provided in Supplemental Figure other closely, differing solely by reorientation around
the hinge region. Indeed, evaluating the relative orienta-S1 at http://images.cellpress.com/supmat/supmatin.

htm). This demonstrates that indeed the domain- tion of the long axes of the two domains (AB� and A�B)
that are almost perpendicular to each other in terms ofswapped dimer observed in the crystal structure also

exists in solution. Based on this result, it was deemed a torsion angle using the S� atoms of the cysteines in the
two disulfide bonds (i.e., Cys 8/Cys58�/Cys58/Cys8�),appropriate to use the crystallographic structure as the

initial model for solving the solution structure of the values of �102.2�, �69.9�, and 127.3� are obtained for
the trigonal, tetragonal, and solution orientation, respec-dimer. The molecular alignment tensors for the individual

domains of the domain-swapped CV-N dimer were deter- tively. This angle, however, does not take into account
the differences in tilt. A more quantitative descriptionmined, and the relative domain orientation was established

by examination of the pricipal axes of the tensors from of the differences around the hinge between the three
structures is afforded by comparison in two orientationsthese domains as described by Fischer et al. [21].

Irrespective of which of the two X-ray structures was as depicted in Figures 8B and 8C. A comparison of the
two relevant angles � and φ reveals a difference of 8� andused to determine the domain-domain orientation in so-

lution, identical results were obtained, demonstrating 95� between the trigonal and tetragonal X-ray structures.
The NMR structure exhibits a � difference of 39� and 47�that the experimental dipolar constraints measured in

colloidal phage solution are responsible for the relative and a φ difference of 60� and 35� versus the trigonal or
tetragonal X-ray structures, respectively. The variabilitypositioning of the domains. In addition, a smaller number

of residual dipolar couplings measured in liquid crystal in domain orientations between the X-ray and solution
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Figure 8. Comparison between X-Ray and NMR Structures

(A) Stereoview of a superposition for the three domain-swapped dimer structures. The trigonal and tetragonal X-ray and the solution structures
are shown in blue, green and red, respectively. A best fit superposition for the backbone coordinates to the AB� half of the original X-ray
structure was carried out.
(B and C) Schematic illustration of the relative orientation between the two domains. In (B) the trigonal structure is oriented in a cartesian
coordinate system such that the long axis of the AB� domain lies along the y axis. Orientation of the long axis of the A�B domain is defined
by the angle �, with respect to the z axis, and the angle φ, which represents the projection of this vector onto the x, y plane. Values for �

and φ for all three structures are given in (C).

structures for the domain-swapped dimer of CV-N context and, in particular, sequence conservation within
protein families seems to be the best predictor for theclearly demonstrates that the protein is inherently capa-

ble of structural rearrangements around the hinge re- importance of a proline in terms of stability [34]. Prolines
have also been proposed to promote protein-proteingion, and, indeed, some flexibility is observed in solution

for residues associated with the hinge around Pro51. It interactions by lowering the entropic cost of association,
and, interestingly, a preponderance of proline residuesshould be stressed at this point that the solution struc-

ture represents an average structure, and motion of the has been noted in X-ray structures of oligomers exhib-
iting arm exchange or domain swaps [35, 36]. Our resultstwo domains around the hinge region may well be pres-

ent. This motion, however, cannot be extensive, and, with respect to the stability of the monomer and domain-
swapped dimer mutants address these questions di-clearly, both domains do not tumble independently, as

if connected by a completely flexible tether. In the latter rectly and quantitatively for the CV-N protein. For both
the wild-type and P51G mutant CV-N dimer, the domain-case we would have not been able to fit all the residual

dipolar couplings with a single order tensor principal swapped dimers are metastable structures, and the mu-
tation of proline to glycine has most likely not changedaxis system, and the ranges of observed couplings for

the two domains would have been different [21]. the relative order of stability between monomer and
dimer. The energy difference between monomer andProline residues are well known to have profound in-

fluences on protein conformation [32] and stability. In- dimer is increased by changing the pivotal proline in
the hinge region to glycine, rendering the P51G mutantdeed, proline mutations were proposed as a means for

enhancing stability by reducing the configurational en- predominantly monomeric. The most dramatic change
in terms of thermodynamic stability is a net increase intropy of unfolding [33]. This concept has not been borne

out experimentally, since both stabilization and destabi- stability for the P51G mutant, both for the monomeric
and dimeric species. A net stabilization of 5.7 kcal/mollization of proteins upon mutation to prolines have been

observed, with the latter seemingly more common. The is observed for the monomer, while an exact value for
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the dimer cannot be extracted, since unfolding is not dimer to monomer at 38�C appears to be faster for a
sample at high protein concentration than at low proteinstrictly two state. In this context it may be interesting

to point out that, despite considerable effort, we have concentration. If strand exchange would occur from the
completely denatured state, one would expect the con-not been able to crystallize the P51G protein, most likely

because it exists preferentially in a very stable, mono- version rate to increase with decreasing protein concen-
tration. In order to fully understand this phenomenon,meric form.

Although we have no absolute values with respect further experiments will be necessary. However, a possi-
ble mechanistic explanation for a faster conversion rateto the activation barrier between the monomeric and

dimeric states, we have some indication about the rela- at higher protein concentration could involve reptation,
a phenomenon known and studied in depth for polymertive heights from our experimental results on converting

dimer to monomer. Increasing the temperature from chains.
As to the antiviral activity of the different proteins, we20�C to 38�C and above speeds up the conversion from

dimer to monomer considerably, similar to observations note that, for wild-type protein with or without His-tag,
essentially identical activities were observed when purereported recently for p13suc1 [36]. We also consistently

observed that it takes longer to convert the P51G mutant monomer or dimeric protein was used as the reagent.
These results are consistent with the fact that, underdimer to monomer under identical experimental condi-

tions, suggesting that the activation barrier for the mu- assay conditions (38�C), essentially all dimer will have
converted to monomer within the time course of thetant has to be higher than that for the wild-type CV-N.

Mutation of Ser52 to proline results in an exclusively assay. Thus, we cannot determine whether the domain-
swapped dimeric wild-type CV-N exhibits anti-HIV activ-dimeric protein under native conditions, rendering the

polypeptide chain incapable of folding into a monomeric ity. Under similar assay conditions, we observed wild-
type-like activity for the P51G mutant [48] and moderateform. The thermodynamic stability of the S52P dimer is

essentially identical to that of monomeric wild-type CV-N anti-HIV activity for the pure dimeric S52P mutant pro-
tein [47]. It should be pointed out, however, that, given(see Figure 4A and Table 1). The fact that the S52P

mutant protein is only capable of existing in its dimeric a dimerization constant of 2.5 mM at 50�C, it is highly
unlikely that a dimeric species will ever exist under phys-folded form can be explained by the additional confor-

mational restriction imposed by the second proline ring iological conditions.
on the polypeptide backbone. Indeed, theoretical calcu-
lations indicated that the “strain effect” of proline resi-

Biological Implicationsdues is additive along the peptide chain [37], suggesting
that the mutant hinge with two adjacent prolines is less

We have carefully characterized the detailed energeticflexible than the wild-type hinge. Consequently, the tight
and structural balance between the monomeric and do-backbone conformation around residues 49–53 that
main-swapped dimeric forms of CV-N. Depending onallows chain crossing and folding back of the hairpin
the experimental conditions, either form predominatesonto the triple-stranded � sheet in the wild-type CV-N
and can be isolated. This allowed us to analyze themonomer cannot be achieved in this mutant.
mechanistic and thermodynamic contributions to do-Does our data allow us to characterize the state from
main swapping for this protein in hitherto unprece-which strand exchange occurs, or, in other words, does
dented detail. The dimer is a metastable, kineticallystrand exchange occur from the completely unfolded
trapped intermediate at room temperature and belowstate, as proposed for p13suc1 [36], or from an interme-
over a wide pH range, exhibiting comparable thermody-diate state? We believe that strand exchange occurs
namic stability to the monomer in solution. Under condi-from a partially folded intermediate based on the evi-
tions such as those found in the crystal, the dimericdence presented below. (1) Folding of the dimer from
form is stabilized, probably by protein-protein contactsthe reduced, monomeric unfolded state occurs by an
within the crystal lattice, tipping the balance in free en-independent pathway and not via initial monomer forma-
ergy toward the domain-swapped dimer. The free energytion. Under our folding conditions (see Experimental
difference between monomer and dimer is changed byProcedures), at room temperature, up to 40% of dimer
mutating the pivotal proline in the hinge region to gly-yield can be obtained. However, we never observed
cine, rendering the P51G mutant predominantly mono-more than 10% dimer with time, starting with a pure
meric. In contrast, mutation of the neighboring hingemonomeric sample, unless elevated temperature was
loop serine residue to proline (S52P) promotes exclu-used. Indeed, we can manipulate the solution conditions
sively swapped dimer formation, most likely due to sig-such that we can shift the proportions of monomer and
nificantly lowering the entropic cost of intermoleculardimer. The experimentally determined dissociation con-
association. Our results demonstrate that the balancestant for the dimer is 2.5 mM at 50�C. At that temperature
between monomeric and domain-swapped dimeric CV-Nless than 10% of the protein is unfolded. (2) Upon un-
can be drastically influenced by experimental conditionsfolding/refolding of pure monomeric CV-N at high con-
and single amino acid changes, supporting the notioncentrations, we observe the formation of monomer, di-
that random, transient intramolecular configurations withinmer, and aggregated species. Indeed, we purified a
proteins [38], promoted by small changes in environ-fraction of protein eluting at the position of pure domain-
ment, can result in protein oligomerization or aggrega-swapped dimer on a gel filtration column, which exhib-
tion, thereby allowing for the evolution of novel proteinsited an 1H-15N HSQC spectrum containing resonances
by ordered association or the formation of abnormalcharacteristic of random coil structure superimposed

on those arising from folded protein. (3) Conversion of aggregates and disease.
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Experimental Procedures were determined by refractive index measurements using a
Bausch & Lomb refractometer. The equilibrium constant, K, and the
free energy change, 	G, for the (un)folding reaction were calculatedCloning and Expression

The genes for recombinant CV-N and mutants were constructed in using the following basic equations.
pET15b and pET26b vectors (Novagen, Wisconsin), respectively, as
described previously [39, 40]. The wild-type CV-N contains GSHMG 	G 
 �RTlnK 
 �RTln� fU

1 � fU
�

at the N terminus of the mature 101-amino acid protein [41], and
the mutants contain LEHHHHHH at their C termini. All proteins were

	G 
 �RTlnK 
 �RTln�2Pt
fU

2

1 � fU
� (dimer)expressed in E.coli BL-21 (DE3) and were uniformely 15N labeled,

except for the samples used in the X-ray work. Nucleotide se-
quences of the cloned DNAs were confirmed by sequencing. where R is the gas constant (1.987 cal · deg�1 · mol�1), T is the

absolute temperature (K), fu is the apparent fraction of unfolded
Purification and Folding molecules, and Pt is the total protein concentration. All unfolding exper-
The His-tagged wild-type CV-N was purified under denaturing con- iments were carried out for protein concentrations of 10–20 �M.
ditions, folded (80 �M), and subjected to thrombin cleavage as
described previously [39]. Refolded fractions were concentrated NMR
and chromatographed on a Superdex-75 column (HiLoad 2.6 cm � All NMR spectra were recorded on Bruker DRX-600 and DMX-750
60 cm; Amersham Pharmacia Biotech, Piscataway, NJ). Peak frac- spectrometers equipped with (x, y, z)-shielded gradient triple reso-
tions (monomer or dimer) were pooled and dialyzed against 5 mM nance probes at 20�C. 1H-15N HSQC spectra contained 128 � 512
sodium acetate buffer (pH 5.75) and 0.01% NaN3. Mutant CV-N complex points in the indirect (15N) and acquisition (1H) dimensions,
proteins (P51G and S52P) were purified under native conditions respectively, with total acquisition times of 61 and 62 ms in both
using affinity chromatography on Ni-NTA agarose (Qiagen, CA). For dimensions. Samples contained �0.075–0.3 mM protein in 20 mM
these two mutant proteins, the His-tag was not removed. Peak sodium phosphate buffer (pH 6.0) and 0.02% NaN3. A 1D 1H spectrum
fractions were concentrated and dialyzed against 25 mM sodium of the dissolved crystals was recorded using presaturation during
acetate buffer (pH 6.0) and 0.05% NaN3,concentrated and chromato- the relaxation delay for water suppression by collecting 5000 scans
graphed on a Superdex-75 column (HiLoad 2.6 cm � 60 cm) in 20 with 800 complex points in the 1H dimension. The equivalent 1D
mM sodium phosphate buffer (pH 6.0). For P51G a single peak spectrum of a monomer/dimer mixture employed 15N decoupling
eluting at the position of monomer was present, while, for S52P, during acquisition. 1DNH residual dipolar couplings were measured
the single peak exhibited a retention time only consistent with a from 2D IPAP [15N-1H]-HSQC experiments [18] using the NMRPipe/
dimeric protein. All purified proteins were concentrated and stored NMRDraw suite of programs [41]. The sample contained 150 �M
at 4�C. CV-N dimer in a colloidal phage solution of 11.5 mg/ml Pf1 in 25

mM sodium phosphate buffer (pH 8.0).
Preparation of Solution Dimer
A solution containing 0.3–1 mM wild-type CV-N was first unfolded X-Ray Crystallography
by dialysis overnight at 4�C against 8 M urea and then refolded by Crystallization conditions were established using the Wizard II
extensive dialysis against 20 mM sodium phosphate buffer (pH 6.0). screen (Emerald Biostructures, WA) and the hanging drop, vapor
Insoluble aggregates were removed by centrifugation, and the clari- diffusion method [42]. After several days, small crystals were ob-
fied solution was chromatographed on a Superdex-75 column as served in a droplet containing 1 M Na citrate and 0.1 M CHES buffer
described above. For the P51G mutant, unfolding was achieved by (pH 9.5). This condition was further refined to 1 M Na citrate and
dialysis at high concentration (�1 mM) against 8 M GdnHCl. For 0.1 M CHES buffer (pH 10.3); silica hydrogel (Hampton Research,
this mutant, essentially no insoluble aggregates were observed. The CA) was used to prevent excessive nucleation. Equivalent amounts
S52P mutant existed exclusively as a dimeric species, and even of 30 mg/ml CV-N solution were mixed with 1 M Na citrate and 0.1
refolding at very low concentration (� 50�M) did not yield any folded M CHES buffer (pH 10.3) on the cured silica hydrogel droplet and
monomeric protein. equilibrated against a reservoir with the same composition at room

temperature. Crystals appeared after 1 week and grew to their full
Determination of the Dimerization Constant size after 2–3 weeks. Crystals were cryoprotected in a mother liquor
for Wild-Type CV-N solution containing an additional 10% glycerol.
Monomeric wild-type CV-N was purified, and samples were made X-ray data were collected at 100 K on the beamline X9B, National
at varying concentrations ranging from 0.5 mM to 4 mM. These Synchrotron Light Source, Brookhaven National Laboratory, with
samples were incubated at 50�C for 10–30 min and transferred to the ADSC Quantum4 CCD detector, using the wavelength of 1.07 Å.
4�C, and the amounts of monomer and dimer were quantified by Data were processed using the HKL2000 suite [43]; the statistics
size exclusion chromatography on a Superdex-75 16 � 60 column are summarized in Table 2. The structure was solved by molecular
(Amersham Biosciences, Piscataway, NJ) in 20 mM sodium phos- replacement with AmoRe [44], using the available crystal structure
phate buffer (pH 6.0) at room temperature. A plot of the square of (3ezm) transformed into a compact molecule as the search model.
the monomer concentration versus the dimer concentration yielded Refinement was carried out with CNS [45], and the model was rebuilt
a straight line with the slope of the fit equal to the dissociation with the molecular graphics program O [46].
constant for the dimer. The experimentally determined slope was
2.5 � 0.7 mM. Conversion of Dimer to Monomer

Purified domain-swapped dimeric CV-N was incubated in 20 mM
sodium phosphate buffer (pH 6.0) at 38�C for an extended periodFluorescence Spectroscopy

Fluorescence spectra were obtained on a Perkin Elmer Model LS-50B of time at concentrations of 75 and 200 �M. The time course for
the disappearance of dimer and appearance of monomer was fol-spectrofluorometer equipped with a temperature-controlled water

bath (NESLAB). Measurements were performed with a scan speed lowed by NMR. In particular, the intensities of the Trp49 N�H reso-
nances in 1H-15N HSQC spectra recorded at 38�C were determinedof 120 nm/min and data intervals of 0.5 nm. An excitation wavelength

of 280 nm was used, and the intrinsic fluorescence (I330/I360) was by integration. The relative intensities for the Trp resonance of the
dimer were plotted as a function of incubation time for the 75 �Mrecorded. All experiments were performed at 20�C in 20 mM sodium

phosphate buffer (pH 6.0). sample. Similar results were obtained for the 200 �M sample. Incu-
bation at 45�C increases the conversion rate and leads to completionEquilibrium (un)folding induced by GdnHCl or urea was monitored

by steady-state tryptophan fluorescence. Each sample was dis- overnight. Conversion of the mutant P51G dimeric protein occurs
more slowly than for wild-type CV-N dimer under identical experi-solved in 20 mM sodium phosphate buffer (pH 6.0) containing the

desired amount of denaturant. Protein concentration was estimated mental conditions. The S52P dimeric protein exists exclusively as
dimer and unfolds at higher temperature into a random coil, unstruc-by absorbance using a molar extinction coefficient of 10,220 M�1

cm�1. The concentrations of GdnHCl and urea in the stock solutions tured polypeptide.
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