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ABSTRACT: The self-association properties of recombinant DNA derived human relaxin, and porcine relaxin
isolated from porcine ovaries, have been studied by sedimentation equilibrium analytical ultracentrifugation
and circular dichroism (CD). The human relaxin ultracentrifuge data were adequately defined by a
monomer—dimer self-association model with an association constant of ~6 X 10° M~!, whereas porcine relaxin
was essentially monomeric in solution. An approximate 5-fold increase in weight fraction of human relaxin
monomer elicited by dilution of the protein resulted in no change in the far-UV CD spectrum at 220 nm.
In contrast, after the same increase in weight fraction of monomer, the near-UV circular dichroism spectra
for human relaxin exhibited a significant decrease in the amplitude for the CD bands near 277 and 284
nm. These CD bands, which may be assigned to the lone tyrosine in human relaxin, are superimposed on
a broad envelope that is probably due to the three disulfide chromophores. Although both the human and
porcine proteins contain two tryptophan residues, the near-UV CD spectra exhibit only a broad shoulder
near 295 nm rather than the strong CD bands often found for tryptophan. Moreover, there is little change
in this broad band after dilution of human relaxin to concentrations that resulted in a 4-fold increase in
monomer weight fraction. These data suggest that dissociation of the human relaxin dimer to monomer
is not accompanied by large overall changes in secondary structure or alteration in the average tryptophan
environment, whereas there is a significant change in the tyrosine environment. This tyrosine is replaced
by an arginine in porcine relaxin, and this substitution may affect the self-association properties of this protein.

Relaxin is a protein hormone that plays a major role in the
reproductive biology of various species (Sherwood, 1988;
Bryant-Greenwood, 1982). This protein appears to modulate
the restructuring of connective tissues in target organs in order
to generate the required changes in organ structure during
pregnancy and parturition. In particular, relaxin regulates
a number of biological responses of reproductive tissues in
pregnant animals including softening of cervical tissue and
inhibition of uterine myometrial contractions (Steinetz et al.,
1959). Some of the important roles for relaxin as a pregnancy
hormone include inhibition of premature labor and induction
of cervical ripening prior to parturition.

The latter activity has been investigated in a clinical setting
with use of relaxin isolated from porcine corpus lutea and
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ovaries (Evans et al., 1983; MacLennan et al., 1981, 1986).
The preparation of porcine relaxin has been well documented
(Sherwood & O’Byrne, 1974; Bullesbach & Schwabe, 1985,
1986), and since the sow ovary serves as a relatively plentiful
source of relaxin, most studies on this hormone have been
conducted with porcine relaxin. Identification of the human
gene responsible for expression of human relaxin (Hudson et
al., 1984) has resulted in the cloning, expression, and puri-
fication of recombinant DNA derived human relaxin (rhRIx)
that is active in a cyclic AMP response assay using human
endometrial cells (Fei et al., 1990).

Relaxin consists of two polypeptide chains that are linked
by inter- and intrachain disulfide bonds. Although the amino
acid sequence homology between relaxin and insulin is low
(Figure 1), there are several important homologies between
these protein hormones. The positions of the disulfide links
are similar in both proteins, and there is a conservation of the
glycine residues immediately adjacent to the cysteine residues
in the B chain (Sherwood, 1988). These residues are crucial
to maintaining the proper structural folding for insulin and
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A chain: 1 5 10 20 25
human relaxin:  gln leu tyr ser ala leu ala asnlys cys cyshis val glycysthr lys arg ser leu ala arg phecys
porcine relaxin: arg met thr leu ser glu lys cys cysgln val glycysile arglys aspile ala arg leu cys
porcine insulin: gly ile val glu gln cys cysthr ser ile cys ser leu tyr gln leu glu asntyr cysasn
B chain: 1 5 10 20 25 30 35
human relaxin:  aspser trp metglu glu val ile lys leu cysgly arg gluleu val arg ala glnile ala ile cysgly metser thr trp ser
porcine relaxin: gln ser thr asnasppheile lys ala cysgly arg gluleu val arg leu trp val gluile cysgly ser val ser trp gly arg thr ala leu

porcine insulin:

pheval asngln his leu cysgly ser his leu val glu ala leu tyr leu val cysgly glu arg gly phephetyr thr prolys ala

FIGURE 1: Amino acid sequence of A and B chains of porcine and human relaxin and porcine insulin.

suggest the possibility that relaxin may have a similar tertiary
structure. Molecular modeling techniques have been used to
demonstrate that the crystallographic structure of insulin can
accommodate the sequence of porcine relaxin (Bedarkar et
al., 1977, Isaacs et al., 1978). Although there are these striking
similarities between insulin and relaxin, the proteins exhibit
very different physiological and biochemical properties. The
aggregation properties of insulin are well-known (Blundell et
al., 1971; Hodgkin & Mercola, 1972), and it is thought that
this property is related to the way insulin is stored and regu-
lated (Blundell et al., 1972). Unlike insulin, analytical ul-
tracentrifugation studies of porcine relaxin suggest that this
protein does not exhibit self-association behavior (Jeffrey &
Coates, 1966; Goldman & Carpenter, 1974; Sherwood &
O’Byrne, 1974). Although porcine and human relaxin exhibit
similar biological function, the two proteins are only 40%
homologous (Figure 1) as compared to porcine and human
insulin, which display ~98% sequence homology. In this
paper, we have compared by analytical ultracentrifugation and
circular dichroism the association properties of recombinant
DNA derived human relaxin with those of porcine relaxin
isolated from porcine ovaries.

MATERIALS AND METHODS

Preparation and Purification of Relaxin

Porcine Relaxin. Porcine relaxin was isolated from sow
ovaries and was kindly supplied to us by Dr. Geoffrey Tregear
of the Howard Florey Institute.

Recombinant DNA Derived Human Relaxin. The A and
B chains of human relaxin were expressed in Escherichia coli
and purified by a combination of gel permeation, ion-exchange,
and reversed-phase chromatography to >90% purity as judged
by analytical reversed-phase chromatography. The purified
A and B chains were then combined to form human relaxin
that was purified by ion-exchange and reversed-phase chro-
matographic techniques. The final product, which is active
in a cyclic AMP response assay (Fei et al., 1990) is greater
than 95% homogeneous as determined by analytical re-
versed-phase chromatography (inset in Figure 4B). The
product was analyzed by amino acid analysis, tryptic mapping,
and amino acid sequencing and was shown to have the ex-
pected primary structure. The disulfide bond arrangement
was shown by tandem mass spectrometry to match that of
insulin (Stults et al., 1990).

Reversed-Phase HPLC' of Relaxin. Analysis was per-
formed by injecting 7 uL of relaxin at 1 mg/mL onto a Vydac
C4-300 reversed-phase column equilibrated at 35 °C. The
initial equilibration buffer was 18% acetonitrile, 0.1% TFA.
After a 1-min hold at 18% acetonitrile, the elution was carried

! Abbreviations: CD, circular dichroism; HPLC, high-performance
liquid chromatography; TFA, trifluoroacetic acid; OD, optical density.

out by running a linear acetonitrile gradient to a final con-
centration of 45% acetonitrile after 30 min. The flow rate was
held constant at 1.0 mL/min, and the absorbance was mon-
itored at 214 nm.

Extinction Coefficient of Relaxin. The molar extinction
coefficient and absorptivity for human relaxin was determined
by use of a modification of the method of Bewley (1982). UV
absorption spectra of relaxin from 400 to 240 nm were ob-
tained before and after proteolysis overnight at 37 °C with
a 1:1 mixture of thermolysin and trypsin (protease:relaxin at
1:300). A model UV spectrum was obtained from the amino
acid composition and molecular weight for human relaxin. The
model spectrum is a linear combination of experimentally
determined spectra of the model compounds N-acetyl X amide,
where X is tryptophan, tyrosine, or phenylalanine, and the
disulfide spectrum from glutathione. The model extinction
coefficient should be equivalent to that of a proteolytically
digested sample, assuming all influence of tertiary and sec-
ondary structure on UV absorption has been eliminated by
the proteolysis (Bewley, 1982). The molar extinction coef-
ficient of the native folded protein at the wavelength of
maximum absorbance, E), can be related to the model molar
extinction coefficient, £y moder, and the OD before and after
digestion as

E M= ODpredigest(E M,model) / ODdigest

The value of the absorptivity at 280 nm, 2.25 cm™ (mg/mL)™,
was computed from Ey by dividing by a molecular weight of
5965 and was in excellent agreement with a value of 2.30 cm™
(mg/mL)™! obtained by quantitative amino acid analysis. An
absorptivity of 1.88 was estimated for porcine relaxin from
the model protein spectrum method.

All spectra for protein concentration determinations were
obtained from 400 to 240 nm using a Uvicon 860 spectro-
photometer and corrected for light scattering by the method
of Englander and Epstein (1957). This method involves
plotting the log of the absorbance from 400 to 330 nm vs the
log of the wavelength and extrapolating the linear regression
of this plot to 280 nm in order to estimate the absorbance due
to scattering.

Circular Dichroism. Circular dichroism (CD) spectra were
obtained for relaxin at 0.5 mg/mL from 250 to 190 nm (far
UV) in an Aviv/Cary 60-DS spectropolarimeter with use of
a 0.01-cm cell or at 350-240 nm (near UV) with a 1.0-cm cell.
The resulting spectra were converted to mean residue weight
ellipticities in the usual manner (Adler et al., 1973) with use
of a mean residue weight of 113 for both human and porcine
relaxin. Estimates of secondary structure were obtained from
data collected in the far-UV range by use of the method of
either Provencher (Provencher & Glockner, 1981) or Yang
and co-workers (Chang et al.,, 1978). In the case of CD
measurements of dilute solutions (10 or 20 ug/mL), cylindrical
cells of 1 and 10 cm were used in the far- and near-UV spectral
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range, respectively. Concentrations were obtained from gra-
vimetrically diluted samples. Adsorptive losses to glass surfaces
at these low concentrations were minimal as determined by
UV absorption spectroscopy using a 10-cm cylindrical cuvette.

Analytical Ultracentrifugation

Experimental Methods. Human relaxin in 10 mM citrate
buffer, jonic strength of 0.154 M (made up with NaCl) at pH
5, was diluted to concentrations ranging from 0.05 to 0.20
mg/mL with the citrate buffer. Porcine relaxin obtained from
the Howard Florey institute as a lyophilized powder was
prepared in the same buffer system and exhaustively dialyzed
against the citrate buffer with use of dialysis tubing with a
molecular weight cutoff of 1000 (Spectrapor 1).

Relaxin samples were loaded into charcoal-filled Epon
six-channel Yphantis cells (Y phantis, 1964) and placed into
an An-F four-hole analytical rotor. Centrifugation was per-
formed in a Beckman Model E analytical ultracentrifuge at
either 22 000 or 32000 rpm at 19-21 °C for 18 h. In separate
experiments it was determined that 18 h was sufficient time
to obtain sedimentation equilibrium. The concentration gra-
dient in the cell was determined by UV absorption at 280 nm
using a photoelectric optical scanner equipped with a stepping
motor. The radial position and photomultiplier tube voltage
were digitized and saved as text files on a Macintosh SE
computer with use of commercially available data acquisition
boards and software (Strawberry Tree Inc.). The photo-
multiplier tube voltages at each rotor speed were correlated
with actual OD values at 280 nm by using tryptophan solutions
at known OD as determined on an 8451 A Hewlett-Packard
diode array spectrophotometer. The partial specific volumes
for porcine and human relaxin, 0.732 and 0.741, respectively,
were computed from the amino acid composition by use of the
additivity rule and values for the individual amino acid residues
(Cohn & Edsall, 1965).

Analysis of Sedimentation Data. The total concentration,
C,, of reversibly self-associating protein at any radial position,
r, after attaining sedimentation equilibrium can be related to
the monomer molecular weight, M, and the number of ag-
gregates, n, by

C = ’E:lcioeL(i)[AMl(’z"oz)'BM (C—Cro)l §))
i=l
where L(i) is the degree of association for the ith aggregate
at concentration C; at radial reference position o, C, is the
total protein concentration at rq, and B is the second virial
coefficient (Haschemeyer & Bowers, 1970; Holladay & So-
phianopoulos, 1972). The parameter A is defined as

A= (1 - Vp)u?/2RT 2)

where R is the gas constant, T is the absolute temperature,
V is the partial specific volume, p is the solution density, and
w is the angular velocity. All concentrations in these and
subsequent expressions are on a mass per volume scale. It is
important to note that no a priori constraint exists as to the
choice of the reference radial distance r,.
A series of association constants, k;, can be defined, where
k, is unity and
ki = Cy/(CHH® 3
Two self-association schemes were used in the data analysis.
Indefinite Self-Association. In the special case where the
free energy change is the same for the addition of a monomer
to any aggregate, an intrinsic association constant, k, may be
defined by use of the relationship (Adams & Lewis, 1968)

G = ik=(C)) 4
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Provided that kC; is less than one, the total concentration is
then related to the monomer concentration by

C=C/(1-kC) &)
where
C = C]oe‘AMl(’L’Oz)'FFMl(C:"Cm)’ (6)

In order to constrain the value of B to be nonnegative, a
substitute fitting parameter, B’, was used where B’is the square
root of B.

In computing the total concentration for the indefinite as-
sociation case, the total concentration at the reference distance
rg is computed as

C, = Cl(,/(1 - kclo)z @)

Then the monomer concentration at any radial distance is
computed from eq 6 and the experimental value for C,. As
the fitting process moves the computed C, closer to the ex-
perimental C,, the differences between these two quantities
become small and the replacement of the theoretical C, by the
experimental C, in the right side of eq 6 removes the necessity
to do an iterative computation of C, for each change in the
fitting parameters (Holladay & Sophianopoulos, 1972). From
the monomer concentration and the current estimate for %,
the total protein concentration is computed with eq 5. The
three parameters sought from single-cell data are the monomer
concentration at the reference radial position, the intrinsic
association constant k, and the square root of B, B’.

Discrete Self-Association. In the case of a discrete self-
association model, the natural logarithms of the equilibrium
constants are used as the fitting parameters rather than the
equilibrium constants themselves. An examination of eq 1
shows two reasons to fit for the natural logarithms of the
equilibrium constants (Johnson et al., 1981). First, a fit for
the natural logarithms of the association constants is appro-
priate since the parameter of real interest is the free energy
change on association. Second, fitting for the In k; values
removes a need to constrain the C; values to be nonnegative.
The sought parameters, /n k; values are free to be either
positive or negative without need for constraint. For a model
involving a monomer and n aggregates, there are n different
In k; values, one monomer concentration C;, per cell/com-
partment pair, and the value of B as fitting parameters.

The parameter C, is implicit in eq 1 in that C, appears in
the exponential term. In the fitting process, the experimental
value for C, is used in the right side of eq 1 and the value for
C,, used to compute the difference term, C, - C,, is determined
from the equation

G, = nilellﬂ(kl)+L(f)1n(Clo)] 8)
i=1
The difference in total protein concentration, C, - G, at
radial position 7 and reference position r, is computed from
the experimental C,, current estimates for the association
constants, and the monomer concentration at reference dis-
tance rg. The fitted function C, is then computed as

n+1
C = > Ink)+LHIn(Cro)+AM 1(P=ro?)-B'B' M \(C,~Cro)]} (9)

i=1
Note this since k; is equal to 1, In k; becomes 0, and the first
term in the sum is simply the monomer concentration.
Fitting Algorithm. For multichannel sedimentation equi-
librium experiments, each solution channel is loaded with
relaxin at a different protein concentration. Equations such
as eq 9 may then be written for each channel that differ only
in the values for C;;, the monomer concentration at the ref-
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Table I: Analysis of Sedimentation Equilibrium Data Using the

Simplex Algorithm

rhR1x in 10 mM citrate, 0.13 M NaCl, pH 5.0

model association constants rmslf
32000 rpm
monomer—-dimer K, = 100 + 4 (g/L)™! 0.0040 * 0.0003
monomer-dimer- K, = 104 £ 9 (g/L)™! 0.0040 = 0.0002
trimer Ky = 1.09 £ 0.03 (g/L)?
monomer—dimer— K, = 170 £ 52 (g/L)  0.0040 % 0.0001
tetramer K,=01=%£0.1 (g/L)?
isodesic K=30%003(g/L)" 0.007 £ 0.001
22000 rpm
monomer—dimer K, = 77 = 19 (g/L)"! 0.005 = 0.0003
porcine relaxin in 10 mM citrate, 0.13 M NaCl, pH 5.0
model association constants rmslf
32000 rpm
monomer—dimer K,=07%£0.6 (g/L)" 0.0043

erence distance. The data for all three channels were si-
multaneously fitted to yield three estimates for C;, (one for
each channel solvent-solution pair), k for the indefinite asso-
ciation case or n values of In k; for the discrete association
model, and B’, which is squared to yield the estimate for B.
The reference distance for the analysis was set at a radial
position 2/, of the solution column height from the solution
meniscus.

The data were fitted to these equations with use of the
Simplex algorithm (Caceci & Cacheris, 1984; Nelder &
Mead, 1965) implemented in Turbo Pascal v5.5. Convergence
was considered attained when neither the fitted parameters
nor the residual sum of squares changed significantly.

RESULTS AND DiscUSSION

HPLC Analysis of Relaxin. Reversed-phase HPLC of
rhRIx and porcine relaxin shows that the porcine relaxin is
heterogeneous when compared to human relaxin (inset of part
A and part B of Figure 4).

It has been demonstrated that different forms of porcine
relaxin isolated from sow corpora lutea are equipotent but
heterogeneous due to variations in length at the C terminus
of the B chain from 28 to 31 amino acids (Niall et al., 1980).
The peaks labeled 1-3 have been identified by amino acid
analysis and sequencing (Florey Institute). The relaxin in
peaks 1 and 2 have full-length A chains of 22 amino acids and
B-chain lengths of 31 and 30 amino acids, respectively, whereas
relaxin in peak 3 has a B chain of 29 amino acids and an A
chain with an additional phenylalanine at the N terminus. It
has been postulated that the N-terminal extension of the A
chain is an intermediate in prorelaxin—relaxin conversion
(Bullesbach & Schwabe, 1985).

Analytical Ultracentrifugation. Concentration gradients
in three sectors of a Yphantis analytical ultracentrifuge cell
after sedimentation equilibrium was attained are shown for
porcine and human relaxin in Figures 2 and 3, respectively.
Porcine relaxin data were analyzed as nonideal monomer-
dimer association and human relaxin data as nonideal mo-
nomer—dimer, monomer—dimer—trimer, monomer—dimer—
tetramer, and isodesmic self-association. The resulting pa-
rameters from the fits of two separate experiments are sum-
marized as the mean values of the association constants and
deviation from the mean in Table I. The root mean square
lack of fit (rmslf, Table I) is also presented as a mean value
and deviation from the mean. As an example, Figures 2 and
3 also show as a solid line the fit of the data to a nonideal
monomer—dimer self-association model as well as the residuals
to the fit. The fitted values for the second virial coefficients
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FIGURE 2: Concentration distribution of porcine relaxin during sed-
imentation equilibrium at 32000 rpm in an An-F analytical ultra-
centrifuge rotor. The open circles are measured values in three channel
pairs of a Yphantis ultracentrifuge cell. The loading concentrations
in channels A, B, and C were 0.05, 0.1, and 0.2 mg/mL, respectively.
The solid lines are a result of fitting all three solvent—solution pairs
of data simultaneously with a simplex algorithm to a monomer—dimer
model. The inset figures show the residuals to the fit, and the resulting
parameters are given in Table L.

that were essentially zero (from 5 X 1075 to 2 X 1077) dem-
onstrate that nonideality was not significant during relaxin
sedimentation. The contribution from excluded volume effects
to the second virial coefficient is usually an order of magnitude
less than the effect from the primary charge effect. The
primary charge effect contribution to the second virial coef-
ficient, B,;, in the presence of a uni-univalent salt is related
to the effective charge, Z, on the macromolecule by?

B, =2Z%/2Mm (10)

2 In the fitting algorithm for the centrifuge data, the virial expansion
used does not have a factor of 2 associated with the second term of the
expansion. Therefore, the value of B, in eq 10 is twice the value of B,
as defined by Roark and Yphantis (1971) for a uni-univalent salt.
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FIGURE 3: Concentration distribution of human relaxin as described
in Figure 2.

5.95  6.00

where M, is the molecular weight of the macromolecule and
m is the molality of the salt (Roark & Yphantis, 1971). An
estimate for Z can be made from a computation of the theo-
retical titration curve of relaxin with the understanding that
the effective charge might be less. At pH 5, Z is computed
to be 3.8 from the amino acid composition of relaxin and from
intrinsic pK values for ionizable amino acid residues (Shire,
1983). Assuming the major contribution to the ionic strength
in the isotonic 10 mM citrate buffer is from NaCl at ~0.13
M, B is estimated to be ~1.6 X 10 mol-L/g2, which is
consistent with the low values determined for B experimentally.

The simplex algorithm yields values of 1.3 and 0.06 (g/L)™
for the monomer—dimer association constant for porcine relaxin
from two separate experiments. Figure 2 shows the result of
this fit from one of the replicate experiments. The fit to the
consensus model at the lowest concentration is not as good as
at the higher concentrations. However, the second experiment
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Table II: Far-UV Circular Dichroism Parameters and Secondary
Structure Estimations for Human Relaxin, Porcine Relaxin, and

Bovine Insulin

%
protein O19s/0208  0O08/0222 % helix % f sheet remainder
porcine 1.542  1.65-1.71%¢  29</ 19+
relaxin
porcine 1.16 1.86 50° 50° 0
relaxin? 3 30/ 3
human 244 118 53¢ 47¢ 0
relaxin? 50/ 50/ o
bovine 2,05 1.38¢ 30/ 15¢
insulin®
zinc free

2Schwabe and Harmon (1978). ®Du et al. (1982). °Rawitch et al.
(1980). “From present work. ¢Provencher analysis. /Yang analysis.
8Wood et al. (1975).

shows a better fit at the low concentrations and a worse fit
at the mid concentration range. It is likely that the variations
are experimental error within one particular channel pair
rather than the fact that one of the components of the het-
erogeneous porcine relaxin preparation associates to a different
extent. This conclusion is further supported by previous
sedimentation equilibrium work using three preparations of
porcine relaxin (Sherwood & O’Byrne, 1974). Although these
three preparations differed slightly in the length of the B chain
they had essentially the same molecular weight, ~6300 £ 100,
demonstrating that the different porcine relaxin components
do not associate to any appreciable event. The average value
from two experiments of the monomer—dimer association
constant of 0.7 + 0.7 (g/L)™ yields a weight average molecular
weight of 7400 £ 1300 at a total porcine relaxin concentration
of 0.5 mg/mL, which is in good agreement with the reported
value of 6300.

The corresponding concentration gradient and fit to a
nonideal monomer—~dimer association model for human relaxin
after attaining equilibrium is shown in Figure 3. The pa-
rameters from such a fit for two separate experiments are given
in Table I and clearly demonstrate that human relaxin self-
associates in solution. With use of the mean value for K, of
100 (g/L)7!, the computed weight average molecular weight
at a total human relaxin concentration of 0.5 mg/mL is 11 140.
A similar result is obtained at lower rotor speeds, which
demonstrates that the self-association is a reversible equilib-
rium dependent on total protein concentration (Teller, 1972).

The data appear to be fit equally well on the basis of the
root mean square lack of fit to discrete monomer—dimer—trimer
and monomer—dimer—tetramer models. However, for both
higher association models, the higher aggregate association
constant is at least 100-fold lower in magnitude than the
monomer—~dimer association constants whereas the latter are
similar. The concentrations of trimers or tetramers would be
far less than 0.1% of the total protein concentration, and
therefore the human relaxin association is well characterized
as a monomer—dimer equilibrium. Moreover, it is unlikely that
human relaxin associates in an indefinite association scheme
since the fit of the data to an indefinite association scheme
is not as good as for the discrete association models. This is
mainly reflected in a root mean square lack of fit for the
indefinite association model that is almost twice that of the
discrete association models (Table I).

Circular Dichroism. The far-UV CD in the spectral range
of 250-190 nm for porcine and human relaxin is shown in
Figure 4A,B The bold solid lines in the figures are a result
of the Provencher fitting algorithm, and estimates of secondary
structure from this analysis are included in Table II. Although
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FIGURE 4: Far-UYV circular dichroism of porcine (panel A) and human (panel B) relaxin at 0.5 mg/mL in a thermostated 0.01-cm cylindrical
cuvette maintained at 20 °C. Open circles are the result of an average of three scans using an average time for each single data point collection
of 5s. Data were collected at 0.2-nm intervals at a spectral bandwidth of 1.5 nm. Some data points are not shown for clarity. The bold solid
line is a result of a fit using Provencher’s algorithm, and the thin solid line is a result of a fit using Yang’s algorithm. The estimated secondary
structure from these analyses is presented in Table II. The insets in panels A and B show the reversed-phase chromatograms for porcine and
human relaxin, respectively. The reversed-phase chromatography was carried out with a TFA acetonitrile gradient system. The ordinate is
an arbitrary scale, and each chromatogram is adjusted for full-scale expansion in order to clearly show all peaks. In panel B the human relaxin
main peak is 95% of the total area and all other minor peaks are less than 1%. In panel A peaks labeled 1, 2, and 3 have porcine relaxin with
different B-chain lengths as discussed in the text. The percent of total area for peaks 1-3 is 44%, 17%, and 14%, respectively.

both proteins exhibit a CD spectrum that is typical of the
a-helix conformation, they differ significantly in regard to the
position of the minimum near 209-211 nm and the maximum
near 190-200 nm. Qualitatively, the differences between the
porcine and human relaxin spectra are similar to the differ-
ences between zinc-free insulin and porcine relaxin spectra
(Table II) reported by Schwabe and Harmon (1978). The
overall blue shift of the CD spectrum for porcine relaxin
compared to insulin is also observed when compared to human
relaxin. In particular, the positive CD band near 190-200 nm
for human relaxin is centered around 194.2 nm whereas in
porcine relaxin it is blue-shifted to 191 nm. This shift in this
CD band results in a greater value for the ratio of the ellip-
ticities at 208 and 195 nm for human relaxin when compared
to that of porcine relaxin. The CD spectra of these proteins
also differ significantly in the 230-215-nm range, which leads
to a lower value for the ratio of the ellipticities at 208 and 222
nm for human relaxin when compared to that of porcine re-
laxin. It was suggested that the differences in this wavelength
region between zinc-free insulin and porcine relaxin may be
attributed to the fact that zinc-free insulin is dimeric, whereas
porcine relaxin is monomeric under the conditions studied
(Schwabe & Harmon, 1978). At first glance the CD spectra
and sedimentation studies of porcine and human relaxin appear
to support this idea. However, dilution of the protein to 10
pg/mL with a concomitant increase of almost 5-fold in the
weight fraction of monomer does not alter the CD spectrum
of human relaxin (Figure 5). Since these differences in the
far-UV spectra are not related to the state of association of
the relaxin, it is tempting to ascribe these spectral differences
instead to differences in secondary structure between the two
molecules. The analysis using Provencher’s algorithm suggests
that there is little difference between the human and porcine
relaxin secondary structures, whereas an analysis using the
algorithm of Yang suggests that human relaxin has a 50%
a-helix content compared to 37% for porcine (Table II). The
values we obtain for the latter analysis are consistent with that
reported by previous workers for porcine relaxin using the
Yang algorithm (Rawitch et al., 1980). However, this result
should be interpreted with caution. The fit of the data using
the Yang algorithm is shown as the solid lines in Figure 4A,B.
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FIGURE 5: Far-UYV circular dichroism of human relaxin at 0.5 mg/mL
(bold solid line) and 10 ug/mL (open circles). The 0.5 mg/mL data
was collected as described in Figure 4. The CD data for relaxin at
10 ug/mL were obtained in a 1-cm thermostated cylindrical cuvette
and are the result of an average of 10 scans using an average time
for each single data point collection of 10s. The weight fraction of
monomer estimated from the determined association constant of 100
(g/L)™ (Table I) is 0.13 at 0.5 mg/mL and 0.62 at 10 ug/mL. The
far-;JV CD spectrum for porcine relaxin is also shown as the thin
solid line.

Although the fit to the human data is very close to that pro-
vided by the Provencher analysis, it is not nearly as good for
the analysis of the porcine data.

An additional complication in the interpretation of the
far-UV CD spectra for both relaxins is the potential contri-
bution from the aromatic amino acid residues tryptophan and
tyrosine, which have strong absorption bands in the far-UV
region of 230-200 nm (Wetlaufer, 1962). If these residues
contribute in a different manner to the far-UV CD for both
relaxins, it is possible that the observed differences in the
far-UV region are simply due to different aromatic chromo-
phore environments. An examination of the near-UV CD
spectra for porcine and human relaxin (Figure 6) suggests that
this might be the case. The near-UV CD spectra of both
proteins from 320 to 240 nm have some striking features.
Although both proteins have two tryptophans, there is a very
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FIGURE 6: Near-UV circular dichroism of porcine relaxin at 0.5
mg/mL (bold solid line) and human relaxin at 0.5 mg/mL (solid line),
and 20 ug/mL (dotted line). Relaxin at 0.5 mg/mL was thermostated
at 20 °C in a l-cm cell, whereas relaxin at 20 ug/mL was in an
unthermostated 10-cm cylindrical cuvette. The temperature in the
sample compartment was ~27 °C during the data collection process.
The CD data were collected at 0.25-nm intervals at a spectral
bandwidth of 0.5 nm and are the result of an average of three scans
using an average time for each single data point collection of 5 s for
the 0.5 mg/mL samples and the result of an average of ten scans using
an average time for each single data point collection of 10 s for the
20 pg/mL sample. The inset shows the result of subtracting the
porcine relaxin CD from the human relaxin CD at 0.5 mg/mL. The
weight fraction of human relaxin monomer estimated from the de-
termined association constant of 100 (g/L)™! (Table I) is 0.13 at 0.5
mg/mL and 0.50 at 20 pg/mL.

small CD signal for the 'L, band of tryptophan (Strickland
et al,, 1970). This CD band appears as a broad shoulder
centered around 295 nm in the human relaxin spectrum and
is practically undetectable in the porcine spectrum. The
relatively low amplitude of the tryptophan CD band may be
due to the canceling of negative and positive CD signals from
the two tryptophans. It has been suggested on statistical
grounds that the average CD per aromatic residue will tend
to decrease as the number of aromatic residues increases
(Strickland et al., 1970). This type of behavior has been
demonstrated in aspartate transcarbamylase, which shows
extensive loss of CD signal above 270 nm (Griffin et al., 1972).
An alternative explanation is that the tryptophan residues in
both proteins are very exposed to solvent and quite mobile.
This would also result in an averaging out of the chiral en-
vironment around the tryptophan, as well as a broadening of
the CD bands due to interaction of the chromophore with the
polar solvent (Strickland, 1974). The latter explanation is
more likely since the cancellation would be expected to be more
prominent for higher molecular weight proteins with numerous
aromatic amino acid residues such as aspartate trans-
carbamylase. However, the two proposed models of porcine
relaxin structure based on insulin coordinates suggests that
one of the tryptophan residues in porcine relaxin is buried and
that the other is exposed (Bedarkar et al., 1977; Issacs et al.,
1978). The proposed models are further supported by chemical
modification and fluorescence experiments of Schwabe and
Braddon (1976), who found that one of the tryptophans in
porcine relaxin was not readily amenable to chemical modi-
fication. Further work will be required to determine if in fact
the reduced tryptophan CD band is due to canceling of neg-
ative and positive CD bands or to the exposure to solvent and
increased flexibility of both chromophores.

The intense 'L, CD bands for tyrosine normally occur near
277 and 283 nm, whereas for tryptophan this band usually lies
between 288 and 292 nm (Strickland, 1974). The negative
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dichroic band in the human relaxin spectrum at ~277 nm is
from the lone tyrosine residue, whereas the negative band at
~284 nm contains contributions from both tyrosine and the
IL, tryptophan CD band. The spacing between the two bands
is characteristic of the tyrosine 'L, transition (Strickland,
1974), and therefore these bands probably arise mainly from
tyrosine. Porcine relaxin shows a broad CD band in the region
where tyrosine normally appears, and most of this is probably
due to the disulfide CD contribution. The inset of Figure 6
shows the difference CD spectrum for these proteins. If the
environments of the tryptophans and the disulfides in both
proteins were similar, then the resulting difference spectrum
should be representative of the lone tyrosine in porcine relaxin.
The difference CD spectrum has bands near 278 and 283 nm,
most of which probably arise from tyrosine (Strickland, 1974),
as well as a broad band near 293 nm. This broad band may
be due to the tryptophan chromophores, which are likely the
result of different environments for these residues in the two
relaxins. These differences in environment that contribute to
differences in the near-UV CD may also manifest themselves
as differences in the far-UV CD spectrum of porcine and
human relaxin.

It has been demonstrated that decreases in the negative CD
band for tyrosine at 275 nm accompany dissociation of the
insulin hexamer (Strickland & Mercola, 1976). We have
already demonstrated that dilution of human relaxin to 10
ug/mL results in no observed change in the far-UV CD. A
similar experiment was carried out in the near-UV with use
of a 10-cm path length cylindrical cell. The resulting CD
spectrum (Figure 6) after dilution to 20 ug/mL shows a clear
decrease in the CD signal at 277 and 284 nm, whereas there
is little change in the broad band near 295 nm.

Summary and Conclusions. Porcine and human relaxin
exhibit very different self-association properties in solution as
determined by analytical ultracentrifuge analysis. The mo-
lecular weights determined for porcine relaxin in isotonic 10
mM citrate, pH 5, are in very good agreement with previous
work performed on relaxin preparations buffered with 20 mM
potassium phosphate, pH 7.4, containing 0.2 M sodium
chloride (Sherwood & O’Byrne, 1974). In contrast, human
relaxin formulated in the isotonic citrate buffer reversibly
self-associates to a dimer. This difference in association be-
havior between these two relaxins is not strongly pH-dependent
(unpublished observations). It is unlikely that the association
of human relaxin is due to the particular method of producing
this protein since human relaxin made by combining A and
B chains that were synthesized by the solid-phase synthesis
method of Merrifield (Canova-Davis et al., 1990) also self-
associates to dimers (Shire et al., 1988).

It is interesting that dissociation of the dimer does not alter
the far-UV CD, whereas the near-UV CD does show a sig-
nificant change in the region usually assigned to tyrosine
residues. This suggests that, upon dissociation to the monomer,
the lone tyrosine environment is altered sufficiently to allow
for greater mobility of the tyrosine residue and hence a de-
crease in CD signal strength. In contrast, the fact that the
far-UYV signal does not change suggests that the dissociation
of the human relaxin dimer is accompanied by little overall
change in secondary structure. Furthermore, the fact that
there are no changes in the broad band near 295 nm suggests
that the environment of the tryptophans does not change
greatly upon dissociation of the dimer.

The aggregation properties of insulin, with and without zinc,
are well characterized (Blundell et al., 1971; Hodgkin &
Mercola, 1972) as well as the physiological role for this as-
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sembly process. Evaluation of analytical ultracentrifuge data
(Goldman & Carpenter, 1974; Jeffrey & Coates, 1966) agrees
nicely with the organization found in various crystal forms of
insulin (Blundell et al., 1972). It is also believed that, for the
most part, the molecular conformations of monomer and di-
mers in the insulin crystals are preserved in solution (Strickland
& Mercola, 1976). We have demonstrated that human relaxin
in solution self-associates, and this self-association is adequately
modeled as a monomer—dimer equilibrium. It may be sig-
nificant that at higher concentrations we have been able to
crystallize human relaxin (unpublished observations) and
preliminary diffraction studies show a dimeric structure (C.
Eigenbrott, personal communication). These studies eventually
will reveal the molecular details of the interactions responsible
for dimer formation. It will be of particular interest to un-
derstand what differences in the porcine and human relaxin
sequences are responsible for the different behaviors of these
related molecules. The interactions that govern insulin asso-
ciation may be very different from those in human relaxin
because of the relative lack of sequence homology between
human insulin and relaxin (~21%). The near-UV CD ex-
periments at 20 ug/mL (Figure 6) suggest that there is a major
alteration of environment of tyrosine in human relaxin upon
dissociation to monomer. This tyrosine is replaced by an
arginine in porcine relaxin (Figure 1), and this substitution
may affect the self-association properties of the protein.
Whether there is a physiological requirement for association
of human relxin either at the level of a storage mechanism or
receptor interaction will await further studies.
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APPENDIX: INITIAL ESTIMATES, MOVEMENT, AND
CONVERGENCE CRITERIA FOR THE SIMPLEX ALGORITHM

The initial estimate for the dimerization equilibrium con-
stant was obtained from the slope (K /M,) of plots of (M,,
- M))/(2M, - M,)? vs total weight concentration. As ex-
plained in the text, the natural logs of the equilibrium constants
are the fitted parameters. We chose to allow the program to
fit the monomer—~dimer constants using initial estimates of In
K, of 0.5, which were 10% of the value of In K ;. This initial
estimate was used in fitting the sedimentation data for porcine
and human relaxin to a monomer—dimer association scheme.
In the case of higher association models, we used the same
estimates for In K, and a value of 0.2 for the higher order
association constant, and in the case of the isodesmic fit we
used the same initial value of 0.5 for the association constant
k. The initial estimate for all models for the second virial
coefficient was 1 X 1075, The simplex formed from this set
of initial estimates is a geometric figure with the number of
vertices equal to the number of sought parameters plus one.
The initial step size used to generate the other vertices of the
starting simplex was 5% of the initial parameter estimates.
The simplex algorithm seeks to reduce the residual sum of
squares at each iteration by deleting from the simplex the
vertex with the highest value for the residual sum of squares.
The four movements used to replace the worst vertex are (1)
reflection away from the worst vertex if the new vertex is better
than the worst but no better than the best, (2) expansion of
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that reflection should the reflected vertex be lower on the
residual sum of squares surface than all the current vertices,
(3) contraction of the worst vertex toward the center of the
simplex if the reflected vertex is higher on the response surface,
and, if all of these alternatives fail, (4) shrink all the vertices
toward the best vertex. An expansion coefficient of 2, a
contraction coefficient of 0.5, and a reflection coefficient of
1 were used. In practice, the number of iterations required
does not depend greatly on the exact values for these coeffi-
cients. The simplex thus moves steadily downhill along the
residual sum of squares surface until all attempts at improving
the response fail as the simplex reaches the global minimum
of the surface. At this point, the vertices contract, and with
successive iterations neither the parameter estimates nor the
residual sum of squares changes appreciably. Convergence
was considered attained when the absolute relative difference
among vertices for each parameter was less than 1 X 10~% and
the maximum relative difference for the residual sum of
squares was less than 1 X 1075,
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'H and SN NMR Resonance Assignments and Preliminary Structural
Characterization of Escherichia coli Apocytochrome bsg,'
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ABSTRACT: The 'H and *N resonances of uniformly enriched apocytochrome bsg, (106 residues) have been
assigned. The assignment work began with the identification of the majority of HN-H*~H? subspin systems
in two-dimensional DQF-COSY and TOCSY spectra of unlabeled protein in D,O and in 95% H,0/5%
D,O buffer. Intraresidue and interresidue NOE connectivities were then searched for in two-dimensional
homonuclear NOESY spectra recorded on unlabeled protein and in the three-dimensional NOESY-HMQC
spectrum recorded on uniformly '*N-enriched protein. Those data, combined with the main-chain-directed
assignment strategy (MCD), led to the assignment of the main-chain and many side-chain resonances of
103 of the 106 residues. Qualitatively, the helical conformation is found to be the dominant secondary
structure in apocytochrome bsg, as it is in holocytochrome b5, The helical segments in apocytochrome
bgq, overlap extensively with the helical regions defined in the crystal structure of ferricytochrome bsq,. In
addition, a number of tertiary NOEs have been identified which indicate that the global fold of the apoprotein
at least partially resembles the four-helix bundle of the holoprotein. The results presented here, together
with the evidence obtained with other methods [Feng and Sligar (1991) Biochemistry (submitted)], support
the notion that the interior of the protein is fluid and may correspond to a molten globule state.

Cytochrome bsgy found in Escherichia coli is a small soluble
protein consisting of 106 amino acid residues (Itagaki &
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Hager, 1966; Lederer et al., 1981). It is classified as an
electron transfer protein, although its biological partners in
E. coli remain elusive. X-ray crystallographic studies of
ferricytochrome bsg, indicate that the molecule is composed
of four nearly antiparallel helices packed to form a bundle
(Mathews et al., 1979; Lederer et al., 1981). A type b heme
is ligated to the polypeptide chain through methionine 7 on
the N-terminal helix and histidine 102 on the C-terminal helix.
This relatively simple structure makes cytochrome bsg; an
attractive model for protein-folding studies. An important task
in protein-folding studies is to determine the structure of partly
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