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Properties of Human Vasopressin Precursor Constructs: Inefficient Monomer
Folding in the Absence of Copeptin as a Potential Contributor to Diabetes
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ABSTRACT. These studies were aimed at an initial characterization of the human vasopressin precursor
and the evaluation of factors leading to misfolding by the pathological 87STOP mutation. This mutation
deletes the precursor’s glycosylated copeptin segment, which has been considered unnecessary for folding,
and the last seven neurophysin residues. We investigated the role in folding of the last seven neurophysin
residues by comparing the properties of the 87STOP precursor and its derivative neurophysin with those
of the corresponding wild-type proteins from which copeptin had been deleted, leading to the following
conclusions. First, despite modulating effects on several protein properties, the last seven neurophysin
residues do not make a significant net thermodynamic contribution to precursor folding; stabilities of the
mutant and wild-type precursors to both guanidine denaturation and redox buffer unfolding are similar,
as are in vitro folding rates. Second, the monomeric forms of both precursors are unstable and predicted
to fold inefficiently at physiological pH and temperature, as evidenced by precursor behavior in redox
buffers and by thermodynamic calculations. Third, both precursors are significantly less stable than the
bovine oxytocin precursor. These results, together with earlier studies elsewhere of vasopressin precursor
behavior within rat neurons, are shown to represent a self-consistent argument for a role for glycosylated
copeptin in vasopressin precursor folding in vivo, copeptin most probably assisting refolding by facilitating
interaction of misfolded monomers with the calnexin/calreticulin system. This hypothesis provides an
explanation for the absence of copeptin in the more stable oxytocin precursor and suggests that the loss
of copeptin contributes to 87STOP pathogenicity. Reported cell culture studies of rat precursor folding
are also discussed in this context. Most generally, the results emphasize the significance of monomer
stability in the folding pathways of oligomeric proteins.

The role of protein misfolding in disease is increasingly precursor misfolding (e.g., refs—5). Figures 1 and 2 show
recognized, although mechanisms contributing to misfolding the structure of the VP precursor following excision of its
are inadequately understood. The disorder familial neuro- signal sequence in the ER. The structure sequentially consists
genic diabetes insipidus is representative of systems via(6) of the sequences of VP, a GKR linker, the protein
which these mechanisms can be elucidated. This disorder isneurophysin (NP), a linker R residue, and copeptin (CP), a
associated with the degeneration of vasopressin-secretingC-terminal glycopeptide of unknown function. Most of the
neurons and arises from mutations in the human vasopressirpathological mutations lie within the NP sequence, but
(VP)! precursor (e.g., refd—5). All diabetes insipidus-  pathological mutations in the signal peptide and hormone
associated mutants studied thus far show partial or completesequences have also been identifidd 7). The hormone
retention in the endoplasmic reticulum; this retention is oxytocin is synthesized via a similar precursor, which
assumed to underlie the cell pathology and to arise from contains a highly homologous NP (Figure 1) but which lacks

; copeptin B).
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FicUrRe 1: Amino acid sequences 8%BNP, VPBNP, and"PHNP, e craan
together with the copeptin sequence of the human VP precursor v 7
(HVP) and the C-terminal sequence YPRNP. Neurophysin PCRYV

sequences are from réf7. The copeptin sequence is from rtL. st 1 8 e— 5 0

Ficure 3: Major steps in the conversion of the sequence of the
Ll HNT l & | uve P60A, A70F double mutant ®BNP to the sequence of HVP by
PCR. The sequence differences between the N- and C-terminal
domains o®BNP and"PHNP (Figure 1), except for the substitu-

K e | HVPACP tion of Met-2 of YPHNP by Leu (see text) were incorporated by
PCR as shown in step | applying a procedure used for PCR-based
| Hp [ cr | VPrNe-cp epitope tagging of proteins (e.g., 42). The cDNA product was

then extended by a similar procedure at both ends by sequential
incorporation of the vasopressin and CP sequences at the N- and

| e I L C-termini, respectively (Steps+V). See Methods for subsequent
steps.
HNPSTSTOP VPHNPS7STOP
| | and in the lack of glycosylation of the CP segment. Studies
] pre— | . of VP BNP (12) and others reported below support the lack
HVPS7STOP of importance of Met in position 2, while removal of the

FIGURE 2: Principal expression products investigated. In addition, CP glycosylation signal is reported to be without effect on

gtrﬁgi‘ﬁo{ht:rsrgg‘fgr?ge Vc‘g'lt;‘ LlySArri;Sisdeup%rg?e S(';'r}/e Pr?grizonz)ar‘:‘éaﬁl Jhe biological handling of the rat VP precursor in cell culture
sequenbes, and a single Arg residue separates the NP and C|513)' Additionally, CP itself has typically been considered

sequences. All expression products are preceded by the sequencdNnecessary for precursor folding (e_.g., Iebecause of its
Met-His Tag-TrpLE-Met, which is cleaved by CNBr. absence in the closely related oxytocin precursor and because

CP deletion appears to actually facilitate processing of the
rat VP precursor in cell culturel§). Because of the putative
lack of contribution of CP to precursor folding, our studies
of the 87STOP mutation initially focused on the potential
Ii’ﬂfluence on folding of the seven C-terminal NP residues
deleted by the mutation. However, the ultimate results are
shown to suggest an important role for glycosylated CP in
folding and potential reasons for its greater importance to
the VP precursor than to the oxytocin precursor.

structures (e.g., ref0), and termination of the sequences of
OxBNP andVPBNP with position 86 was unaccompanied
by effects clearly relevant to folding (réfand Discussion).
These results suggested that factors unique to the human V
precursor might be involved in the pathogenicity of the G57S
and 87STOP mutations9). In subsequent unpublished
studies, we examined the effect of the 87STOP mutation on
OBNP that had been mutated to incorporate the unique
A70F and P60A _substi'gutior)s deNP (Figqre 1), butithe MATERIALS AND METHODS
results were again not illuminating. Accordingly, we inves-
tigated the effects of mutation directly on the human VP  Synthesis of cDNA ConstructSynthesis of the cDNA
precursor. encoding the bovine oxytocin precursor, its derivative NP,
Apart from a study of the self-association properties of and mutants thereof has been reported earfigd%). The
semisynthetic bovine VP precursor analoguéq),( the cDNA encoding the P60A, A70F double mutant®fBNP
biophysical properties of VP precursors are unknown and, (Figure 1), was converted to the cDNA of the full-length
to our knowledge, no biophysical studies of the human VP human VP precursor, albeit with retention of the A29G and
precursor, of’PHNP, or of copeptin have been performed. V72l substitutions of®YBNP (Figure 1), by N- and C-
We report here the synthesis of cDNA encoding the human terminal additions and replacements (Figure 3). This cDNA
VP precursor and derivatives thereof, the expression of thesewas cloned into the expression plasmid pTMHa3Q, thus
proteins inEscherichia coli a survey of their folding and  attaching it to a Met-His tag-TrpLE-Met sequence at its
related biophysical properties, and an investigation of the amino-terminus 15). Finally, the human substitutions at
effects of the 87STOP mutation. The expressed proteinspositions 29 and 72 were incorporated (Stratagene Quick-
typically differ from those of the WT human protein in the change site directed mutagenesis kit). Note that the Met
substitution of Leu for Met in position 2 of NP (Figurg 1  preceding the precursor sequence allows cleavage of the
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expressed precursor from the His tag and TrpLE sequencesncubating at pH 7.4 with varying GSH/GSSG ratios (e.g.,
by CNBr treatment, this treatment necessitating the substitu-refs 15 and 18). These conditions were accompanied by
tion of Leu for Met-2 of VPHNP; a full-length precursor  massive precipitation even at protein concentrations of 0.2
construct with Ala in position 2 was also prepared (Results). mg/mL, and no reproducible evidence of significant protein
The cDNA encoding the precursor without CP was prepared folding was obtained.

by mutating the Arg codon immediately following the NP By contrast, significant folding was achieved of precursor
sequence to a STOP. The clones expressing the NP-CP anérom which CP was deleted (HVRCP). Best results were
NP components alone were obtained by PCR amplification obtained with theS-mercaptoethanol procedure described
of the full-length orACP precursor cDNA sequences using above, omitting peptide and using a reduced protein con-
appropriate primers to delete theVP sequence and thencentration (0.2 mg/mL), folding yields diminishing with
subcloning into the BamH1Hind111 site of the expression increased protein concentration. After 48 h, the protein was
vector. However, in the construction of cDNA encoding NP- dialyzed against 0.2 M acetic acid and lyophilized prior to
CP, the Met in position 2 of NP was inadvertently not HPLC (vide infra). Folding was also achieved at low protein
substituted, leading to two expression products (vide infra). concentrations in a closed unstirred glutathione redox system

The cDNAs encoding the 87STOP precursor and its at pH 7.4 in Tris-acetate buffed®) with 3 mM each GSH
derivative NP were prepared from those encoding HVP and and GSSG, these concentrations giving better results than
its derivative NP respectively by mutation of the triplet the 20 mM GSH, 3 mM GSSG optimal for the oxytocin
encoding Glu-87 of NP to a STOP. The cDNA encoding a precursor (see Discussion). Protein folded in this way was
90STOP precursor was prepared by analogous mutation ofdirectly used for HPLC to avoid complications noted from
the His-90 triplet. The structures of all constructs were low pH dialysis in the presence of GSH prior to lyophiliza-
confirmed by sequencinPNA Sequencing Facility, Bio-  tion. This method involved extensive HPLC time, but was
resource Center of Cornell University, Ithaca, NY). Relation- less subject to random variation than fhenercaptoethanol
ships among the major constructs are summarized in Figureprocedure.

2. Folding of the 87STOP and 90STOP precursors was

Protein ExpressionFolding, and Purification The His- optimally achieved using the same conditions as used for
tagged fusion proteins were expresseéircoliand purified HVPACP, although higher protein concentrations could be
from inclusion bodies in their misfolded GSSG oxidized used without precipitation during the folding reaction. This
states as previously described for the bovine oxytocin reflected a higher solubility of the misfolded form under
precursor and its derivative NBS). Also as with the bovine  folding conditions, and much of the misfolded form could
oxytocin system, crude expression products had high frac-be precipitated by reduction of the pH to 4.5 after completion
tional contents of covalently damaged protein, compromising of folding (Results).
ultimate yields of correctly folded proteifResults). CNBr Final purification of the folded forms of HVRCP and
cleavage and separation of the two components of theits 87STOP and 90STOP mutants was achieved by reverse
cleavage reaction were performed as previously describedphase HPLC using a semipreparative Vydac 218TP53%0 C
(15). Yields of precursor and NP constructs at this stage werecolumn with a flow rate of 3 mL/min and a program
~20 and 30 mg/L, respectively. In the case of ¥ieINP- beginning with a 10 min wash of 100% solvent A (0.1%
CP construct, which retained the Met in position 2 of NP, TFA in water), followed by a gradient beginning with 75%
two products resulted from CNBr treatment. One product A and 25% B (0.1% TFA in acetonitrile) and increasing to
began with Ser-3 of NP, while the second began with Ala-1 60% A and 40% B over a 40 min period; the gradient was
and represented incomplete cleavage after Met-2, a knownfollowed by a 5 min wash with 100% B. The initial 10 min
consequence of CNBr reaction with Met-Ser bonds (e.qg., ref wash was omitted for samples not containing GSH or GSSG.
16). No difference in the properties of the two components Each correctly folded precursor eluted as a sharp peak at
was observed. ~17 min after the start of the gradient. In each case, a second

Folding of the expressed proteins involves reshuffling of folded component, representing approximately one-third the
multiple disulfides. Constructs not containing the hormone intensity of the first, eluted~2 min later in a peak
segment were folded at 1 mg/mL, pH 8 as previously overlapping with one of the unfolded species. While the
described fol®YBNP (17, 20) using 3-mercaptoethanol to  major folded component had the correct mass, this second
facilitate disulfide rearrangement and exogenous peptide thatpeak was~40 mass units heavier when analyzed by mass
binds to the hormone-binding site (Phe-TyrNHr Phe- spectrometry. Upon native gel electrophoresis (see also
PheNR) to drive folding; the peptide concentration used (10 below), the heavier peak derived from the 87STOP precursor
mM) represents the maximum compatible with solubility at migrated~10% more slowly to the anode at pH 9.5 than
pH 8. Folded protein was separated from unfolded protein the principal folded species. Its identity remains to be
by affinity chromatography20). The purity and structures  determined. To the extent analyzed, its biophysical properties
of the binding-competent proteins so isolated were respec-are similar, but not necessarily identical, to those of the major
tively confirmed by native gel electrophoresis and mass component. All studies reported here were carried out with
spectrometry (MALDI). the major component.

For precursor folding, internal interactions between the  Quantitation of Protein Folding EfficiencieBor constructs
covalently attached hormone and NP provide the thermo- lacking hormone, folded protein was quantitated by its ability
dynamic driving force for folding and no peptide is added to bind to a peptide ligand-linked affinity column (vide
(15). Folding of the full-length precursor (HVP) in Tris-  supra). Precursor folding was routinely quantitated either by
acetate buffer was attempted by stirring in air at pH 8 in the HPLC as described above or more approximately by CD,
presence off-mercaptoethanol or cysteamine, and by the latter as previously described for the bovine oxytocin
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Ficure 4: 600 MHz NMR spectra ofPHNP, VPHNP87STOP, and HVP87STOP. The abscissa is in ppm. Spectra were obtaingd in D

at 25°C unless otherwise indicated. Left: In ascending order:V{HNP87STOP, 0.2 mM, pH 6.4, 2&; (2) VPHNP, 0.05 mM, pH 6.2;

(3) YPHNP, 0.3 mM, pH 6.2; (4YPHNP, 0.05 mM+ Phe-PheNk pH 6.2; (5)VPHNP87STOP, 0.2 mM+ Phe-PheNk| pH 6.4, 26°C;

(6) HVP87STOP (precursor)y0.09 mM, pH 8.2. Signals labeled M and D are assigned as the monomer and dimer signals, respectively,
from the Cys-28a-proton. Dimer/monomer ratios increase with increasing concentration and binding. Right: In ascending order: (1)
VPHNP87STOP, 0.2 mM, pH 6.4, 24C. (2) VPHNP, 0.05 mM, pH 6.2; (3YPHNP, 0.3 mM, pH 6.2. Signals in the 0-4.52 ppm region

are from dimer.

precursor 15), in this case using the 240/280 nm ellipticity conclusions are not qualitatively altered by the alternative
ratio (as opposed to 240/290 nm) to estimate the fraction of assignment because the same assumptions are made for all
folded protein in mixtures of folded and unfolded protein. proteins?

Assumed 240 nm molar ellipticities weré30 000 and NMR signals from NP-CP were not as distinct as those in
—33 000 for folded and misfolded states respectively and gther constructs. Dimerization constants for NP-CP were
assumed 280 nm molar ellipticities werel2 000 for both  5¢cordingly also approximated by sedimentation equilibrium
folded and unfolded states. in the analytical ultracentrifuge as previously descrik@) (
Folding Kinetics Folding of NPs from the reduced state and measuring the effect of different loading concentrations
was monitored by CD in Tris-acetate buffer at pH 7.4 and on the average molecular weight in the cell.
25°C in the presence of ligand dipeptides and 2 mM each
GSH and GSSG using nitrated protein as previously de-
scribed (8). Rates of precursor folding from the GSSG-
oxidized CNBr-cleaved expression product were determined

by HPLC in Tris-acetate buffer at pH 7.4 and 3Z in the purity/folding of most preparations (e.g., £5), but not of

pre;encg Of_ 3 mM ea(_:h G_SH and GSSG. o HVPACP, which is too basic to enter the gel under these
Dimerization Dimerization constants were principally  conditions.

determined by NMR in PO at 600 MHz as previously
described9, 19); pH values are uncorrected meter readings.
This method utilizes the relative intensities of tiagoroton
signal of NP Cys-28 in monomeric and dimeric states to
calculate the fractional content of monomer and dimer. In
the case ofPHNP (Figure 4), the Cys-28 proton gives rise
to single signals located at 5.75 and 6.03 ppm in the . . .
unliganded monomer and dimer, respectively, which can be sga;[ellder;atttjk:atlo? ;npdel, bOFh as prswoultsly dzj;crlp)etci t()l
compared with values of 6.2 and 6.4 ppm, respectively, in | € a';’ ot other studies are given In Results and/or in table
the bovine NPsq, 19); as with the bovine NPs, these shifts egendas.
are largely unperturbed by ligand binding0f. Chemical
shifts in other constructs (e.g., Figure 4) were similar but 2 The alternative assignment would in part necessitate a greater than
nonidentical. Note that a signala6.12 ppm in the liganded 10-fold difference in the relative binding affinities of monomeric and
state is currently assigned to a proton other than that from dimeric chains and, accordingly, a higher dimerization constant of the
- . . . ... liganded state than assumed here. The principal effect of this on the
Cys-28 b_ecause this assignment is the most consistent witheonciusions here would be to further reduce the calculated binding
the fraction of protein in the liganded state. However, affinity of the monomeric state and hence its calculated stability.

ElectrophoresisSDS and native gel electrophoresis were
performed as previously described (e.g.,XBf. The native
gel system, in which proteins enter the gel at pH 8.3 and
run to the anode at pH 9.5, could be used to monitor the

Other MethodsEssentially all other methodology has been
described earlier. A Jasco J-710 spectrometer was used for
CD studies. Peptide-binding studies were performed by
fluorescence Z0). Guanidine denaturation studies were
performed at 25°C by the addition of solid guanidine
hydrochloride to the folded protein and analyzed using a two-
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Table 1: Properties of Human and Bovine Vasopressin-related Neurophysins

VPBNP VPHNP VPHNP87STOP VPHNP-CP
AGguanidine denaturatiokkcal/mol 2.3+0.2 2.5+0.2 2.2+0.1 2.1+ 0.2
Kphe-phe-amide (MM 1) 8.2 (+0.3) 2.2 40.4) 4.9 ¢-0.1)
folding rate constant (mirt) 25x 1073 5.1 &0) x 10738 2.0 (*0.7) x 1073
dimerization constant pH 6.2 (mv)° 5.4 (£1.8) 4.2 ¢0.6) 0.3-1 16 &7)
(0.8) 14 @3)
dimerization constant pH 7.5 (m)e 5.1 2.3&0.3) 13 &3)

a Data for the human proteins were obtained at pH 6.2 anftC2& protein concentrations 6f0.06 mM forYPHNP, 0.04 mM for"PHNP87STOP,
and 0.03 mM fo"PHNP-CP. Data fo”BNP are from ref 9 and were obtained at a concentration of 0.1 mM in the pH rang8.8.Determined
by fluorescence at pH 6.2 and protein concentrations of 0.05 mM. The valt®BWIP was redetermined for this studyUnless otherwise indicated,
dimerization constants reported are those determined by NMR for the unliganded proteins at pH 6.2 (uncorrected pH meter regdinbheéen D
dimerization constant of"BNP so determined is that previously reported by this method and is the same as that calculated from ultracentrifuge
data (9). The dimerization constant of the 87STOP mutant was estimated from NMR data as described in theetexmined by analytical
ultracentrifugation at pH 6.2 in 0.1 M ammonium acetate, 2 mM Mes bufféhe bovine protein results represent published analytical
ultracentrifugation studies at pH 7.21); no statistics were reported. Other pH 7.5 values represent NMR data.

RESULTS Protein Dimerization constant (M-1)
Properties of Human Vasopressin-Related NFHNP). Bovine Y* NP 5x103

\'!'Phe properties ofPHNP m_erit comparison with those of Des 1-6 Bovine YPNP 24 x 103
BNP, which, because of its solved crystal structures, has Des 1-6, 87-95 Bovine YPNP 6.5 x 10°

been the principal paradigm of neurophysin structure

function relationships (e.g., ref0). A single round of Human Y’ NP 42x10°

B-mercaptoethanol folding of the CNBr-cleavédHNP Human YPNPS7STOP ~0.8x 103

expression product yielded20% foldedVPHNP, the low

folding efficiency shown in large part to reflect the presence Effect of dimerization on His-90

of covalently damaged protein (Methods) and also in this 8.3

case the inefficient folding of undamaged protein. The latter 5 '

situation differs from the more complete folding 6GIBBNP €. 8251

under the same conditiond?), the difference probably £8 82/

reflecting the lower affinity of’PHNP than of VPBNP for 5 f 815 | ®

Phe-PheNHl (Table 1), the ligand used to drive folding. 2

Consistent with the different peptide affinities, preliminary ~ 8.1 - &

comparison of the CD spectra of purified fold§tHNP and “  sos : :

VPBNP suggests conformational differences between the two 0 20 40 60

proteins, which remain to be defined (data not shown). Weight percent dimer

Table 1 compares properties 8fHNP with those of  Fgure5: Role of the C-terminus 0fPHNP and of analogues of
VPBNP reported earlier and/or redetermined for this study YPBNP in dimerization at pH 6.2. Data for the bovine proteins are

(see table legend). With the exception of the lower peptide from ref 9. The graph shows the effect of dimerization at pH 6.2
affinity of V"PHNP and an effect of pH oPHNP dimeriza- on the chemical shift of the C-2 proton of His-90 6HNP.
tion, differences between the two proteins are unremarkable. ) .
Figure 4 shows representative NMR data, from which the CP obtained from the crud'e. CNBr product'were S|m|Ia}r to
dimerization constants 8PHNP in Table 1 were calculated, ~that of ""HNP eFl,Ione. Solubility problems with the peptide
illustrating the effects of concentration on the dimerization- Sé)mplexes of"HNP-CP, and with the nitrated form of
sensitive resonances (Methods) ¥SHNP and other con- HNP-CP in general, prevented direct determination of
structs. The small decrease in dimerization constant betweerP€Ptide binding constants. However, because peptide affinity
pH 6.2 and 7.5 (Table 1) is assigned to titration of His-90, 'S @ limiting factor in the folding of""fHNP under our
the environment of which is shown by NMR to be sensitive conditions (vide supra), the generally similar folding ef-
to the degree of dimerization of the protein (Figure 5) and ficiencies of "HNP-CP and""HNP suggest that copeptin
which can similarly be seen to titrate in this pH region (data does not significantly affect binding affinity.
not shown). This assignment is supported by the pH Several other properties 8fHNP-CP are shown in Table
independence in this region of the dimerization constant of 1. The most notable is a-34-fold increase in dimerization
VPBNP (Table 1), which has no histidine (Figure 1). The constant and a possible reduction in the pH dependence of
human protein also exhibited the expected increase indimerization compared t8°"HNP alone, suggesting either
dimerization constant2(l, 22) in the liganded state. NMR  direct or indirect interaction between NP and CP components.
studies (Figure 4) demonstrated that a 0.05 mM solution of The measured lower stability $PHNP-CP than of’"HNP
VPHNP at pH 6.2 £25% dimer by weight in the unliganded in Table 1 is relevant in this context. At the concentrations
state) was converted to 68% dimer by weight wherb% at which the stabilities of these components were measured
saturated with Phe-PheNHepresenting an increase in the (see table legend) the dimer content’@fiNP-CP is higher
average dimerization constant from&10° M~ (Table 1) than that of’PHNP. The fact that the increased dimerization
t0 6.8 x 10* M. is accompanied by a trivial stability decrease, rather than an
Effect of Copeptin Attachment on the Properties of expected (see Discussion) stability increase, suggests the
VPHNP: Properties of’PHNP-CP. Yields of folded""HNP- possibility of a small destabilization of NP structure by CP.
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Effect of the 87STOP Mutation on the Properties of
YPHNP. The folding efficiency of'"HNP87STOP {25%
relative to starting material) was trivially higher than that of
VPHNP. Comparison of the properties\X6HNP87STOP with
those of VPHNP demonstrated that loss of the C-terminal
seven residues fro¥HNP led to an increase in binding
constant for Phe-PheNH(possibly accounting for the
increase in folding efficiency), a reduction in folding rate
and a markedly reduced dimerization constant (Table 1). The
reduction in folding rate is of doubtful significance because
it does not lead to a lower folding efficiency and is not
paralleled by a slower folding rate of the 87STOP precursor

when the corresponding precursors are compared (vide infra).

The reduction in dimerization constant is illustrated in Figure
4, which shows that no Cys-28 dimer signal is present in
the mutant at a concentration of 0.2 mM, while one is weakly
visible in YPHNP at a concentration of 0.05 mM. Upfield
spectra (Figure 4) similarly show that less dimer signal
intensity is present in the mutant despite its 4-fold higher
concentration; signals at 0.46 and.53 ppm are present
only in the dimeric state. The results can be shown to indicate
a dimerization constant in the range 8B x 1®* M1, a
value 7-24% that of’"HNP under the same conditions, and
point to a significant modulating effect of residues—&3

on dimerization. Nonetheless, the increase in dimerization
associated with ligand-binding is preserved in the mutant.
At a protein concentration of 0.2 mM, 70% saturation with
Phe-PheNHkl increased the measured average dimerization
constant to 1.2< 10* M~ (Figure 4), the increased value
again only 18% that ofPHNP at a similar state of ligation
(vide supra). The results are consistent with a80%
reduction in dimerization constant at pH 6 by the 87STOP
mutation in both unliganded and liganded states. The
measured difference in stability to guanidine denaturation
of YVPHNP and its 87STOP mutant (Table 1) is largely
accounted for by this effect (e.g., Appendix).

Folding Studies of the Full-Length Human Vasopressin
Precursor (HVP).No reproducible folding of HVP was
detected under our conditions (Methods). This was true for
constructs containing either Leu or Ala in NP position 2,
supporting the view that this position does not play
a significant role in folding. The precipitate formed
during attempts to fold HVP (Methods) required both
guanidineHCI and reduction for solubilization, suggesting
the presence of extensive intermolecular cross-linking. At-
tempts to solubilize insoluble folding intermediates by the
addition of low concentrations of guanidihéCl during
folding, or to fold from the completely reduced state, were
unsuccessful. Additionfd M proline, which binds to folding
intermediates43), completely prevented precipitation, but
did not increase folding under our conditions.

Folding Properties of HYRCP and Its 87STOP Mutant.
By contrast with HVP, both HVRCP and its 87STOP
mutant folded under our conditions, although yields of folded
protein were approximately a third of those of the folded
oxytocin precursor. The folding of HVKCP indicates that
CP attachment is responsible for the failure of HVP to fold,
a result that contrasts with the failure of CP to affect the
folding of the corresponding NPs. Yields of folded HYEP
and its 87STOP mutant were lower than found for the
corresponding NPs, a situation similarly observed with the
oxytocin precursor that reflects folding pathway problems

Barat et al.

Table 2: Folding Properties of HVRCP and HVP87STOP in
Glutathione Redox Buffer

HVPACP
0.4+0.4

HVP87STOP
25+ 11

decrease in folding
efficiency upon
increasing the
temperature from
25t0 37°C(%)?

decrease in folded protein
upon reincubation in
folding buffer at 37°C°
pH 7.1 (%)
pH 7.4 (%)

first-order folding rate
constantat pH 7.4
and 37°C (min ~%)¢

aProtein (0.5 mg/mL) from a single CNBr-cleaved expression
product was folded in the presence of 3 MM each GSH and GSSG in
Tris-acetate buffer, pH 7.4 at 258C (Methods) and in the identical
buffer at 37°C (pH 7.1 at 37°C). Folding was quantitated by HPLC.
b Purified folded protein at concentrations of2 x 10°° M was
reincubated for 24 and 48 h at 3T in the above glutathione system
at the pH values (at 37C) indicated. The quantity of folded protein
relative to a similarly incubated control lacking glutathione was
determined by HPLC and, for the 87STOP mutant, also was monitored
by native gel electrophoresis (Methods). Results at pH 7.1 are averages
(£ SE) of multiple studies. Results at pH 7.4 are from a single study,
with an estimated uncertainty reflecting different methods of HPLC
peak integrationt The rate of folding of CNBr-cleaved expression
products in the glutathione system was monitored by HPLC. Conditions
were 37°C, pH 7.4, 0.5-1 mg/mL HVPACP and 0.2 mg/mL 87STOP
mutant. The higher concentration of HXEP used was necessitated
by a particularly high concentration of damaged (folding-incompetent)
protein in this expression product.

33+ 4
46+ 7
1.2 (0.4) x 1072

31+7
57+3
1.6(+0.7) x 1072

introduced by the hormone’s disulfiddg, 18). Thus, the
different effects of CP on precursor and NP folding may
reflect pathway differences.

At best, folding yields provided only ambiguous evidence
of differences between HVKCP and the 87STOP mutant
and hence of a potential role in folding of the seven
C-terminal NP residues. Under identical room temperature
folding conditions, approximate yields of folded 87STOP
and WT proteins from their CNBr-cleaved expression
products were 8 and 13%, respectively, using fhaer-
captoethanol procedure, but yields were equivalent or slightly
higher for the mutant using the glutathione procedure. To
further test the relative folding efficiencies of the two
precursors and to examine temperature effects, we compared
the effects of temperature on the folding efficiencies of
individual lots of expression product (Table 2), in this case
folding each lot with the GSH/GSSG buffer system at pH
7.4 and 25°C and in the same buffer at 3T (pH 7.1 at 37
°C). This approach in principle both removed the experi-
mental variability of the3-mercaptoethanol procedure (Meth-
ods) and canceled out effects of differences among prepa-
rations in folding-incompetent protein. As shown in Table
2, moderate but variable differences between the proteins
were seen, folding of the 87STOP mutant on average
appearing to decline more with temperature than that of
HVPACP.

More reproducible results were obtained from examination
of the folding/unfolding equilibria of the two precursors at
37°C, at low protein concentration, in the glutathione buffer
system (Table 2). Specifically, the change in concentration
of folded protein was measured when the purified folded
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precursors were reincubated in the redox buffer at pH 7.1
and 7.4 (the pH values at 37C) for 24 and 48 h. No | .t . .06
significant differences between the 24 and 48 h results were LA
found, indicating that an equilibrium was attained. Ap- s
proximately 30% of both proteins unfolded at 3¢ and

pH 7.1, the conditions used for the above studies of the
temperature-dependence of folding (Discussion). The per-
centage of unfolded protein increased+60% at pH 7.4
and 37°C, with a possible indication that the mutant might
be slightly less stable than HWWZP at the higher pH.
Folding rates of the two proteins in the glutathione system
were similar (Table 2). The rate and equilibria studies
therefore indicated more of a similarity between the two
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proteins than a difference and, most significantly, demon- pH
strated a folding equilibrium for both proteins that is not 40000

strongly in favor of the folded form under the conditions

used. Potential sources of discrepancies between the variable o

relative folding efficiencies of the two proteins and their
similar folding equilibria are given in Discussion.

20000 {

Other Thermodynamic Studies of H¥EP and Its 10000 |
87STOP MutantThe similarity and relative instability of )
the two precursors were also suggested by other properties. H
A central contributor to precursor stability is the strength of 000
internal interaction between hormone and NB)(The near-
ultraviolet CD spectrum of purified folded HVYXCP is 2000 |
shown in Figure 6, together with that of its derivative NP; -
spectra of the corresponding mutant proteins are analogous W oW m W m W

(figure legend). Differences between the spectrum of the wavlegh
precursor and that of its derivative NP are similar to those F . . . .

. : . S IGURE 6: Lower: Comparison of the near-ultraviolet CD spectra
associated with the intermolecular binding of VP't8NP of YPHNP, HVPACP, and HVP87STOP at neutral pH. Ordinate is
(24), as previously observed for the relationship between the molar ellipticity; abscissa is in nanometers. Heavy liH2-HNP.
CD spectrum of the bovine oxytocin precursor and that of Light lines (largely superimposed), HVAZP and HVP87STOP.

. . region as that oPHNP. Upper: Effect of pH on the internal
(15, 25). As also found for the bovine oxytocin precursor binding of hormone to NP in HVRCP (black diamonds) and

(15), the internal interactions between hormone and NP in Lypg7STOP (grey ovals) at Z&. Protein concentratios 0.05
HVPACP and its 87STOP mutant dissociate at elevated pH, mM. Data plotted are averages of the pH-induced changes at 240

due principally to competition between deprotonation of the nm and in the 280/290 nm ratio.
hormoneoi-amino group in the unliganded state and binding
of the protonated amino to the NP segment. Figure 6 also Table 3: Comparison of the Stabilities to Guanidine Denaturation
shows the CD effects of titrating HVRCP and its 87STOP of HYPACP and HVP87STOP and Their Derivative NPs with

o Those of the Bovine Oxytocin Precursor and Its Derivativét NP
mutant between pH 7 and 11. Because ionization of Tyr-49

of YPHNP can be shown to be unaccompanied by significant AG? (keal/mol) m (kcal mo™*M™)
CD changes in the 246840 nm region, the decrease between pHE.2 pH 8 pH 6 pH 8
pH 7 and 11 in 240 nm ellipticity and changes in the 280/ HvPACP 53+0.7 3.3+02 1.4+0.2 1.0+0.04
290 nm ellipticity ratio solely reflect loss of the normal YPHNP 25+02 246 0.63+0.14 0.63
hormone interaction with the NP binding site5( 25). The HVP8/STOP  5.4:0.1  N.D. 1.49+£0.06 N.D.
titration results therefore indicate a midpoint of hormene HNPSTOP  2.2£0.1 . D. 0.61£0.04 ~N.D.

: >H e , P OYBNP 6.8+ 0.4 4.9+0.1 16401 15+0
NP dissociation within experimental error of 9.5 for both precursot
precursors. As with the oxytocin precursds), the differ- OYBNP* 31+01 3.0+035 11+01 1.1+0.1
ence between this pH and th&gof the unbound hormone 2 Conditions: measured in 0.1 M ammonium acetate at@Svith

(independently determined as 6.3 at°@5 the same as that  protein concentrations of 0.058 0.01 mM.® Value of AG® (kcal/
of oxytocin) is a measure of the intraprecursor b|nd|ng mol) is that calculated in Table 4 at pH 7.4. Value of “m” is assumed.

; ; ; ; ¢ Data are from rell5. Note that the pH in these studies is 6.0, not 6.2,
constant to NP of hormone in which tkeamino group is but that this difference accounts for only 0.11 Kcal of the difference

completely protonated in the unbound state, where between the VP and oxytocin precursors.

AGg;ging = —2.3RT(pH — pK,) (1) HCI (Table 3). Analysis of the pH 6.2 data using a two-
state denaturation mode&2€) gave values for both proteins
The internal binding constant for protonated VP is calculated approximately 1.5 kcal/mol lower than that obtained (Table
as 1585 at 25C, which compares with a titration-derived  3) for the oxytocin precursor at pH 6. As with the oxytocin
value of 5000 £3000) in the oxytocin precursof%). precursor, the 2 kcal/mol decrease in precursor stability
HVPACP and its 87STOP mutant were also compared by between pH 6 and pH 8 reflects the increased deprotonation
measuring their susceptibility to denaturation by guanidine of the hormone amino group in the unliganded state at the
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higher pH (5); note that changes in dimerization due to 2
deprotonation of His-90 are too small to significantly affect
stability at these concentrations, titration of His-90 does not
significantly affect binding affinity (data not shown), and
no other group titrates in this pH region. However, while
the hormone remains essentially completely liganded at pH
8 (Figure 6), the “m” value 26) of HVPACP at pH 8 is A
lowered to a value intermediate between that at pH 6 and

that of its component NP. This indicates that, at pH 8, p
guanidine induces dissociation of about half of the internal
hormone-NP interactions prior to unfolding of the precursor

as a whole, i.e., the unfolding pathway involves at least three 2
states. This is not seen to the same extent with the oxytocin
precursor at this pH, possibly reflecting the higher internal

binding constant of the oxytocin precursor. Nonetheless, as

with the oxytocin precursorl§), measured stabilities at pH /\J‘r’\
6.2 are~1 kcal/mol less than that estimated (Discussion) o -
from the sum of the stabilities of the NP components of the

precursors and the free energy of internal hormeadE 2

interaction at this pH~{6.6 kcal/mol for HYRACP and 6.3 ~ €D

kcal/mol for 87STOP). A potential source of the discrepancy 4

is the inapplicability of a two-state model to guanidine-

induced precursor denaturation even at pH 6. That is, the 4

unfolding profile is viewed as containing contributions both

from the two-state unfolding (with hormone dissociation) of r

the internally liganded precursor and from the three-state '

mechanism detected at pH 8, the relative contribution of the 4

three-state mechanism increasing with pH, but still significant

at pH 6. 2

Role of the Carboxyl Terminus in Precursor Solubility
Properties The principal difference seen between HMEP 0 W
and its 87STOP mutant was the solubility of their misfolded -
forms, either as obtained from the folding of the crude
expression products or the refolding of the purified reduced -4
proteins. The misfolded form of HVACP precipitates out
with high efficiency during folding reactions, CD spectra of -6
the pH 7.4 or pH 8 supernatants indicating low concentrations s
of a product containing a high percentage of folded protein 240 260 280 300 420 340
(Figure 7). Like the insoluble HVP folding products, the wavelength
precipitate can be resolubilized only by reduction in the Fgure7: CD spectra in the near UV of the solution supernatants
presence of guanidine, this property and the inverse con-of HVYPACP, and its 87STOP and 90STOP mutants, obtained after
centration-dependence of folding efficiency indicating the folding in the presence off-mercaptoethanol at pH 8. Top:

presence of intermolecular disulfide cross-linking of the HVPACP, pH 8, 2-cm light path. Sample was folded at 0.2 mg/
mL. Spectrum is not significantly changed after precipitation at

misfolded states. By_ contrast, the misfolded form of t_he pH 4.5 (not shown). Center: 90 STOP mutant, 0.5-cm light path.
87STOP precursor is much more soluble under folding Grey, pH 8. Black, after precipitation at pH 4.5. Sample was folded
conditions, so that spectra obtained of folding reactions of at 0. 5 mg/mL. Bottom: 87STOP mutant, 0.5-cm light path. Grey,
the mutant precursor are dominated by contributions of PH 8. Black, after precipitation at pH 4.5. Sample was folded at 1
misfolded species, the latter removable by precipitation at bmg/m'-- Spectra obtained at pH 8 indicatd00% solubility of
. - oth mutant proteins in the pH 8 supernatant, while only 33% of
pH 4.5 (Figure 7). Significantly, the 90STOP mutant of the /pACP is found in the pH 8 supernatant despite the markedly
precursor exhibits the same solubility properties as the jower concentration used for folding. CD units are millidegrees.
87STOP mutant (Figure)dndicating that HRRA, the last
four residues of HVRCP (Figure 1), are responsible for nistic interest and may play secondary roles in pathogenicity
the insolubility. (vide infra), they do not appear to be the primary cause of
mutant misfoldingWith respect to dimerization, a decrease
DISCUSSION in dimerization constant associated with termination of the
The central question is the identity of factors that protein atresidue 86 was also seen earlier in both unliganded
selectively decrease the folding efficiency of the human bovine neurophysins9j, but the potential significance of
87STOP precursor and thereby contribute to its pathogenicity.the effect was unclear; the decrease was relatively small in
The above results establish that the seven NP residues deletethe case oPYBNP and was based on studies of an amino-
by the 87STOP mutation alter dimerization, the solubility truncated derivative in the case BBNP (ref9 and Figure
of misfolded precursor states, and, as discussed further below5). The dimerization decrease is unambiguous in the case of
peptide affinity. However, while these effects are of mecha- YPHNP because it is particularly large at pH 6 and paralleled
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Table 4: Calculation of Thermodynamically Allowed Folding Efficiencies

HVPACP HVP87STOP
(a) Kbinding protonated hormone, 2&, 0.05 ml\ﬁ-1 1585 —1585
(b)Kbinding, monomer, pH 7.4, S”Cb 106 155
(C) Kintrinsic binding, dimer subunit, pH 7.4, SEC 108 169
(d) AC':‘binding, pH 7.4,37C, monome? (kcaI/mOI) —1.49 —-1.73
(€) AGpinding, pH 7.4, 37¢, 0.1 M (dimer§, (Kcal/mol) —2.95 (x2) —-3.2(x2)
(f) _AGNP denaturation, pH 7.4, 2%, 0.05 mN{ (kcal/mol) —2.46 —2.20
(g)_AGNP denaturation, pH 7.4, 3TC, monomeg (kcaI/mol) —2.20 —2.12
(h) _AGNP denaturation, pH 7.4, 3T, 0.1M (dimer{I (kcal/mOI) —6.09 —5.37
(l) 'AGprecursor denaturation, pH 7.4, 3, monomer(kcallmOI) —3.69 —3.85
(J) 'AGprecursor denaturation, pH 7.4, 3Z, 0.1 M dimer(kcal/mOI) —11.99 —-11.77
(k) precursor folding efficiengy, 7.4, 37:c, monome{%0) 75 79
() precursor folding efficiency, 7.4, s7c, 0.1 M (dimen(%0) 99.8 99.8

a Intramolecular binding constant of hormone in which ¢kamino group is completely protonated in the unbound state (e.d.5redetermined
at 25°C, 0.05 mM precursor concentration from the data in Figure 6 as described in thecteetived from the pH dissociation curve in Figure
6 as described in the append®Represents the free energy of binding to monomer at infinite dilution such that no dimer is formed, and is the free
energy equivalent of (b¥.Represents the free energy of binding to the two dimer sites under conditions (0.1 M chain concentration) in which the
protein is essentially all dimer in both unliganded and liganded states and is calculated per site as the free energy equivalent of (c). Contributions
of the small changes in dimer content that do accompany binding can be shown to negligible at \@aluds obtained from guanidine denaturation
studies at pH 6 and 25C (Table 1) corrected for the difference in dimerization between pH 6 and 7.4 for 0.05 mM\BNFPby subtracting the
pH 6 contribution and adding the pH 7.5 contribution using eq 3 in the appendix. No correction for temperature i§ @aldalated from (f) by
subtracting the free energy of dimerization at 0.05 mM using é¢Calculated from (g) by adding the free energy of dimerization at 0.1 M using
eq 3. Sum of (d) and (g)! Sum of (e) and (h)¥' Folding efficiencies are calculated by subtracting 3 kcal/mol from the free energies in (i and j),
the difference representing the free energy advantage of the correctly folded state relative to misfolded states (Discussion).

by the sensitivity of His-90 to dimerization. However, its HVPACP and its 87STOP mutant, from the reduced state,
potential contributions to mutant stability are shown below at physiological pH and temperature. These calculations
to be offset by the attendant increase in binding associatedsolely used theother thermodynamic data acquired here,
with the mutation. together with properties of the NP-precursor system dem-
With respect to solubility, the deleted “insolubilizing” onstrated earlier. Calculation details are given in the appendix
sequence XRRX is conserved in most mammalian VP and Table 4 legend, with the principal features of the
precursors (e.g., reét7), but its absence cannot in itself be calculations explained as follows.
pathogenic since it is absent, for example, in the WT rat VP The calculations predict folding efficiencies by utilizing
precursor (Figure 1) as well as in WT oxytocin precursors a relationship that can be established in this system between
(27), and the solubility properties of misfolded WT bovine the stability to guanidine denaturation and the efficiency of
oxytocin precursor states (Eubanks, S., and Breslow, E.,folding from the reduced state (vide infra). Because the
unpublished experiments) mirror those of HVP 87STOP. measured stabilities of the precursors to guanidine denatur-
Nonetheless, the greater solubility of misfolded forms of the ation appear to be underestimates, stabilities are calculated
87STOP precursor than of HWZP might be an important  indirectly, using the assumptioi§) that the stability of the
contributor to the contrast between their variably different precursor to guanidine denaturation is the same as the
in vitro folding efficiencies and their similar thermodynamic stability to guanidine denaturation of its NP component in
properties (Results). The fact that precursor folding efficiency the unliganded state plus the free energy of internal-NP
decreases with increasing concentration (Methods) is con-hormone interaction, i.e.,
sistent with kinetic competition between folding and ag-
gregate formation. During HVRCP folding, aggregated
misfolded species are isolated by their insolubility from the In the case of the oxytocin precursor, the discrepancy
remaining protein, which is not the case for the 87STOP between observed precursor stabilities and those predicted
mutant. At the same initial protein concentration, to the extent by eq 2 raised the question as to whether the covalent linkage
that aggregated soluble species are reactive, some fractiorbetween hormone and NP in the precursor altered the stability
of the 87STOP mutant accordingly folds at an effectively of the NP component in the absence of noncovalent
higher concentration than HWWZP, the difference between hormone-NP interactions 15), thereby invalidating eq 2
the two affected by the different factors (e.g., stirring rate, assumptions. This is not the case. In unpublished studies,
temperature) that influence solubility and rates of precipita- we demonstrated that the stability of the oxytocin precursor
tion. to guanidine denaturation is identical to that of its NP
Our data reveal no material stability differences between component at pH values at which noncovalent hormone
HVPACP and the 87STOP precursor, as monitored either NP interactions are absent. Accordingly, the discrepancy
by guanidine denaturation, pH effects, or folding/unfolding more likely reflects the inapplicability of a two-state model
equilibria in a glutathione redox buffer. However, both to guanidine-induced precursor denaturation, as discussed
precursors were found to undergo significant redox buffer above. However, to the extent that stability values derived
mediated unfolding at physiological pH and temperature directly from precursor guanidine denaturation studies might
under our experimental conditions. To probe the origin of in fact be more accurate, our calculations, which yield higher
the instability and its relationship to in vivo folding, we stabilities, overestimate folding efficiency.
independently calculated the thermodynamically allowed The relationship we use between guanidine denaturation
folding efficiencies of the monomeric and dimeric forms of stability and the thermodynamics of folding from the reduced

Gprecursor denaturation _AGNP denaturati0n+ AGbinding (2)



8200 Biochemistry, Vol. 43, No. 25, 2004 Barat et al.

state derives from earlier studiek8f demonstrating that, in  between pH 7.1 and pH 7.4 shown by the “unfolding”
the redox system used here, unliganded NP folds to astudies. The relatively small differences between calculated
disulfide-mispaired state and a native state. ¥&NP, the and observed results, moreover, are potentially attributable
misfolded state is thermodynamically favored relative to the to the above approximations in the thermodynamic analysis.
correctly folded state by-1 kcal/mol (L8), while for ®YBNP, Because the GSH/GSSG ratio used for unfolding is the
the two forms have equivalent energié$)( The difference optimum ratio we found for folding (Methods) and represents
in relative stability of the two folded unliganded states is redox potentials similar to those in the ER (e.g.,3#&, the
approximately the same as the difference between the tworesults also point to the instability of these proteins under
in their stabilities to guanidine denaturation, 2:3.2 kcal/ conditions approaching those in the ER. Finally, it is
mol for VPBNP and 3.0+ 0.1 kcal/mol for®YBNP under noteworthy that the thermodynamic analysis explains the
concentration conditions representing equivalent degrees ofsimilar stabilities of both precursors, despite the higher
dimerization 9). Thus, we assume that3 kcal/mol stability dimerization constant of HVRCP, by demonstrating com-
to guanidine denaturation represents the stability requiredpensation by a higher NFhormone binding constant in the
to obtain, on folding, an equal population of correctly folded 87STOP precursor (Table 4 and Appendix), a property
and misfolded states. Stabilizing energy in excess of this is apparently paralleling the effect of the 87STOP mutation on
required to drive the folding reaction to completion. the dipeptide affinities of’PHNP (Table 1) and of des
Our calculations also make use of the demonstrations that1—6"PBNP (9).
bovine precursor dimerization properties closely mirror the ~ What do these data have to do with the pathogenicity of
dimerization properties of their component neurophysins in the 87STOP mutant? We suggest that the predicted instability
the liganded statel(, 28), that negligible cooperativity  of the monomeric state of both proteins at physiological pH
between dimer subunits occurs on bindi2g)( and that the  and temperature, and at a redox potential comparable to that
dimerization constants of the liganded states-at®0-fold in the ER, points to the absence of copeptin as a primary
greater than those of the unliganded states (e.g., 28),contributor to mutant pathogenicity. This instability predicts
reflecting a 10-fold higher binding constant of a dimer that a significant fraction of monomers will initially misfotel
subunit than of a monomer. These assumptions, together withand accordingly depend on chaperone and disulfide isomerase
the measured NP dimerization constants in the unligandedinteractions for refolding-while awaiting a stabilizing folded
state, allow the individual intramolecular hormer¢P partner subunit. Given that the WT full-length precursor
binding constants for the monomeric and dimeric states of (HVP) does not have the in vivo folding problems of the
the precursor to be obtained from the pH titration data. 87STOP mutant, and that NP residues-83 do not make
The values in Table 4 represent estimates, obtained witha significant net thermodynamic contribution to stability,
the above assumptions, of the predicted stabilities to guani-these considerations indicate that, in vivo, either CP (which
dine denaturation and the folding efficiencies at pH 7.4 and is glycosylated in vivd thermodynamically stabilizes the
37 °C of HVPACP and its 87STOP mutant in their purely monomeric state of HVP or that it or residues-&B3 play
monomeric states (infinite dilution) and in their essentially roles in chaperone interaction. A dependence of chaperone
all dimer states at 0.1 M chain concentration; 0.1 M is the interaction on residues 8R3 seems unlikely. This sequence
estimated hormone concentration within neurosecretory is not strictly conserved, particularly when both oxytocin and
granules 29) and therefore the probable upper limit to VP precursors are considered (e.g.,2@f, and, in any case,
precursor concentration at any point in the cell. These valueschaperones of the Hsp70 class such as BiP do not have a
allow preliminary insights into the range of stabilities significant sequence specificit?). This leaves a role only
experienced by the two proteins as they move from their for copeptin.
initial site of folding in the ER to the higher concentrations  The above argument is in part based on negative data. We
at the cis-Golgi 80) and finally to neurosecretory granules also acknowledge that the conditions of our studies are
Concentration contributes to precursor stability (see also nonidentical to ER conditions, although it is difficult to
Appendix) because of its effects in eq 2 on the stability of predict the effects of these differences. Protein crowding
unliganded NP (the stabilizing consequences of dimer effects in the ER, for example, have been shown to increase
formation) and on hormoreNP binding (stronger binding  folding in some cases, and aggregation in others (e.g., ref
by dimers). 33). Nonetheless, we point to strong evidence from in vivo
The predicted stabilities and folding efficiencies in Table studies, which has recently come to our attention, indicating
4 are probably maximum estimates because neither thea role for glycosylated copeptin in the folding of the rat VP
dimerization constants nor the stabilities of unliganded NP precursor. Specifically, earlier immunohistochemical studies
to guanidine denaturation used are corrected from their 250f normal adult rats and other mammag4,(35) demon-
°C values (Appendix). Nonetheless, they represent evidencestrated the accumulation of flamentous “accretions” of the
that, with respect to thermodynamics alone, folding efficiency oxytocin precursor in the ER of oxytocinergic neurons,. VP
will depend strongly on protein concentration, with-226% precursor accretions were not found in VP-synthesizing
of the precursors unfolded at infinitely dilute (monomer) neurons 84), but were shown in the rat to be induced in
concentrations ane-0.2% predicted to be unfolded at 0.1 these neurons by tunicamycin-induced inhibition of gly-
M concentration. The calculations are in significant agree- cosylation 86); levels of tunicamycin eliciting this induction
ment with the results of the “unfolding” studies in Table 2, had no effect on oxytocin neurons, indicating inhibition of
which were carried out at concentrations at which dimer copeptin glycosylation, given the absence of any other
contributions are relatively small, in their prediction of glycosylation site in either precurs@g). These results relate
inefficient folding by both precursors at low concentration; significantly to our present data and hypotheses. Assuming
they can also be shown to predict the decrease in folding that the accretions represent misfolded protein, the results
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indicate that misfolded WT oxytocin precursor accumulates contradiction between the cell culture and intraneuronal
with time in the ER of oxytocin-synthesizing neurons, but studies of the rat precursor.
that quantities are insufficient to kill these neurons. Thisis  The above interpretation does not exclude a role for other
consistent with the demonstration here of the greater stability factors in mutant pathogenicity. For example, the solubility
of the bovine oxytocin precursor than of either HMEP or  of misfolded states of the 87STOP mutant potentially
the pathogenic 87STOP mutdras evidenced by its lesser  augments pathogenicity via the same mechanism proposed
susceptibility to guanidine denaturation and the less oxidizing above for its effects on in vitro foldiny.The decreased
environment required for its folding (Methods). However, dimerization constant of the mutant might also decrease the
the presence of these accretions only in oxytocinergic neuronsrate at which monomers are stabilized by dimerization. Such
also means that the oxytocin precursor, which does not possibilities remain to be explored. However, the preponder-
contain copeptin and which is more stable than AP, ance of evidence indicates that the primary source of the
folds in vivo less efficiently than the full-length VP precursor,  folding defect in the 87STOP mutant is the instability of its
which contains copeptin. This points to a role for copeptin. folded monomeric state and the loss, resulting from copeptin
Most importantly, the results argue that glycosylation (and deletion, of thermodynamic or (more probably) biological
therefore copeptin) is important to the normal intraneuronal mechanisms to compensate for this instability. Such a
handling of the wild-type rat VP precursor. By extension, situation is analogous, albeit not identical, to that recently
the lack of copeptin in the 87STOP mutant would be reported 40) in which a quantitatively comparable instability
expected to contribute to its pathogenicity. of mutants of superoxide dismutase, solely in their apo states
What role does glycosylated copeptin play? We found no accounts, for their pathogenicity. These and related results
evidence for stabilization by unglycosylated CP, but cannot (e.g., ref39) call attention to the importance of the frequently
exclude such stabilization by glycosylated CP. However, a unknown mechanisms by which such unstable initial products
more likely role is interaction with the calnexin/calreticulin - of folding (monomers in the case of dimers and higher
system 87, 38). This system monitors protein folding and  oligomers, apo states in the case of metalloproteins) are
interacts principally (but perhaps not exclusively) with the prevented from denaturation and aggregation prior to matu-
sugars of glycosylated proteins, bringing these proteins into ration to their biologically active forms, and the consequent
the proximity of a glycoprotein-specific member of the role of these mechanisms in modulating disease processes.
protein disulfide isomerase family. Significantly, efficient
folding of human lipopotein lipase, a glycosylated disulfide- ACKNOWLEDGMENT
containing dimeric enzyme, has recently been shown to
depend on calreticulin, which decreases the formation of 7
inactive monomers and increases formation of active dimers@nd Mandar Naik for the NMR spectroscopy, to Fatemah
(39), a situation potentially reflecting thermodynamic insta- Mamdani for constructive comments, to Min Lu of this
bility of the monomeric state as proposed here for the vp department for the ultracentrifuge studies, and to Art
precursor. While arguments have been raised against any rol/illafania for gxcellent technical assistance in the early phase
for copeptin in the VP precursor (introduction), our results ©f these studies.
and consideration of the properties of the calnexin/calreticulin APPENDIX
system indicate that the arguments are not irrefutable, i.e.,
the absence of CP in the oxytocin precursor is explainable  Analysis of pH-Induced Dissociation of Intramolecular
by the greater stability of this precursor, and the cell culture Hormone-NP InteractionsThe concentrations of all inter-
results are subject to alternative interpretations. Specifically, nally liganded and unliganded components at the midpoint
because the calnexin/calreticulin system is known to sig- of the dissociation curves in Figure 6 were constrained
niﬁcantly decrease the rate of protein fOlding, while increas- using dimerization constants for un||gandéﬂ—|NP and
ing its efficiency (e.g., reB7), the increase in VP secretion  VPHNP87STOP of 2.3« 10° and 8x 102 M1, respectively
in cell culture accompanying deletion of copeptin from the (Table 1). The choice of these values is based on the
rat VP precursor¥4) actually suggests release from control assumption that any deprotonation of precursor Lys and Tyr
by the calnexin/calreticulin system. Moreover, because the at the titration midpoint (pH 9.5) does not affect dimerization,
cell culture studies measured only VP secretib8 (4), a as for example justified by the failure of amino group
decrease in folding efficiency could well be masked by a suyccinylation 9), or an increase in pH from 8 to 10
larger increase in folding rate. Such an explanation is (unpublished observations), to affé&¥BNP dimerization;
particularly attractive because it removes the apparentthe Lys and Tyr residues 8®BNP are identical to those of
VPHNP (Figure 1). Interactions between two liganded mono-
~ 3The greater stability of the oxytocin precursor than the VP precursor mers and between one liganded and unliganded monomer
is unlikely to be restricted to a comparison of the bovine oxytocin . e .
precursor with the human VP precursor. Our stability studies to date Were assigned equilibrium constants 100-fold higher and 10-
of different NP derivatives (e.g., refs 20, and this paper) can be shown ~ fold higher, respectively, than that of the corresponding
to letllgg(eest th{ﬂ_ggllgsdiff:rrlzng;fegggvﬁﬁl\giﬁgpgnEg;h?:wepszﬂClij ence unliganded protein, the thermodynamic parallel of a 10-fold
75—-86. W?ule the overall identity between oxytocin-related ang VP- higher binding ConStam.to a_dimer sqbunlt thar.] o a
related NPs is approximately 70%, this sequence is unique in having Monomer. From the derived concentrations, the internal

only 25% identity when the two series are compared, while exhibiting hormone-NP association constants were calculated, with
strong intraseries identities when different species are compared (e.g.,

ref 27). Moreoever, relative t&YBNP, the substitutions seenfsheet
residues 80 and 81 in the oxytocin serigg)(were shown to strongly 4 Although the pathogenicity of HVRCP is unknown, the extreme
stabilize porcine®NP (20) and tend towards increasegtsheet insolubility of its misfolded states might also contribute to pathogenicity
propensity in the other cases. by preventing their clearance.

The authors express their appreciation to Tam L. Nguyen
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results accepted when agreement between the calculated
values and these constraints was within 10%. Several
corrections were then necessary to convert the initially
derived monomer and dimer binding constants to their
concentration-independent values at pH 7.4 anti3First,

it can be shown that the intramolecular binding constant
determined at 0.05 M concentration (1585) contains a
contribution from the uphill free energy necessary to increase
the total dimer content from its value in the completely
unliganded state to that at the titration midpoint. The total
dimer content calculated at the titration midpoint relative to 6
that calculated in the absence of binding gave the energy
correction (calculated as 0&[mole fraction dimer]RTn
[dimer concentration at titration midpoint/dimer concentration
in unliganded state]). Correction for this energy term
increased the originally derived binding constants by 26%.
Values were corrected to 37TC by decreasing the 25C 8
binding constant of the protonated horman@mino group

by 50% based on literature data (e.g., &f) and on
unpublished studies in this laboratory. Binding constants were
corrected to pH 7.4 to account for amino group deprotonation
in the unbound state using &pvalue of 6.0 at 37C to
adjust for temperature effects op

Effects of Concentration on NP Stabilit€oncentration
effects on NP stability to guanidine denaturation arise
because of the free energy-AGpimerization required to
dissociate the equilibrium population of folded unliganded
NP dimer to folded unliganded monomers during the
unfolding process, where

10.

12.

AG

Dimerization
(Dlmer)equilibrium

AG? 4+ RTIn
(Monomerinitial

Unliganded dimerization

®3)

and the initial concentration of monomer is the total molar
concentration of NP chains. The stabilities of unliganded NP
monomers and dimers (0.1 M) to guanidine denaturation at
pH 7.4 were calculated from measured stabilities of un-

liganded NP to guanidine denaturation at 0.05 mM, pH 6 15

(Table 1) as described in the Table 4 legend. Standard free
energies of dimerization were calculated from the measured
dimerization constants in Table 1 ¥{HNP at pH 6.2 and

7.5 and of’PHNP87STOP at pH 6.2, using the assumption 16

that dimerization ofPHNP87STOP, like that of°"BNP, is

unchanged between pH 6.2 and 7.5 because of the absencel7.

of His-90. Stabilities were assumed to be unchanged between
25 and 37°C.

18.
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