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ABSTRACT: Analogous to insulin, the relaxin-like factor (RLF) must undergo a structural transition to the active
form prior to receptor binding. Thus, the C-terminus of the B chain of RLF folds toward the surface of the
central B chain helix, causing partial obliteration of the two essential RLF receptor-binding site residues, valine
B19 and tryptophan B27. Via comparison of the solution structure of a fully active C-terminally cross-linked
RLF analogue with the native synthetic human RLF (hRLF), it became clear that the cross-linked analogue
largely retains the essential folding of the native protein. Both proteins exist in a major and minor conformation,
as revealed by multiple resonances from tryptophan B27 and adjacent residues on the B chain helix. Notably,
the minor conformation is significantly more highly populated in the chemically cross-linked RLF than it is in
the hRLF. In addition, compared to the unmodified molecule, subtle differences are observed within the B
chain helix whereby the cross-linked derivative shows a reduced level of hydrogen bonding and significant
peak broadening at the binding site residue ValB19. On the basis of these observations, we suggest that the
solution structure of the native hormone represents an inactive conformer and that a dynamic equilibrium
exists between the C-terminally unfolded binding conformation and the inactive conformation of the RLF.

The relaxin-insulin family consists of eight structurally
related hormones and growth factors: insulin (7), insulin-
like growth factors (IGF) (2), relaxin (3, 4), relaxin-like
factor (RLF,' also named insl3, or Ley-IL) (5), placentin
(or insl4) (6), insl5 (7), insl6 (8), and insl7 (also named
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relaxin 3) (9, 10). With the exception of the insulin-like
growth factors (IGFs), all proteins consist of two polypep-
tide chains, the A chain and B chain, held together by
three disulfide bonds in conserved spacing. Two disulfide
links connect the A and B chains, while the third disulfide
bond appears within the A chain. Three-dimensional
structures of insulin (/7), IGF (12, 13), relaxin (14, 15),
and the relaxin-like factor (RLF) (/6) indicate that the
intra-A chain disulfide bond stabilizes the A chain loop
and the two antiparallel short helical segments located in
the N- and C-terminal region of the A chain. In all
structures, a longer helix is found in the midregion of the
B chain, which often is followed by a -turn. Functionally
the hormones are quite diverse; for instance, insulin and IGF
exhibit their metabolic/growth promoter function by acting
through tyrosine-kinase receptors (/7—19), whereas relaxin and
the RLF stimulate tissue remodeling through seven-transmem-
brane G-protein-coupled receptors (10, 20—22).

The RLF is a critical regulator of sexual differentiation
that mediates intra-abdominal migration of the testes in the
developing male (23). The protein isolated from bovine testis
consists of a 26-amino acid residue A chain and a 41-residue
B chain and is significantly larger than insulin or relaxin. In
its native form, the binding affinity for the receptor appears
to be reduced when compared to that of a shorter form
deduced from the cDNA sequence (24) in which the B chain
consists of the 31 N-terminal residues. While this form is
almost exclusively used in structure and function studies, it
has been shown that the C-terminus of the RLF B chain can
be shortened even further to 27 residues, ending in TrpB27
amide (25).
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The RLF binds leucine-rich G-protein-coupled receptor 8
(LGR8) with remarkable affinity (K4 = 0.1 nM) (26) despite
the lack of a sharply defined binding site (/6, 27, 28). Single-
residue replacements (16, 25, 28, 29) revealed that the side
chains of ArgB16, ValB19, and TrpB27 are important but
made it clear that the sum of individual side chain contribu-
tions of RLF does not account for the observed high-affinity
binding constant. In contrast, multiple replacements of these
same residues or of residues adjacent to the binding residues
caused an effect that was significantly larger than the sum
of the effects of single replacements. This implies that the
proper orientation of other, secondary binding sites is
necessary for receptor binding (/6, 28). Such a mechanism
of RLF—receptor interaction should allow one to “freeze”
the molecule in a purported active conformation. In a
previous paper, we reported on the synthesis and properties
of a series of derivatives containing cross-links of variable
lengths between the side chain in position B26 and the
C-terminus of the A chain. The results of that study led to
the conclusion that the distance between the two chains is
critical for hormonal activity. Accordingly, cross-linked RLFs
bearing either a glycine or a 3-alanine spacer are fully active,
while direct linking of the A chain C-terminus and lysine
B26 led to a loss of 97% of receptor binding capacity (25).
In addition, it was found that the average position of side
chains varied considerably in the differently cross-linked
RLFs and that the restriction of motion of TrpB27 by cross-
linkers of various lengths influences the activity of the
hormone. These observations pointed to the exciting pos-
sibility that the different cross-links freeze the RLF at various
distances from its binding conformation. We have determined
the solution structure of a C-terminally cross-linked RLF
analogue that is fully active. As suggested by our analysis
of the structure of the analogue as well as the native RLF,
both proteins must undergo a structural transition to the active
form prior to receptor binding.

MATERIALS AND METHODS

Materials. The human RLF (hRLF) and '"N(GlyB23,
GlyB24, AlaA2, AlaA7, GlyAl4)-labeled hRLF were syn-
thesized as previously described (29). The cross-linked
human RLF consisted of a 26-residue A chain extended
C-terminally by glycine A27 and a 27-residue B chain with
arginine B26 replaced with lysine with an amidated C-
terminus. The e-amino group of lysine B26 and the carboxyl
group of glycine A27 were condensed to establish an
isopeptide cross-link between the A and B chains. The
synthesis has been published (25).

NMR Spectroscopy. The protein was dissolved in 40 mM
perdeuterated acetic acid/NaOD (pH 5.0) in water containing
8% D,0 or in D,0. NMR tubes were sealed under nitrogen
shortly after sample preparation. NMR experiments were
conducted at a magnetic field strength of 18.7 T using a
Varian Unity Inova 800 spectrometer equipped with a
cryoprobe. The water signal was suppressed either by
selective excitation of the water resonance (WATERGATE)
(30) or by presaturation of the residual HDO resonance of
samples in D,0O. In all experiments, the carrier frequency
was set at the center of the spectrum at the water resonance.
Three different types of two-dimensional '"H—!'H correlated
NMR experiments were conducted: DQF-COSY (31),
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NOESY (32, 33), and TOCSY (34, 35). 'H="3C HSQC
spectra of the aliphatic region were acquired at a magnetic
field strength of 18.7 T. The sweep width was 12 kHz in the
'H dimension and 16 kHz in the '*C dimension. Spectra were
processed using NMRPipe (36), while spectral analyses were
carried out with SPARKY (by T. D. Goddard and D. G.
Kneller, SPARKY 3, University of California, San Fran-
Cisco).

For hRLF TOCSY and NOESY, conditions were opti-
mized by recording spectra with different mixing times (40,
60, 80, and 100 ms for TOCSY; 80, 120, and 200 ms for
NOESY) and temperatures (20, 23, 28, 30, 33, 35, and 40
°C). The optimized conditions (mixing times of 60 ms for
TOCSY and 120 ms for NOESY) and temperatures of 25,
30, and 35 °C were applied for the cross-linked RLF. Severe
ambiguities in peak assignments were resolved by evaluating
spectra at different temperatures. To investigate intermo-
lecular interactions, a series of NOESY spectra of hRLF were
recorded at 35 °C and pH 5.0 at concentrations of 1.2, 0.6,
0.3, 0.2, and 0.1 mM. The number of scans per FID was
increased throughout the concentration series from 16 scans
at the highest concentrations to 64 scans at the lowest.

Structure Calculations. Sequential assignment was ac-
complished using the strategy described by Wiithrich (37).
Most spin systems were identified, but AlaA7 was assigned
only after '’N-labeled amino acids were incorporated into
hRLF positions GlyB23, GlyB24, AlaA2, AlaA7, and
GlyAl14. '"H-""N HSQC and 'H—'"N HSQC-NOESY ex-
periments were conducted to identify proton resonances of
the amide and methyl groups. For structure calculations,
interproton distance restraints were obtained from NOESY
spectra at 35 °C and a mixing time of 120 ms. Deuterium
exchange experiments at pH 5.0 and 35 °C failed due to
fast exchange of all amide protons, indicating the presence
of a significant population of partially unfolded structures
besides the folded form. However, at pH 2.7 and 15 °C,
slowly exchanging protons were identified and were es-
sentially identical to backbone amides of helical segments
as predicted by the chemical shift index (38) and by the
amide proton temperature coefficients (39). Thus, o-helices
B12—B21, A5—A12, and A17—A22 were predicted, and 13
H-bond restraints were included in the calculations.

HN—HA coupling constants for the hRLF were determined
by a combination of linear predictions and least-squares
analyses (40). The ¢ angles in predicted helical regions could
not be resolved by this procedure but were predicted using
PREDITOR (41). For the hRLF, 20 coupling constants and
22 predicted ¢ and 19 predicted v torsion angles were
included in the final calculations, whereas for the cross-linked
RLF, 25 predicted ¢ and 18 predicted 3 bond angles were
used. On the basis of intraresidue NOE intensities (42), 12
and 8 y torsion angles were included for the hRLF and cross-
linked RLF, respectively.

ARIA (Ambiguous Restraints for Interactive Assignment,
version 2.0 or 2.1) (43) in combination with CNS (44) was
used for structure calculations. The input consisted of two
NOESY spectra acquired in H,O and D,O at pH 5.0 and 35
°C with a mixing time of 120 ms. The data set recorded in
H,O0 included all resonances involving aromatic side chains
and amide protons, whereas the data set recorded in D,O
included only resonances between aliphatic protons. Peaks
were selected on one side of the diagonal only to ensure
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FIGURE 1: Sequential and medium-range NOE connectivities in the human RLF (A) and cross-linked RLF (B). The cross-linker consists of
lysine replacing arginine at position B26 and an iso-peptide bond between the lysine side chain amino group and the carboxyl group of the
glycine extension of the A chain. Glycine in position A27 serves as a spacer. The intensity of the NOE connectivities is indicated by the
thickness of the bars: distances of <3 A (thick), 3—4 A (medium), and >4 A (thin). Circles indicate slowly exchanging amide protons.
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FIGURE 2: Chemical shift changes upon dilution of the hRLF (pH 5.0 and 35 °C). Appm = CS;, um — CSo2 mm- (A) Amide protons of the
A chain, (B) amide protons of the B chain, (C) a-protons of the A chain, and (D) o-protons of the B chain. Glycine HA2 and HA3 were

averaged. Asterisks indicate no data.

unique entry. In addition, all spectra were carefully screened
and artifacts were excluded. This measure reduced the
number of both merging and rejected NOEs during the
structure calculation and eased the evaluation of those peaks.
Unambiguous long-range and medium-range NOEs were
preassigned.

For iterations 0—8 in the ARIA calculations, the violation
tolerance was set at 1000, 5, 3, 1, 1, 1, 0.5, 0.3, and 0.3 A,
respectively. The frequency windows were set to 0.026 and
0.013 ppm in the F; and F, dimensions, respectively. This
setting eliminated the frequency of merging unrelated peaks
and reduced the NOEs rejected by the program (45) (30 for
the hRLF and six for the cross-linked RLF).

RESULTS

The structures of the hRLF and the fully active C-
terminally cross-linked RLF derivative were obtained from
the experimental NMR data and compared. The cross-link
was constructed by extending the C-terminus of the A chain
by glycine A27 and by replacing arginine B26 in the B chain
with lysine. Condensation of the carboxyl group of GlyA27
to the side chain amino group of LysB26 established a

permanent cross-link within the C-terminal region of the
molecule. The sequences of the hRLF and the cross-linked
analogue are displayed in Figure 1.

Sample conditions and spectral parameters were optimized
for the human RLF and subsequently applied to the cross-
linked derivative. CD spectroscopy in the far-UV region
indicated that secondary structure changes occur below pH
3.0 (Figure S2 of the Supporting Information). On the other
hand, at neutral pH, the solubility in water was reduced to
approximately 0.1 mM. We have chosen pH 5.0 because at
this pH the hRLF retains a high solubility (>1.2 mM) and
because amide proton exchange is slower than it is at
physiological pH while the native conformation is maintained
as judged by the far-UV CD measurements.

Backbone chemical shifts within a concentration series for
the hRLF showed that concentration-dependent differences
were small, with the largest shifts observed (0.02—0.04 ppm)
for amide protons of ValB15, ValB19, ArgB20, and ValB21
and the a-protons of GlyB24 (Figure 2). The small changes
in chemical shift indicate a weak self-association of the RLF.
This was confirmed by hydrodynamic measurements based
on N NMR relaxation (Figure S3 of the Supporting
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FIGURE 3: Display of short-range NOEs (sequence separation of two to three residues), medium-range NOEs (sequence separation of four
to five residues), and long-range NOEs (sequence separation of more than five residues). NOEs between GlyA27 and LysB26 were considered
sequential: (A) hRLF A chain, (B) hRLF B chain, (C) cross-linked RLF A chain, and (D) cross-linked RLF B chain.

Information). Close inspection of the NOESY spectra did
not reveal any specific concentration-dependent cross-peaks
that would be indicative of intermolecular interactions. The
structure of both proteins was predicted on the basis of the
NOESY spectra that were recorded at a protein concentration
of 1.2 mM. The structures were calculated using ARIA, an
interactive protocol for simultaneous NOE assignment and
structure calculation (43).

Structure of the Human RLF. The chemical shifts of the
amide protons were well dispersed, ranging from 9.7 ppm
for ThrAl6 to 7.0 ppm for PheBl4/Va-
IB15. Sequential, short-range, and medium-range NOEs
(Figure 1A) provide clear evidence for the presence of
o-helices in the C-terminal region of the A chain (residues
GInA17—ThrA22) and the midregion of the B chain (residues
HisB12—ValB21). With the a-protons and o-carbons of
AlaA7 and CysA10 unassigned, the presence of the helix in
the N-terminal region of the A chain (ProA6—LeuA12) was
established by the slow hydrogen exchange rates for the NH
protons of residues ArgAS8, TyrA9, and LeuA12, by chemical
shift-based calculations of the temperature coefficients for
backbone amide protons (39), and by torsion angle predic-
tions (4/). Long-range NOEs between residues LeuB9,
PheB14, AlaB17, and ValB21 of the B chain and ProA6,
AlaA7, CysAl0, CysAlS5, LeuA20, and LeuA23 of the A
chain are indicative of a hydrophobic core (Figure 3A,B).
The relative orientation of the two antiparallel A chain helices
is deduced from NOEs between the side chains of ProA6
and LeuA23 and by additional long-range NOEs between
the phenol ring of TyrA9 and side chains of residues located
in the N-terminal region of the A chain (residues AlaA3 and
ThrA4), in the midregion of the A chain (residues CysA15
and ThrA16), and in the C-terminal region of the A chain

(residue LeuA23). Numerous NOEs were observed between
the N-terminal segment of the B chain (Arg-Glu-Lys,
B6—B&8) and the midregion of the A chain (Gly-Cys-Thr,
A14—A16). As reported by Rosengren et al. (16), two
different signals were observed for the N-terminus of the B
chain (B1—B6), probably representing trans and cis isomers
of the ThrB2—ProB3 bond. The C-terminus of the B chain
folds back to the midregion of the B chain, as signified by
NOEs between the indole ring protons of TrpB27 and the
methyl groups on the surface of the B chain helix (ValB15,
LeuB18, and ValB19). The overall structure is similar to that
reported by Rosengren et al. (/6). However, the indole side
chain of TrpB27 in our structure is differently oriented and
more restricted in its position. Thus, long-range NOEs were
observed between all aromatic protons of the indole ring and
the methyl groups of ValB19, between all protons of the
phenyl ring and the methyl groups of ValB15, and between
protons H2 and Z2 of the indole ring and the methyl groups
of LeuB18. Together, these NOEs indicate that the active
site residue TrpB27 is closer to the other active site residue,
ValB19, and to residues ValB15 and LeuB18, than reported
previously (16).

Structure of the Cross-Linked RLF. The overall spectral
features of the C-terminally cross-linked RLF are similar to
those of the native RLF. This includes the dispersion of the
backbone amide resonances and the observation of multiple
resonances for residues B1—B6. However, resonances dis-
play an increased level of line broadening, reducing the total
number of evaluated NOEs compared to that of the hRLF
(Table 1). In the N-terminal region of the A chain (Figure
1B), only few medium-range NOEs indicative of an o-helix
could be identified. Medium- and long-range NOEs (Figure
3C) persisting between the side chain of TyrA9 and AlaA3,



13312 Biochemistry, Vol. 47, No. 50, 2008

Table 1: NMR Statistics for Structural Ensembles of the hRLF and
Cross-Linked RLF*

hRLF cross-linked RLF
NOEs 1025 942
unambiguous 913 828
intraresidue 412 392
inter-residue
sequential (1) 202 176
short-range (2—3) 109 76
medium-range (4—5) 53 41
long-range (>5) 137 143
ambiguous 82 108
two resonances 73 101
three resonances 7 6
four resonances 2 1
total 995 936
no. of H-bonds 13 13
3J coupling 21
no. of dihedral angle restraints
13 22 25
Y 19 18
12 8
no. of violations
NOEs and H-bonds (>0.5 A) 0.2 0.6
dihedral angles (>5°) 1.60 4.15
J coupling (>1 Hz) 0.65 -
rmsd (mean =+ standard deviation)
NOE:s (A) 0.053 + 0.0015 0.048 + 0.0075

bond lengths (A) 0.0056 + 0.0002  0.0042 £ 0.0019

bond angles (deg) 0.73 £ 0.02 0.62 £+ 0.028

impropers (deg) 0.54 + 0.025 0.40 + 0.028
average pairwise root-mean-square

deviation

helix A6—11 backbone (&) 0.39 £ 0.26 0.42 + 0.039

helix A12—23 backbone (A) 0.14 £ 0.04 0.44 £ 0.11

helix B13—21 backbone (A) 0.14 £ 0.04 0.28 £ 0.04

all backbone atoms (A) 1.92 £ 0.37 0.95 £ 1.25
Ramachandran analysis”

most favored (%) 69.8 £5.8 755 £5.1

allowed (%) 242 £ 5.7 21.7 + 4.7

generously allowed (%) 32+ 18 096 + 1.2

disallowed (%) 28+ 1.9 20+ 1.6

“The evaluation is based on the 20 lowest-energy structures. * After
refinement in water.

GlyAl4, CysAlS, ThrA16, AspAl9, and LeuA23 are indica-
tive of a folded structure. In addition, predictions based on
chemical shift data (38, 39, 41) suggest the presence of an
a-helical segment for the sequence from ProA6 to LeuAl2,
as well as for the segments of GInA17—ThrA22 and
HisB12—ValB21 in the cross-linked derivative. Long-range
intra-A chain NOEs are more frequent in the cross-linked
RLF than in the hRLF, in particular, NOEs between ProA6
and LeuA23 as well as between TyrA9 and LeuA23. These
additional NOEs are of no apparent consequence for the
overall fold of the A chain. Fewer long-range NOEs were
recorded for the mid- to C-terminal region of the B chain of
cross-linked RLF as compared to the hRLF (Figure 3). The
cross-link (LysB26—GlyAZ27) itself gave rise to intraresidue,
sequential, and short-range NOEs, indicating that the link
does not interfere with the overall fold of the protein and
that it does not contribute to the structure other than
restricting the distance between the C-terminal ends of the
two chains.

Comparison of the Human RLF and Its Cross-Linked
Derivative. Comparison of the chemical shift values of the
spectra of the two proteins shows only small differences
(Figure 4). As expected, the largest deviations are observed
around the position of the restricting cross-link within the
C-terminal region of both chains (GlyB23—TrpB27 and
LeuA23—TyrA26). Interestingly, the effect propagates mostly

Biillesbach et al.

along the surface of the B chain helix affecting (A > 0.05
ppm) the amide protons of CysB10, GlyB11, HisB12,
ValB15, LeuB18, ValB19, and ArgB20 and the a-hydrogen
of HisB12. The largest difference exceeding 0.1 ppm was
recorded for the amide protons of ValB15 and LeuB18. In
contrast, hydrophobic core residues PheB14, AlaB17, and
ValB21 are less affected or not affected by the modification.
Within the A chain, the differences were most pronounced
(A > 0.05 ppm) for the cysteine amide protons of A10, All,
and Al5 and for the a-proton of LeuA23. These small
chemical shift differences do not reflect any difference in
the secondary structure as predicted by the chemical shift
index (Figure 5).

Temperature coefficients less negative than —4.25 ppb/K
are indicative of hydrogen-bonded amide protons (39).
Accordingly, hydrogen bonds were predicted for amide
protons of PheB14—ValB21, suggesting the presence of the
B chain helix (HisB12—ValB21) as shown in Figure 6. Both
helices of the A chain are predictable in a similar way,
although with less certainty. The positive values for the
temperature coefficients for PheB14, CysAll, and GlyAl4
suggest that these amide protons are located in a hydrophobic
environment (39). It is noteworthy that all but the temperature
coefficient for TyrA26 are more negative for the cross-linked
RLF than for the hRLF, indicating weaker hydrogen bonds
and hence reduced stability and increased flexibility of the
structure of the derivative. In fact, for the cross-linked RLF,
temperature coefficients for ValB15, AspA19, LeuA20, and
LeuA2l1 are below the threshold, whereas the temperature
coefficients for ArgB20 and ValB21 are at the threshold for
o-helix-stabilizing hydrogen bonds (Figure 6).

From the NOEs, we can conclude that the aromatic side
chains of TrpB27 in the C-terminal region of the native and
cross-linked protein have different orientations with respect
to the B chain helix. Thus, in the cross-linked derivative,
only NOEs between indole protons HD1 and HE3 and the
ValB19 methyl groups are retained, whereas new NOEs
appear between phenyl ring protons E3 and Z3 and the
methyl groups of LeuB18. In addition, one methyl group of
LeuB18 is upfield shifted by 0.12 ppm. Consequently, the
TrpB27 indole ring in cross-linked RLF occupies a position
different from that in the native RLF, which affects mostly
the location of the phenyl moiety while the pyrrole rings of
the two proteins are in similar positions relative to the rest
of the protein (Figure 7). This result is in agreement with
the previously reported quenching of the tryptophan fluo-
rescence in this cross-linked analogue (25). With the altered
position of the indole ring in the cross-linked RLF, the methyl
groups of ValB19 are now more solvent-exposed.

Both the hRLF and the cross-linked RLF exhibit multiple
resonances for a series of residues on the B chain, suggesting
at least two conformations. The residues showing multiple
resonances are TrpB27 and residues ValB15, ValB19, and
ValB21 on the B chain helix. For TrpB27, the relative
intensities of the resonances corresponding to the two
conformations are similar for both proteins (Figure 8). In
addition, the relative intensities of the corresponding reso-
nance in the two conformers are different for the three valine
residues on the B chain helix that show double signals. Thus,
for each of the valines, at least two different spin systems
coexist in which chemical shifts are markedly different for
the a- and y-protons. For instance, the intensities of the main
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HA—HG resonances for ValB15 in the hRLF and cross-
linked RLF are 90% and 73%, respectively; for ValB21, the
main resonance constitutes 98% in the hRLF and is slightly
asymmetrical, while it constitutes only 76% in the cross-
linked derivative and is symmetrical. In the case of ValB19,
the HA—HG resonances in the TOCSY spectrum show two
distinct double signals in a 1:5 ratio for the hRLF, but in
the cross-linked derivative, the main two resonances have
collapsed to a diffuse peak (Figure 9). No sequential NOEs
could be established between the signals corresponding to
the minor forms, and the different conformers were identified
by only their different signals in the TOCSY spectra (Figures
8 and 9) and by the multiplicity of the "H—'3Ca. resonances
in the "TH—'3C HSQC spectra. The subsequent structures were
calculated using the main resonances (Figure 10). However,

the fact that multiple signals are observed shows that both
the RLF and the cross-linked RLF assume two different
conformations around TrpB27, corresponding to a major and
a minor conformation. Moreover, we find that the population
of the minor conformation is higher in the cross-linked RLF
than in the hRLF. On the basis of these observations and
the fact that the cross-linked RLF investigated here is the
analogue with the highest activity among those examined
previously (25), we suggest that the minor conformation
corresponds to the conformation that the RLF must assume
to bind to its receptor, as discussed in detail below.

DISCUSSION

Alanine scanning of the RLF has led to the identification
of the side chains of ArgB16, ValB19, and TrpB27 as



13314 Biochemistry, Vol. 47, No. 50, 2008

C

FIGURE 7: Comparison of the hRLF and cross-linked RLF. Views
of the hRLF (A) and cross-linked RLF (B) from the surface of the
B chain helix. Views of the hRLF (C) and cross-linked RLF (D)
through the B chain helix. Blue is used for the B chain helix, yellow
for A chain helices, red for ArgB16, green for ValB19, magenta
for position B26 in the hRLF and positions B26 and A27 in the
cross-linked RLF, and cyan for TrpB27. N marks an N-terminus,
and C marks a C-terminus.
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FIGURE 8: Regions of the TOCSY spectra of the hRLF (top) and
cross-linked RLF (bottom) showing the chemical shifts and the

multiplicity of the aromatic cross-peaks for TrpB27. W is the
TrpB27 major form and W’ the TrpB27 minor form.

receptor binding residues (/6, 28). B chain truncation,
tryptophan substitution, and steric displacement experiments
have shown that tryptophan B27 is essential for binding (29).
Thus, deleting the C-terminal region of the B chain, including
TrpB27, reduced the affinity for the receptor 250-fold, and
alanine substitution for tryptophan showed a 100-fold reduc-
tion in affinity (29). When TrpB27 was replaced with
phenylalanine, or D-tryptophan, or was oxidized to the
oxindole, the affinity was reduced 2—5-fold, indicating that
an aromatic interaction is essential for receptor binding. This
conclusion is supported by the fact that relaxin will cross-
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FIGURE 9: Regions of the TOCSY spectra of the hRLF and cross-
linked RLF showing the chemical shifts and the multiplicity of the
HA—HG cross-peaks for ValB15, ValB19, and ValB21.

react with the RLF receptor only when a tryptophan is present
in a position equivalent to TrpB27. Thus, human and porcine
relaxins, with Trp in position B27, bind and activate the RLF
receptor, whereas rat relaxin with a glycine at position B27
does not (46).

However, despite the fact that the indole ring is necessary
for high-affinity binding, the solution structures for both the
hRLF and the cross-linked RLF show that the binding
residues, tryptophan B27 and, in the case of the hRLF, valine
B19, are partially buried within a common fold and therefore
not readily accessible. Consequently, the dominant solution
structures of the hRLF and the cross-linked derivative must
represent nonbinding conformers. The binding conformer
may be best represented by the minor conformation observed
for the cross-linked RLF. Decreased stability of the B chain
helix, significant line broadening of the ValB19 side chain,
including improved surface exposure of the methyl groups,
and two conformations of the indole ring of TrpB27 all imply
that a more open structure does exist in addition to the
compact fold.

To convert the inactive form (T state) to an active
conformation (R state), a partial unfolding must occur prior
to receptor binding. Most likely, the T and R states exist in
an equilibrium from which the receptor recruits the binding
conformer. Therefore, in spite of the different orientation of
the tryptophan side chain in the T state of the hRLF and
cross-linked RLF (Figure 7), in the R state of the two proteins
the indole ring could occupy a very similar position in space.
It was suggested that the GGP sequence (B23—B25) func-
tions as a hinge in the orientation of the indole ring (28, 29).
Indeed, when L-ProB25 was replaced with its D-enantiomer
or L-serine, the corresponding RLF derivatives exhibited
substantially reduced receptor affinity (28, 29).

In this context, it is interesting that within the relaxin/
insulin family, insulin also requires a transition from an
inactive state prior to insulin—receptor binding. In this
transition, the flexibility of the C-terminal region of the
insulin B chain is crucial for exposing the binding site. X-ray
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FIGURE 10: Stereoview of the 20 superposed lowest-energy structures of the human RLF (blue) and cross-linked RLF (red). The cross-link
is colored green, and the cystine bonds are colored cyan for the hRLF and black for the cross-linked RLF. N-A and N-B represent the
N-termini of the A and B chains, respectively. C-A and C-B label the C-termini of the A and B chains, respectively.

(47) and NMR data (48, 49) of native insulin show that the
fB-turn (B20—B23) C-terminal of the B chain helix directs
residues B24—B28 to the surface of the B chain helix,
forming the dimerization site of the insulin hexameric storage
form. This fold is maintained in the monomer when
dissociating solvents are present (48, 50). Molecular dynamic
calculations implied that in the virtual insulin monomers the
C-terminal portion of the B chain, B25—B30 (equivalent to
RLF-residues B28—B33), moves away from the B chain
helix to expose the receptor interacting site of the hormone
(5I). Such a movement is supported by structures of
nonaggregating insulin mutants with unusually high receptor
affinities (52—57). In insulin, the S-turn (B20—B23, GERG)
is stabilized by two characteristic hydrogen bonds, one
between the carbonyl oxygen of GlyB20 and the NH proton
of GlyB23 and the second between the carbonyl oxygen of
CysB19 and the NH proton of ArgB22. In several flexible
potent insulin analogues, these H-bonds seem to be absent
(54) or altered (56). Insulins mutated within the B20—B23
[B-turn suggest that neither the 5-turn geometry nor its local
stability correlates with activity, implying that the highly
conserved f-turn is not essential for receptor affinity and, in
fact, may represent inactive conformers (58).

In the RLF, the turn C-terminal to the B chain helix
(B23—B26, GGPR) is not a type I f-turn as in insulin
because one of the proton donor positions is occupied by
proline. Consequently, the C-terminal region of the RLF B
chain is oriented differently. Close contacts between the
C-terminal region of the B chain and the A chain N-terminal
and C-terminal region existing in insulin are absent in the
RLF. Even when a cross-linker forces the side chain of
residue B26 toward the C-terminus of the A chain, long-
range NOEs between the two chains are not observed.

Like the fold of the insulin B chain, the fold of the RLF
B chain is stabilized by hydrophobic interactions. In the case
of the RLF, this involves the indole ring in position B27
and methyl groups that would otherwise expose a hydro-
phobic array on the surface of the B chain helix. This RLF-
like B chain fold has been reported for human relaxin 3
(insl7), where the relaxin receptor (LGR7) binding site
becomes accessible only upon unfolding (/5). The structural
transition required for receptor binding may not be universal
for other relaxins as suggested by the X-ray structure of
human relaxin 2 (/4); however, the C-terminal B chain

sequence [CGGS(T)RW] in human relaxin 3 (9, 15) and
tamar, shark, and skate relaxins (59) suggests that the
C-terminal structural motif is likely to persist in some
relaxins. In rat, mouse, guinea pig, hamster, orangutan II,
rhesus monkey, and baboon relaxin tryptophan B27 is
replaced with an aliphatic residue (59), which may not
promote this fold. In general, the lack of solution structures
and the extraordinary sequence diversity of relaxin (59) make
it difficult to generalize.

While the hormones insulin, RLF, and relaxin 3 must
undergo a similar conformational transition to bind and
activate their receptor, information about structural require-
ments of the corresponding receptor is still limited. Initial
observations on ligand binding to LGR7 and LGRS show
some similarities to the better-investigated insulin tyrosine
kinase receptor. Svendsen et al. (26) reported LGRS ag-
gregation and negative cooperative binding of the RLF to
LGRS and suggested that for receptor activation the RLF
binds to the high-affinity site on one receptor and to the low-
affinity site of a second receptor within the aggregate. Such
a mechanism is well-established for the activation of the
insulin receptor (60, 61) where the high-affinity site of the
insulin monomer is in contact with fibronectin domain III
(FnllI) and the low-affinity site with the second leucine-rich
repeat domain (L2) on the opposite monomer in the receptor
dimer (6/—63). In terms of difference, the high-affinity site
on the RLF and relaxin receptors is located on a contiguous
array on the concave surface of the leucine-rich repeat
surface (27, 64), whereas the low-affinity site might be
located on the seven-transmembrane domain (46).

In conclusion, NMR data and the solution structure of a
fully active cross-linked RLF derivative support the pos-
sibility that a transition of a compact nonbinding conformer
to a relaxed binding conformer occurs and that such a
transition is a frequent mechanism by which hormones of
the relaxin/insulin family interact with their corresponding
receptors.
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