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ABSTRACT. Guanylin, an intestinal peptide hormone and endogenous ligand of guanylyl cyclase C, is
produced as the corresponding prohormone proguanylin. The mature hormone consists of 15 amino acid
residues, representing the COOH-terminal part of the prohormone comprised of 94 amino acid residues.
Here we report the recombinant expression and purification of proguanylin with its native disulfide
connectivity, as well as the biophysical characterization of the recombinant and native protein. The
comparison of recombinant and native proguanylin revealed identical biophysical and structural properties,
as deduced from CZE, HPLC, and mass spectrometry, as well as NMR spectroscopy and CD spectroscopy
at various temperatures and pH values. Exhaustive analytical ultracentrifugation studies were employed
for protein concentrations up to the millimolar range to determine the association state of recombinant as
well as native proguanylin, revealing both proteins to be monomeric at the applied solution conditions.
As a result, a former identified close proximity between the termini of proguanylin is due to intramolecular
interactions.

The intestinal peptide hormone guanylin is an endogenousfound (10). Since prouroguanylin and proguanylin show
activator of guanylyl cyclase @J. Activation of the cyclase  unusual elution behavior in size exclusion chromatography,
markedly increases secretion of fluid and electrolytes into they were assumed to be dimeric in solutid8)( Nonethe-
the intestinal lumen2) by cGMP-mediated activation of the less, no variation of the oligomerization state of native
cystic fibrosis transmembrane conductance regulator (CFTR)proguanylin was observed over the concentration range from
(3, 4). For bioactivity, formation of the correct-43, 2—4 0.24 to 2.4 mM {0). As reversible association is concentra-
disulfide bonds of guanylin is necessaty %). Even though tion dependent, this result favors a monomeric state, but a
guanylin possesses a unigue cysteine connectivity, it is ablevery tight dimer cannot be excluded. An accurate determi-
to form two interconverting topological stereocisomesy, ( nation of the oligomerization state, however, is a requirement
with only one of them (A-form) showing significant biologi-  for the correct interpretation of the available and further
cal effects 7). structural and biological data.

Guanylin is expressed as the corresponding prohormone For further functional studies of the role of the prosequence
containing 94 amino acid residues, with the mature hormone of guanylin-(86-94) in the proper folding of the prohormone
[guanylin-(86-94); numbering is according to the sequence and for the elucidation of the mechanism of inactivation of
of the prohormone] located at its COOH terminus, and is the COOH-terminal portion on a molecular level, structure
secreted into the intestinal mucosa and blogddj. It has determination of proguanylin is a requisite. Therefore, an
been shown that an essential contribution of the prosequencegfficient expression system for the production of proguanylin
of guanylin and the closely related uroguanylin is in the is required. In this work, we present a new strategy for the
disulfide-coupled folding 10, 11). The prohormone, how-  recombinant expression and purification of proguanylin,
ever, only shows negligible guanylyl cyclase C activating leading to a soluble protein possessing the native disulfide
potency (0, 12). As an explanation for the inactivation of connectivity. Comparison of recombinant and native pro-
the bioactive COOH-terminal part of proguanylin, a shielding guanylin revealed identical biophysical behavior as deduced

by its NH, terminus was suggested, since a close proximity from CZE}! HPLC, and mass spectrometry. Furthermore,
of the NH,- and COOH-terminal regions of proguanylin was

1 Abbreviations: BCA, bicinchoninic acid; CD, circular dichroism;
T This study was funded by the Deutsche ForschungsgemeinschaftCZE, capillary zone electrophoresis; HPLC, high-performance liquid
(DFG) (project MA2317-1), as well as by the Bayerischer Habilita- chromatography; HOAc, acetic acid; IPTG, isopropyb-thiogalac-

tionsfarderpreis to U.C.M. topyranoside; LB medium, LuriaBertani medium; OD, optical density
* Corresponding author. Phonet+49 921 552048. Fax++49 at indicated wavelength; PAGE, polyacrylamide gel electrophoresis;
921 553544. E-mail: Ute.Marx@uni-bayreuth.de. PCR, polymerase chain reaction; PMSF, phenylmethanesulfonyl fluo-
* Universita Bayreuth. ride; NMR, nuclear magnetic resonance; rmsd, root mean square
§ University of Queensland. deviation; rpm, rounds per minute; SDS, sodium dodecyl sulfate; Trx,
"IPF PharmaCeuticals GmbH. E. coli thioredoxin.
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identicalstructural properties were proved by NMR spec- (Amersham Biosciences Inc., Uppsala, Sweden) according
troscopy as well as CD spectroscopy at various temperaturedo the manufacturer’s instructions for 3 h, cleaving the fusion
and pH values. Most importantly, analytical ultracentrifu- protein to recombinant proguanylin containing an additional
gation studies for protein concentrations up to 1 mM revealed Gly and Pro residue at its NHerminus. The sample solution
native as well as recombinant proguanylin to be monomeric was loaded onto a Go-Talon superflow column (15 mL

in solution. bed volume) preequilibrated in buffer A. The column was
washed with buffer A, and the proguanylin-containing
MATERIALS AND METHODS fractions were pooled and dialyzed against distilled water.

After estimation of protein concentration, the protein solution
was freeze-dried. Purified recombinant proguanylin was
subjected to amino acid sequencing, mass spectrometry, RP-
HPLC, CZE, analytical ultracentrifugation, CD, and NMR
spectroscopy.

Construction of the Expression Vector pET-32a-pres-
proguanylin.The cDNA encoding the human prohormone
proguanylin was amplified by PCRL4) using a forward
primer that introduces Bglll site and a sequence encoding
a prescission proteinase cleavage site at then8l of the . . _ . .
gene (GGA GGA A GAT CTG GGT CTG GAA GTTCTG Origin of Native Proguanylin.Native pr.oguanyl_m was
TTC CAG GGG CCC GTC ACC GTG CAG GAT GGA  isolated by HPLC from a large-scale peptide sublibrary that
AAT TTC TCC). The reverse primer contains hicd site was p.repared frpm hemofiltrate' gollected from patients with
atits 8 end (GGA GGA CCA TGG TTA GCA TCC GGT chronic renal failureZ9) an_d purified by HPLC on a Vydac
ACA GGC AGC GTA GG), and the PCR fragment was C18 column (The Separations Group; 2®50 mm, Sum,

inserted into the T7 RNA polymerase-based expression 300 A; solver.wt.A, 0._1% TFA, iolvent B, 0'.1% TFA. i.n
vector pET-32a (Novagen, Madison, WI). The resulting MECN/HO, 4:1; gradient, 3880% solvent B in 50 min;

PET-32apresproguanylinis able to produce the protein flow rate, 3.5 mL/min; UV detecti_on at 230 nm). _Purity and

proguanylin with an Nhkterminal Escherichia colithio- identity were checked by analytical HPLC, capillary zone

redoxin fusion (Trx tag; Novagen, Madison, WI). The two electro_phore5|s, electrospray mass spectrometry, amino acid

proteins are connected by a 46 amino acid linker containing 2"alysis, and Edman degradation. _

six histidine residues, as well as a prescission proteinase Analytical HPLC and Mass Spectrometrnalytical

cleavage site (LEVLF@GP), resulting in the fusion protein  HPLC was carried out on a Jupiter C18 column (Phenom-

Trx-pres-proguanylin. enex; 5um, 300 A, 1.5x 250 mm; solvent A, 0.1% TFA,;
Preparation of Soluble Extracts\ starter culture of 50  SolventB, 0.1% TFAin MeCN/LD, 4:1; gradient, 1670%

mL of LB containing 20Qug/mL ampicillin and 15ug/mL solvent B in 60 min; flow rate, 0.2 mL/min; UV detection

kanamycin was inoculated with tHe. coli strain AD494- at 2_15 nm). Electro_spray mass spe_ctrometric analysis was
(DE3)/pET-32apresproguanylinand grown overnight at 37~ carried out on a Sciex APL Il (Perkin-Elmer).

°C. The starter culture was used to inoceldt L of LB Acetic Acid Cleaage of ProguanylinSamples of native
medium (containing 20@g/mL ampicillin and 15ug/mL and recombinant proguanylin (3@) were incubated in 50

kanamycin) at an O of 0.1. Cultures were grown to an L of 1 M HOAc at 95°C for 0, 15, 30, 45, and 60 min.
ODgoo 0f 0.8, and expression of the recombinant protein was The reactions were stopped by freezing with liquid nitrogen,
induced by addition of IPTG to a final concentration of 1 and the samples were lyophylized. The remaining material
mM. The temperature was reduced to&during protein  of each sample was dissolved in &0 of H,O and subjected
expression. After 4 h, cells were harvested and resuspendedo cGMP bioassay, electrospray mass spectrometry, and
in 25 mL of buffer A (50 mM sodium phosphate, pH 8.0, HPLC. For chromatography, a constant gradient from 10%
300 mM NacCl) per gram wet weight of cells with 0.5 mM to 70% solvent B in 60 min was used at a column
PMSF, 0.2 mg/mL lysozyme, 0.2 mg/mL DNase |, and 2 temperature of 12C.
mg/mL benzamidine. The cells were lysed by three 30 s ¢cGMP AssayThe production of intracellular cGMP upon
sonication stepsT(= 4 °C; Labsonic U sonicator at 150 W stimulation of cultured human colon carcinoma T84 cells
intensity), followed by freezing at-80 °C for 2 h. After ~ was evaluated after incubation of these cells with pure
thawing, sonication was repeated, and the extract waspeptides in a concentration range betweer8Ehd 106 M
clarified by centrifugation for 45 min at 40000 rpm at@ and with HOAc-treated samples of proguanylin of a total
ina TFT 70.38 rotor. concentration of~107% M for 45 min in the presence of 1
Purification of Recombinant Proguanylihe soluble mM isobutylmethylxanthine9). The reaction was stopped
extract (50 mL) was loaded on a €eTalon superflow by removal of the medium and addition of ice-cold ethanol.
column (15 mL bed volume; Clontech, Palo Alto, CA) that Subsequently, the cGMP content was measured using a
was preequilibrated in buffer A. The column was washed specific cGMP-ELISA (IHF, Hamburg). Effects on the
with buffer A and buffer A containing 50 mM imidazole, intracellular cGMP level were compared with those of
and the absorbed proteins were eluted with buffer A synthetic human guanylin (15 amino acid residues, selectively
containing 100 mM imidazole. Fractions containing the introduced disulfide bonds) arig. coli heat-stable entero-
fusion protein (as verified by SDSPAGE) were dialyzed  toxin.
against 50 mM sodium phosphate, pH 8.0, and 150 mM  Capillary Zone ElectrophoresisCapillary zone electro-
sodium chloride to reduce the high imidazole concentrations. phoresis (CZE) was carried out on a Bio-Rad CZE CE3000
The protein concentration was estimated using the BCA assaysystem (Bio-Rad, Munich, Germany) in 100 mM phosphate
(Pierce, Rockford, IL) 15). buffer with a polymer modifier (pH 2.5) [capillary, 30 cm
To remove the Trx tag, the dialyzed protein solution was x 50 um (uncoated); temperature, 19C; absorbance
incubated at room temperature with prescission proteinasedetected at 200 nm; run time, 15 min].
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CD Spectroscopyrar-UV CD spectra were recorded on dependent fluctuation in Rayleigh response across the cell.
a Jasco J-810 spectropolarimeter (Jasco Inc., Gross-UmstadSedimentation equilibrium absorbance and interference fringe
Germany) with 9.5uM recombinant and 3.5«M native displacement data were fitted for molar mass of the solute
proguanylin at room temperature (i.e., 20), eachina 0.1 by standard numerical analysis using the program MSEDEQI
cm cell. Spectra were measured from 260 to 185 nm at 20in MATLAB (kindly provided by Dr. Allen Minton, National
nm/min. To investigate a possible influence of different pH Institutes of Health, Bethesda, MD) and Sedfit (http://
values on the CD spectra, the following buffer conditions www.analyticalultracentrifugation.com). Estimates of the
were applied to both protein samples:;@(i.e., pH 4.0), weight-average molar mas#/1( were obtained from the
10 mM potassium phosphate, pH 5.0, 10 mM potassium nonlinear least-squares best fit to a single species according
phosphate, pH 6.0, and 10 mM sodium phosphate, pH 7.4.to the equation:
The particular reference samples contained buffer without

protein. Spectra were measured six times and averaged forg(r) = S(r ) exp[@?/2RTM, (1 — vp)(r* — rOZ)] +E (1)
sample and reference, respectively.

The influence of temperature on structure and refolding gy) is the experimental observed concentration signal in
of recombinant and native proguanylin was investigated with 5 cqrbance or fringes at radiusS(ro) is the concentration

samples containing 14M protein concentration in 10 MM gjgna| at the reference radius, o is the rotor angular
potassium phosphate, pH 6.0, eacha 1 cmcell, by velocity, R is the gas constant, is the temperaturayl; is

_recording the ellipticity at 208 nm. Temperature was first o weight average molar mass,is the partial specific
increased and then decreased between 20 and@@ a 5yme of the solutep is the solvent density, anil is the

heating and cooling rate of°C/min. Heating was controlled | 5<ejine offset.
using a Peltier control element and a CDF-426S temperature £, sedimentation velocity experiments samples (240

unit (Jasco). Additionelly, spectra were recorded from 260 290uL) and reference (2563004L) solutions were loaded
to 190 nm at 20 nm/min before heating after cooling, namely, jns'cells at concentrations between 0.3 and 1 mM. The rotor

at 20°C, as well as at 90C. Spectra were measured SiX omperature was equilibrated at ZDin the vacuum chamber

times and averaged. _ _ for 1-2 h prior to the start of the run. Experiments were
NMR SpectroscopyThe sample contained protein at conqucted at 20C at rotor speeds of either 40000 rpm

concentrations of 2.4 mM in #0/D;0, pH 3.3 (9:1 V), gyminum-filled epon centerpiece) or 60000 rpm (titanium

and 1 mM in 50 mM potassium phosphate (10%R pH centerpiece). Absorbance data in continuous mode with a

6.0, for nat'ive and recombjnant protein, respectively. 1D step size of 0.003 cm at a wavelength of 280 nm and
NMR experiments were carried out at 20 on a commercial  jnterference fringe displacement data were collected at time
Bruker DRX600 spectrometer_eqmppe(_j with tnple Tesonance jniervals of either 300 or 30 s without averaging.

*H/C/*N probes and pulsed field gradient capabilities using  sedimentation velocity data analysis was performed with
standard techniques. Data processing was performed usingpe program Sedfit. By direct boundary modeling with
the Ndee software package (SpinUp Inc., Dortmund, Ger- gistriputions of Lamm equation solution&7), the measured
many) on Sun and DEC workstations. absorbance or interference profileg,t) were modeled as

Analytical UltracentrifugationSedimentation equilibrium 5 integral over the differential concentration distributis)
and velocity experiments were carried out using an Optima

XL-I analytical ultracentrifuge (Beckman Coulter, Fullerton,

CA), equipped with both absorbance and interference optical
detection systems, using a Beckman An-60 Ti rotor with cells ) .
containing sapphire windows and either aluminum-filled With € the noise components angs,Dir.t) the solution of

epon or titanium double-sector centerpieces (path length 1.2th€ Lamm equation for an ideally sedimenting speci (
cm) (Nanolytics GmbH, Dallgow, Germany). Prior to of sedimentation coefficierd and diffusion coefficienD.

centrifugation, recombinant proguanylin was purified by 1h€ Lamm equation was solved by finite element methods

HPLC as described for the native protein (see above), andOn @ static or moving frame of reference9( 20). Analo-

all samples were exhaustively dialyzed20 h) into 50 mM gously, fcheIS|ze distribution can also be calculated as a molar

sodium phosphate/50 mM sodium chloride buffer, pH 7.4, Mmass distributiong(m), whereM (molar mass) replaces

The molar extinction coefficient at 280 nm (1865 Mm™1),

partial specific volumes (0.737 I/g), and molecular masses alrt) = fc(M)L(M,D,r,t) dM + ¢ 3

for both native and recombinant proguanylin (10337 and

10491 Da, respectively) were calculated on the basis of All size distributions were solved on a radial grid of either

amino acid composition using the program Sednté). ( 500 or 1000 radius values between the meniscus and bottom,
For the sedimentation equilibrium experiments the cells a confidence level op = 0.95, and a resolutioN of 100

were filled with 120-130uL sample and reference (140 sedimentation coefficients between 0.2 and 10 S (or molar

150uL) solutions at loading concentrations between 0.3 and masses between 500 and 100000 Da). The diffusion coef-

1 mM. Sedimentation equilibrium was attained at 20 h at a ficient D was estimated as a function of sedimentation

rotor temperature of 20C and at a rotor speed of 25000 coefficients on the basis of the known partial specific volume

rpm. Absorbance profiles were acquired at a wavelength of of the protein and on an estimated anhydrous frictional ratio

280 nm and at radial increments of 0.003 cm, each data point(f/fo) (17). The frictional ratio represents the ratio of the

being an average of three measurements. Interferometricfrictional coefficient to that of an anhydrous sphere and was

patterns were recorded with only water in the cell at estimated by treating it as a floating parameter in fitting the

appropriate speeds and used for correcting for radial- data.

a(rt) = [c(s)L(sD(9).rt) ds+ e (2)
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Ficure 1: Purification of recombinant proguanylin: (a) Expression of proguanylin as a thioredoxin fusion profeinah AD494(DE3).

M = molecular mass markers (in kDa); lanes 1 and 2 are before and after induction with 1 mM IPTG, respectively; lane 3 is the insoluble
fraction of the cell lysate; lane 4 5 is the soluble fraction of the cell lysate. (b) Purification of recombinant proguanylin from soluble
extracts. First C&-chelating affinity chromatography: lanes 1 and 2, flow-through and washout of unbound proteins; lanes 3 and 4,
Trx-pres-proguanylin-containing fractiord, molecular mass markers [as in (a)]; lane 5, after fusion protein cleavage (Trx tag and recombinant
proguanylin are marked by arrows). Second*CGchelating affinity chromatography: lanes 6 and 7, flow-through, i.e., recombinant

proguanylin-containing fractions; lane 8, elution of bound proteins, i.e., Trx tag, and uncleaved fusion protein.

RESULTS

Purification of Recombinant Proguanylifihe vector pET-
32apres-proguanylirwas constructed to produce the human
prohormone proguanylin with an NHerminal E. coli
thioredoxin fusion using standard PCR technique}.(As
host strain for expression of recombinant proguanyin,
coli AD494 (DE3), atrxB~ mutant was used, allowing
disulfide formation in the oxidative cytoplasm of this strain
(22).

Expression of the Trx-fusion protein (Trx-pres-proguany-
lin, 254 aa, 27.5 kDa) was inducedrfd h by addition of
IPTG to a final concentration of 1 mM (Figure 1a, lane 2).
To avoid reduction of disulfide bridges and renaturation of
denatured fusion protein from inclusion bodies, only the
soluble fraction of cell lysate was used for further purification

as determined by electrospray mass spectrometry was in
agreement with the calculated value.

Characterization and Disulfide Determination of Recom-
binant ProguanylinHomogeneity of purified recombinant
proguanylin was verified by analytical methods such as CZE
and analytical HPLC (Figure 2). Even though possessing two
additional amino acids at the NHerminus, recombinant
proguanylin shows a similar elution behavior compared to
the native protein when subjected to these methods (Figure
2). Furthermore, using the different methods, both proteins
coeluted when injected as a mixture (Figure 2), indicating
proteins with similar biophysical properties, like siz&,and
hydrophobicity.

It was shown that reliable analysis of the disulfide
connectivity is possible for guanylin-(8®4), but not for

(Figure 1a, lanes 4 and 5). Trx-pres-proguanylin was purified the prohormone, when measured by analytical HPLQ). (

by one-step metal-chelating affinity chromatograp2g) (
(Figure 1b, lanes 3 and 4).

Enterokinase (EK) and factor Xa are, according to their
specificity (EK, DDDDKJ; factor Xa, IEGR), the only

commercially available proteinases to cleave fusion proteins

to the desired product without additional amino acids at its
NH, terminus. Due to a high rate of nonspecific cleavage
we were not able to cleave the thioredoxin domain from
either fusion protein containing an EK or a factor Xa
cleavage site (data not shown), requiring a modified Trx-

fusion protein containing a prescission cleavage site. Incuba-
tion with prescission proteinase resulted in a nearly complete

Since acetic acid cleavage of a labile Adpro peptide bond
(23, 24) of proguanylin releases the bioactive COOH-
terminal guanylin-(86-94) (25), determination of the di-
sulfide linkage is possiblelQ). The two topological isomers

of guanylin-(8G-94) give rise to a characteristic double peak
in the HPLC patterng, 10) (Figure 3b). The product of acetic
acid cleavage of recombinant proguanylin also shows this
characteristic profile (Figure 3a), verifying the native,
biologically active, +3, 2—4 disulfide connectivity for the
recombinant protein. The prosequence of both native and
recombinant proguanylin, respectively, coelutes with the
corresponding prohormone (Figure 3)0).

cleavage of the fusion protein, observed by a strong decrease CGMP Assay Acidic acid cleavage of both native and

in intensity of the fusion protein band (Figure 1b, lane 5).

recombinant proguanylin yielded bioactive products concern-

The bands of apparently 17 and 10 kDa correspond to Trx ing the intracellular cGMP formation upon stimulation of
tag and recombinant proguanylin (Figure 1b, lane 5; bandshuman T84 cells. The cGMP level increased with the
are marked by an arrow) possessing an additional Gly andduration of the preceding HOAc treatment step, and the GC-

Pro residue at its Niterminus, compared to the native
protein. A second Co-chelating affinity chromatography
step removed the Trx tag and resulted in total 647 mg

of recombinant proguanylin with apparent homogeneity
(Figure 1b, lanes 6 and 7) from 2.5 g of wet weight cells
(1 L of culture). NH-terminal sequencing (GPVTVQDGN-
FSFSLE-) validated the purified protein to be recombinant
proguanylin. Additionally, the molecular mass of 10491 Da

activating potential was similar for both native and recom-
binant HOAc-treated proguanylin. After 3@5 min of
HOACc treatment, the formation of cGMP is the same as that
one induced by synthetic guanylin (Figure 4). As the correct
disulfide connectivity is an absolute requirement for the
biological activity of guanylin {, 5), this experiment
confirms the formation of the correct disulfide pattern for
recombinant proguanylin.
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Ficure 2: Capillary zone electrophoresis (a) and analytical HPLC (b) of recombinant and native proguanylin. Co-injection of both proteins
results in one single peak, indicating similar proteins despite additional Gly-Pro residues attterNidus of recombinant proguanylin.

CD SpectroscopyThe CD spectra of native and recom- wavelengths at pH 7.4, as well as less intense positive bands
binant proguanylin show a similar overall shape and are at 190 nm for pH 6 and 7.4 (Figure 5a). The CD spectra of
typical of well-structured proteins containinghelix, 5-sheet recombinant proguanylin do not show any observable dif-
portions, and unstructured regions with a broad minimum ferences from pH 4.0 to pH 7.4 (Figure 5b).
between 205 and 230 nm and an intense positive band at An investigation of the thermal stability of both proteins
190 nm (Figure 5a,b). Evaluation of the spectra resulted in showed that heating did not result in a complete loss of the
an estimation of approximately 33&shelix and 17%5-sheet CD signal (Figure 5c,d, dashed lines). At 90, the zero
(26), corresponding to earlier published result§)(and to point, as well as the distinct minimum of the spectra at 205
the result of secondary structure prediction (Figure 5e). Whennm, is shifted toward shorter wavelengths compared to the
screening the literature, two quite different far-UV CD spectra before heating. Additionally, a substantial decrease
spectra of proguanylin are found: one recorded for the native of the signal intensity from 205 to 230 nm can be seen. On
(10) and another for an NHterminally elongated recombi-  recooling, similar overall shapes of the spectra, compared
nant proguanylin12). Since the sample conditions have been to those before heating, were measured but with an observ-
completely different, particularly the pH values, we decided able loss of total intensity and slightly shifted minima and
to investigate whether there is a pH influence on the CD zero points (Figure 5c,d, dotted lines).
spectra of native and our recombinant protein. Only small Summarizing these observations, native and recombinant
changes could be observed for native proguanylin, which proguanylin possess identical secondary structures that are
resulted in a slightly shifted zero point toward shorter not effectively influenced by different pH values. Further-
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Ficure 3: HPLC analysis of acetic acid cleavage of recombinant (a) and native (b) proguanylin. The bioactive peptide guan94y-(80
is released from the prohormone by cleavage of a labile-A8p peptide bond. Two peaks corresponding to the rapidly interconverting
topological isomers of guanylin-(84) can be identified (insets), verifying the correet3, 2—4 disulfide connectivity for the recombinant
protein.

fmol cGMP/well

400 - tween 0.3 and 1 mM was characterized by sedimentation
l equilibrium and sedimentation velocity experiments. Analysis
300 - of the sedimentation data, at both micro- and millimolar
concentrations, indicates that, under the conditions used,
recombinant and native proguanylin are over 90% mono-
200 1 meric in solution.
Sedimentation velocity data of recombinant proguanylin
100 1 at a micromolar concentration (31M), and at 300 s
H intervals, fit very well to a continuous size distribution model
0 (egs 2 and 3). The best fit sedimentation profiles (Figure
) SR & 7a) are of very high quality (rmse 0.0056), as reflected in
& & the small and randomly distributed residuals shown in Figure
5 7b. The resulting continuous size (sedimentation coefficient,
&° molar mass) distribution profileg(s) andc(M) (Figure 8),
s show the presence of a single monomeric species in solution
Ficure 4: cGMP roduction of native and recombinant proguanylin - with a sedimentation coefficiens)(of 1.37 S, apparent molar
after 0, 15, 30, 45, and 60 min of HOAc treatment. Starting mass /) of 10020 Da, diffusion coefficient) of 1.22 x
concentration of proguanylin sa_lmpIeszl(T6 M. Bars: white, 10°6 crm/s. andf/f. of 1.22
native proguanylin; gray, recombinant proguanylin; black, synthetic L 0 T )
guanylin in the concentration range betweer®land 166 M. An independent confirmation of the existence of a
monomer in solution was obtained from sedimentation
equilibrium analysis at a micromolar concentration (2M),
more, for both proteins thermal denaturation is neither total resulting in a molar mass\) of 9982 Da (Figure 9). This
nor absolutely reversible. is reasonably close to the known molecular mass of
NMR SpectroscopyOne-dimensionalH NMR spectra recombinant proguanylin, which is 10491 Da, based on its
were recorded for native and recombinant proguanylin, amino acid composition, and verified by mass spectrometry.
enabling comparison not only of secondary structure but alsolIn this fit (rmsd = 0.007) allowance was made for the
of the overall fold of both proteins. The spectra feature a presence of a small amount10% of total) of a high
high dispersion of the amide proton chemical shifts and molecular mass contaminant of up to 49 kDa. Although the
characteristic upfield shifts of single methyl group resonances presence of this high molecular mass component was not
(Figure 6), suggesting well-defined structures for both evident in the analysis of the sedimentation velocity data
proteins. The overall shapes of the spectra are highly similar, (310u«M), better fits of sedimentation velocity and equilib-
with only small differences especially concerning the reso- rium data at high protein concentration (1.2 mM) were
nances of protons, which are pH sensitive, like the resonancesbtained if this contaminant is taken into account (see below).
of the amide region, and the region from 2 to 2.5 ppm, The data of both sedimentation velocity and equilibrium
comprising, for example, the resonances of the side chainat high protein concentrations also fit to a monomeric species,
protons of Asp and Glu. The high similarity of the spectra, although the distribution of residuals in the fits to the
especially the resonances of the two characteristic upfield- continuous size distribution model is poor (data not shown).
shifted methyl group resonances, as well as some characin part this might be due to the onset of nonideal sedimenta-
teristic downfield amide proton chemical shifts, implies not tion at this high concentration. Also, by taking into account
only identical secondary structures, as deduced by CDa small amount of a high molecular mass contaminant,
spectroscopy, but identical three-dimensional folds for native 3—10% of up to 49 kDa, the fit improves substantially (data
and recombinant proguanylin. not shown). Sedimentation equilibrium analysis resulted in
Analytical Ultracentrifugation.The association state of a calculated weight-average molecular mass of 13205 Da,
recombinant and native proguanylin at concentrations be-which is slightly larger than that of a monomer, but
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Ficure 5: Far-UV CD spectra of native (a and ¢) and recombinant proguanylin (b and d). The spectra were recorded on a Jasco J-810
spectropolarimeter at room temperature with @M recombinant proguanylin and 3:B\ native proguanylin using the buffer conditions
described in Materials and Methods [(a and b) solid lines, pH 7.4; dotted lines, pH 6.6;dlzsdd lines, pH 5.0; dashed lines, pH 4.0].
Additionally, spectra were measured at different temperatures with protein concentratiom®af L0 mM potassium phosphate, pH 6.0,

each n a 1 cmcell [(c and d) solid lines, before heating, i.e., 20; dashed lines, 90C; dotted lines, after recooling, i.e., 2C]. (e)
Secondary structure prediction of proguanylin using PSIPRED V28p (

indications are that at least 90% is monomeric recombinant Sedimentation equilibrium analysis of native proguanylin
proguanylin. at milli- and micromolar concentrations also supports this
The sedimentation velocity data of native proguanylin at finding, with molecular massesv) determined as 10957
millimolar concentration also fits very well (rmsd 0.02)  (Figure 12) and 10779 Da (data not shown), respectively.
to the continuous size distribution model (Figure 10). The In this analysis, allowance was made for the presence of a
calculatedc(s) andc(m) profiles show a single major peak, 10w molecular mass contaminant, comprising no more than
comprising 92% of the sample (Figure 11). Estimations of 10% of the total, and the- and M-values obtained from
the sedimentation coefficiens)(and molecular mass\V) sedimentation velocity analysis (Figure 11) were used in the
are 1.29 S and 10318 Da, respectively. ThHisvalue is in  fit. The high quality of the fit (rmsd= 0.014) is validated
accordance with the calculated molecular mass of 10337 Da,by the random distribution of the residuals (Figure 12b).
clearly indicating the presence of a single monomeric species.
The diffusion coefficient) was determined as 1.24 107 DISCUSSION
cn?/s and f/fo as 1.35, similar to that of recombinant Spectroscopic Characterization of Proguanyfiine results
proguanylin. Analysis of sedimentation velocity data at a from CD and NMR spectroscopy validate native and
micromolar concentration, 330M (data not shown), is also  recombinant proguanylin to be well-structured proteins
in agreement with the presence of a monomer withnd adopting identical secondary structures and three-dimensional
M-values of 1.28 S and 10800 Da, respectively. folds. As mentioned earlier (see the Results section), far-
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Ficure 6: NMR spectra of native (a) and recombinant (b) proguanylin. The samples contained protein at concentrations of 2.4 mM in
H,0/D,0, pH 3.3 (9:1 v/v), and 1 mM in 50 mM potassium phosphate (1088)DpH 6.0 at 20°C, for native and recombinant protein,
respectively.

12 - ' T ' , ' . Native and our recombinant proguanylin not only have
identical secondary structures but also show identical be-
havior toward thermal denaturation (Figure 5c¢,d). Since the
observed loss of signal intensity from heating was only about
40% when compared to the folded state before heating, it
can be assumed that there is a significant amount of residual
secondary structure. The observed shift of the zero points at
90°C, as well as the shifted distinct minimum at 205 nm, is
typical of an increased proportion of unstructured regions
(26). This is due to the high temperature which causes a
partial denaturation and enhanced flexibility. The measured
data thus indicate a certain loss of secondary structural
elements, mainly helix, with a remaining part of stable
secondary structure at high temperature. In contrast to
unfolding of proteins by addition of urea or guanidine
, , , , , ‘ , , hydrochloride, temperature-induced denaturation does not
64 65 66 87 68 69 70 71 stabilize the unfolded state, enhancing the possibility of
radial distance (cm) aggregation and precipitation of denatured proteins. This
FIGURE 7: Sedimentation velocity of recombinant proguanylin. (a) Might be an explanation for thermal denaturation of pro-
Absorbance at 280 nm is plotted versus position from the center guanylin not being completely reversible (Figure 5c¢,d), even

of rotation at time intervals of 300 s (dotted lines). The initial protein though precipitation after heating was not observed.
concentration was 310M, and centrifugation was conducted at a

rotor speed of 40000 rpm and 2 in 50 mM sodium phosphate/ Analytical Ultracentrifugation An essential contribution
50 mM sodium chloride, pH 7.4. The nonlinear least-squares best of the prosequences of guanylin and uroguanylin in the in
fits (solid lines) of the sedimentation velocity profiles to a \jtro disulfide-coupled folding was previously showh0(

continuous size (sedimentation and molar mass) distribution model - LT .
according to eqs 2 and 3 (calculated i = 1.22) resulted in an 11). Furthermore, unusual elution behavior in size exclusion

rmsd of 0.0054. (b) Residuals plotted as a function of radial position. Chromatography led to the suggestion of the homologous
proteins proguanylin and prouroguanylin being dimers in
solution (O, 11). Moreover, it was suggested that dimer
UV CD spectra of proguanylin with different overall shapes formation is involved in the folding pathway of prourogua-
have been published @, 12). Our results indicate that these nylin, with the critical protein concentration for dimerization
differences are not due to varied pH and buffer conditions, ranging between 1 and 1M (13). The observed elution
although we cannot exclude the influence of the five behavior of native proguanylin on a gel filtration column
additional NH-terminal amino acid residues of the recom- was not influenced by varying the protein concentration from
binant protein, as published by Garcia et aR)( Since our 1uMto 1 mM (10), thus contradicting the above suggestion.
recombinant proguanylin, which also possesses two ad-Additionally, no variation of the oligomerization state of
ditional amino acids at its Niterminus as a result of fusion  native proguanylin was observed in a concentration range
protein cleavage, gives rise to CD and NMR spectra that from 0.24 to 2.4 mM using pulsed-field gradient NMR
are identical to the native protein (Figures 5 and 6), the diffusion measurementd.Q). As reversible oligomerization
obvious difference in the CD spectrum observed by Garcia usually is concentration dependent, these results favor a
et al. 12) is unlikely to be caused by additional residues. monomeric state for native proguanylin. It was, nonetheless,
The differences in the CD spectra could possibly be explainednecessary to determine if there was oligomerization, this to
by assuming the presence of a certain amount of non-nativeexclude the existence of a very tight dimer, and to examine
disulfide isomers. whether the observed interaction between the COOH and

absorbance (280 nm)

residuals
L
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Ficure 8: Continuous size distribution analysis of recombinant proguanylin. The calculated concentration distei{sytfoplotted versus
sedimentation coefficiens) (a), and the calculated mass distributaj) is plotted versus molar masdl) (b). Experiments were conducted

at an initial protein concentration of 31 in 50 mM sodium phosphate/50 mM sodium chloride, pH 7.4 at@Qrotor speed of 40000

rpm, and data were collected at time intervals of 300 s. In both cases distributions were calculated with maximum entropy regularization
at confidence levels gb = 0.95,f/fy at 1.22, and at a resolution of sedimentation coefficients or molar masses df00.
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FiIGURe9: Sedimentation equilibrium of recombinant proguanylin. . . rock ’?osmon (Cm_) ] )

(a) Absorbance at 280 nm at equilibrium is plotted versus the FIGURE10: Sedimentation velocity of native proguanylin. (a) Fringe
distance from the axis of rotation for recombinant proguanylin at displacements are plotted versus position from the center of rotation
an initial protein concentration of 31M (open circles). Samples ~ at time intervals of 30 s. A total of 300 scans was used in the

in 50 mM sodium phosphate/50 mM sodium chloride, pH 7.4, were analysis. For clarity every fifth scan is shown. The initial protein
centrifuged for at least 20 h at 25000 rpm and°20 The solid concentration was 1.0 mM, and centrifugation was conducted at a

line represents the nonlinear least-squares best fit to the data to gotor speed of 60000 rpm and 2@ in 50 mM sodium phosphate/

single monomeric species (eq 1). (b) Residuals plotted as a function50 mM sodium chloride, pH 7.4. The sedimentation velocity profiles
of radial position. were fitted to a continuous size (sedimentation and molar mass)

distribution model according to eqs 2 and 3. The rmsd of the fit is
NH, terminus of proguanylin 10) is of an inter- or 0.02. (b) Residuals plotted as a function of radial position.
intramolecular nature. As size exclusion chromatography is
not very reliable in determination of molecular mass and the The fits worsen if a small amount of dimer is taken into
oligomerization state of proteins, we decided to employ account, while they improve substantially when allowing for
highly accurate analytical ultracentrifugation studies on native the presence of a higher molecular mass species, comprising
and recombinant proguanylin. In this we used new methodsno more than approximately 10% of the total (i.e., at least
of analysis of sedimentation velocity data that take into 90% is monomeric recombinant proguanylin under the given
account the effects of diffusior2Q, 27). conditions).

The sedimentation velocity profiles at all concentrations  The finding that this high molecular mass species showed
of both native and recombinant proguanylin were consistentno relative increase with an increasing concentration of
with the presence of a monomeric species. Analyses of all protein, and the fact that this high molecular mass species
sedimentation equilibrium data corroborate this finding. Even was not detected in the native proguanylin sample, suggests
at the millimolar range, native proguanylin still exists as a it is a contaminant rather than an oligomer of proguanylin.
monomer under the solution conditions employed. For Also, a reversible association between the monomer and this
recombinant proguanylin, however, the results of sedimenta-compound of undetermined nature is very unlikely. The
tion velocity data at high concentration and sedimentation results of the analysis of the sedimentation data of both
equilibrium data at both concentrations are more ambiguous.recombinant and native proguanylin thus indicate that these
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Ficure 11: Continuous size distribution analysis of native proguanylin. (a) Calcut#seds plotted versus sedimentation coefficiegt (

and calculated(M) is plotted versus molar maskl) (b). Experiments

were conducted at an initial protein concentration of 1.0 mM in 50

mM sodium phosphate/50 mM sodium chloride, pH 7.4 af@0rotor speed of 60000 rpm, and data were collected at time intervals of
30 s. In both cases tH#, was 1.37, with maximum entropy regularization at confidence leveds=00.95 and at a resolution of sedimentation

coefficients or molar masses of= 100.
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Ficure 12: Sedimentation equilibrium of native proguanylin. (a)
Fringe displacement data at equilibrium are plotted versus the
distance from the axis of rotation for native proguanylin at an initial
protein concentration of 1.0 mM (open circles). Samples in 50 mM
sodium phosphate/50 mM sodium chloride, pH 7.4, were centri-
fuged for at least 40 h at 25000 rpm and 2D. The solid line

represents the nonlinear least-squares best fit of the data to a single

monomeric species. Allowance was made for the present8%

of total) of a low molecular mass contaminant as observed
previously (Figure 11). The rmsd of the fit is 0.014. (b) Residuals
plotted as a function of radial position.

proteins do not self-associate under the given solution
conditions.

Taken together, our results confute former suggestions of
proguanylin being a dimer in solutioly), as ultracentri-
fugation measurements resulted in monomeric proguanylin
at millimolar concentrations. In consideration of an un-
changed oligomerization state from 0.24 to 2.4 mM)(
our results verify a monomeric protein even at this high
concentration. The observed close proximity between the
termini of proguanylin is, thus, unequivocally due to in-
tramolecular interactions. In addition, this work presents a
new expression system for the recombinant production of
proguanylin with its native disulfide connectivity and three-
dimensional fold, as deduced from comparison with native

proguanylin isolated from human blood filtrate. This expres-
sion system is a prerequisite for further functional and
structural studies.
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