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ABSTRACT. We have purified the mouse prohormone convertase 1 (PC1) pro-domain expressed in
Escherichia colicells and demonstrated, using a number of biophysical methods, that this domain is an
independent folding unit with &y, of 39 °C at a protein concentration of 20/ and pH 7.0. This differs
significantly from similar pro-domains in bacteria and human furin, which are unfolded a€2ind

require the catalytic domain in order to be structured [Bryan et al. (18&&)hemistry 3410310~

10318; Bhattacharjya et al. (200D)Biomol. NMR 16275-276]. Using heteronuclear NMR spectroscopy,

we have determined the backbot€ 13C, and!®N assignments for the pro-domain of PC1. On the basis

of IH/13C chemical shift indices, NOE analysis, and hydrogen exchange measurements, the pro-domain
is shown to consist of a four-strand@esheet and twar-helices. The results presented here show that
both the bacterial pro-domain in complex with subtilisin and the uncomplexed mouse PC1 pro-domain
have very similar overall folds despite a lack of sequence homology. The structural data help to explain
the location of the secondary processing sites in the pro-domains of the PC family, and a consensus
sequence for binding to the catalytic domain is proposed.

The biosynthesis of many secreted proteases depends othe multifunctional precursor pro-opiomelanocortin (POMC)
an N-terminal pro-domain. Some examples are aspartic(17, 18). PC1 cuts preferentially after the amino acid
proteinases, such as carboxypeptidasel)Y yapsin 1 ), sequence RX(K/R)R, where X can be any amino acid, and
and protease A3), cysteine proteinases such as cathepsin is required for proper processing of proinsulin, proglucagon,
D and papain 4), and serine proteases such Bacillus and POMC 19). Although the catalytic domain of PC1 has
subtilisin G), a-lytic protease §), Kex proteases7), and about 25% sequence identity to the subtilisin catalytic
prohormone convertase8)( The prohormone convertases domain, the pro-domains of PC1 (83 amino acids) and
(PCs), a family of eukaryotic enzymes, have been shown to subtilisin (77 amino acids) share no detectable sequence
be homologous to bacterial subtilisi8)( To date, seven PCs  homology @O0).
have been identified in mammal)( These serine proteases While there is primary structural information for the
are responsible for processing multidomain proteins into prohormone convertases from various organisms, very little
biologically active peptide hormonesQ). The PCs consist  is known about the secondary or tertiary structures for any
of five major domains: the N-terminal signal peptide, the of the domains of the PC family. The sequence-specific NMR
pro-domain, the catalytic domain, the P domain (or homo- assignments for the inhibitory pro-domain of human furin
B-domain), and the C-terminal tail{, 12). The pro-domain  have been determined, but this protein is globally unfolded
is believed to serve numerous functions, such as promotingin isolated form and therefore no structural data has been
folding, stability, sorting, and transiently inhibiting the derived @1). Also, a C-terminal peptide fragment (residues
hormone processing activitylL §). 81-104) from the pro-domain of PC7 was recently found

The prohormone convertase PGalso known as PC3 or  to be helical in 50% trifluoroethanol using nuclear magnetic
SPC1) is expressed in neuroendocrine tissue and is responresonance technique2?).
sible for processing of prohormones in the dense core vesicles In this paper, we describe the purification of mouse PC1
of the regulated secretory pathwa&y {4, 15). PC1 consists  pro-domain expressed iischerichia colicells. Since the
of 753 amino acids in total, including all five domairisy. PC1 pro-domain is folded in the absence of the catalytic
The endoproteolytic activity of PC1 was first demonstrated domain, we were able to characterize its structure and
with a series of experiments in which PC1 accurately cleaved stability using a number of biophysical methods including
circular dichroism (CD), analytical ultracentrifugation, and
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g(;%moG)MGZASt}rO i(st?ni#é%)(ﬂlggglglrlgg dGézﬂtE%?(’J\"M Grg’alﬁaNtEG%O%gﬁq secondary and tertiary structural elements of the pro-domain
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MATERIALS AND METHODS A
2000

Cloning The cloned mouse PC1/PC3 gene was graciously _ 0
provided by the laboratory of Donald Steiner in plasmid g -20004
pCMV5-PC3. Initially, the pro-region DNA was amplified ©  _4000] N
in 30 cycles of a typical PCR reaction using pCMV5-PC3 "€ 60001 mouse PC1
as the template. Each cycle consisted of a 45 §®4nelt, ; _8000_5
a 45 s 50°C anneal, and a 30 s 7Z extension. The's 2 100003 fel o '
oligonucleotide encoded Mdd site and the 3oligonucle- T 120004 ¢ subtilisin  BPN
otide a translation stop (TAA) arBlarH| site, which enabled 140004
digestion of the PCR product with restriction enzymes for L 0 e o e
cloning the fragment into plasmid pG23). Correct clones 200 210 220 230 240 250
were identified by restriction analysis. DNA sequences were Wavelength [nm]
verified by sequencing according to the Sequenase protocol B
(U.S. Biochemical) and found to be identical to the reported I , . —
sequence 24). Due to nucleic acid contamination during s T e
protein purification, the gene was modified at tHeed to 3 0.8 | “ -
encode six histidine residues at the N-terminus of the protein, S
facilitating efficient purification on a nickel affinity resin. 5 06F '.:‘ )
Uracil-containing single strand DNA template was prepared £ 0.4 RN .
by the method of Kunkel 25). Oligonucleotide-directed oozl 202 mM |
mutagenesis was performed using standard molecular biology Z ) e ..-v-~'-«*"'f“2 M
techniques. Correct clones were identified by DNA sequenc- 0 AGHE T T m
ing. The resulting pro-domain peptide has a seven amino - 3'0 4'0 5'0 elo 7'0
acid extension at its N-terminus (MHHHHHH) prior to the Temperature

wild-type N-terminal K1 at the putative pre-pro processing

site and is 90 amino acids long, ending with R83 at the Figure1: (A) CD profiles of the pro-domains of PC1 and subtilisin
putative pro-mature processing site at its C-termir2#.( BPN'. Mean residue ellipticity (deg c#umol) is plotted versus

. e . wavelength. Spectra were measured in 0.1 M, iKP 7.2, using a
Expression and PurificatianCompetentE. coli BL,21' 1cm cy?indricgl cuvette at 28C with a prote:ﬂ concentra%on
(DE3) cells were transformed, and cell fermentation was of 20 uM. (B) Temperature unfolding profile of the PC1 pro-
carried out using the methods described in 28f The domain. Mean residue ellipticity (deg émmol) at 222 nm is
harvestedE. coli paste was suspended in 30 mL of plotted versus temperature. Solvent conditions were 0.1 M KP
phosphate-buffered saline (PBS), and phenylmethanesulfonylpH 2.
fluoride (PMSF) was added to a final concentration of 1 mM.

DNase | (1 mg) and lysozyme (3 mg) were also added to Circular Dichroism Circular dichroism measurements

were performed with a Jasco spectropolarimeter, model

glec:l 1nsimsgfrf}gg dan rrc13IIItiI%ZIS'a;essézetﬁ:\cl)ilyﬁ ';U;EZirChJJZO, using water-jacketed quartz cells with path lengths
y y pie p g of 1 cm, 1 mm, or 0.1 mm depending on the pro-domain

pressure cell press using an Aminco pressure cell subjecting . . )
the suspension to 1000 psi. The suspension was the concentration which ranged from (M to 2.0 mM. Far

trifuaed at 100G for 25 min. Th tant V wavelength scans were recorded at°Zsfrom 250 to
centri uge 3 filt Q(jj) t%r hmm'o € supertr;a an WZS 200 nm. The average for five CD spectra is presented. The
removed and fitere rough a 0.45n mem rane an ellipticity results were expressed as mean residue ellipticity,
chromatc_)gra_phed on a 2:5 10 cm column contalnln_g 10 [6], in deg cn® dmol™. Temperature-induced unfolding of
mL of His-Bind resin (quagen). The tgrget protgln Was the pro-domain was performed in the temperature range
eluted from the column with a-5500 mM imidazole linear

o . between 15 and 98C in 1 cm, 1 mm, and 0.1 mm cuvettes.
gradient in 50 mM potassium phosphate and 0.5 M NaCl, gyinicities at 222 nm were monitored every 10 s at a
pH 7.9. Samples (1&L) from the column fractions were

: X scanning rate of 1 deg/min. Reversibility of the denaturations
checked by sodium dodecyl sulfate (SBgplyacrylamide 44 confirmed by comparing the CD spectra at@%efore

gel electrophoresis (PAGE) on $@0% running gels for peating and after the heating and cooling cycle.
(pj)_urllty. Jhe pur!ﬂe:j frac_tlons d were pdooled tog(_ether gggo Analytical Ultracentrifugation Sedimentation equilibrium
lalyzed extensively against deionized water using a experiments were performed with a Beckman XL-A Optima

MWCO membrane at 4C. Th_e sample. was then !yophi- analytical ultracentrifuge equipped with a four-hole, An-55
lized. The mass of the purified protein was verified by rotor. All experiments were performed at 28 at rotor

MALDI on a Voyager-DE (PerSeptive Biosystems). The ghoa4s of 32000 and 40000 rpm. The concentration
typical yield was about 35 mg of purified unlabeled protein isripution of pro-domains at equilibrium was acquired in
from a 1.5 L fermentation. Azso = 1.45fa a1 mg/mL 4 gtep mode as an average of 20 measurements of absorbance

solution was used to determine concentration. at 280 nm at each radial position, with nominal spacing of
Uniformly labeled 3°C/*°N samples were prepared by 0.001 cm between radial positions. Scans separated by time
expression in M9 minimal media witPNH,4CI and [-*C]- intervals of 15 min for the fis4 h and then ever3 h were

glucose as the sole nitrogen and carbon sources, respectivelycompared. A partial specific volume of 0.721 €gi was
Labeled protein samples were purified as above with typical calculated on the basis of the amino acid composition.
yields of 15 mg from a 1.5 L fermentation. Equilibrium constants for the dissociation of the dimeric pro-



5490 Biochemistry, Vol. 40, No. 18, 2001 Tangrea et al.

Table 1: Line Widths (Hz) for Resolved Methyl Proton Resonances back scheme for solvent suppressig8)(Homonuclear two-

versus Concentration of the PC1 Pro-Domain (M) dimensional TOCSYZ9) and NOESY 80, 31) spectra were
130 0CHs 122 5CHs 150 6CHs recorded in both kD and DO with mixing times of 55 and
[proPC1] (6 0.34ppm) (6 0.23ppm) (6 —0.57 ppm) 150 ms, respectively.
0.08 16 18 29 Three-dimensionadPN NOESY-HSQC and®N TOCSY-
0.2 17 15 30 HSQC experiments3@, 33) were recorded with mixing times
0 18 » 30 of 150 ms (NOESY) and 55 and 70 ms (TOCSY), at 15 and

R : : 25 °C. For the'>N NOESY-HSQC experiment, 64, 321t,,
héﬂu(;]e width at hag.'he'?h;ﬂ Hz) W(?S me"’.‘sur?d for thrﬁ&;pfleld- and 512t; time points were utilized with sweep widths of

shifted resonances directly from one-dimensional proton spectra. 15

b The 0.05 mM spectrum was collected at 500 MHz using a cryoprobe 13.0, 33.0, a.nd 13.0 ppnir{, F>, F_3)' For.the N TOCSY-
(K C0|Son’ Bruker |nstruments’ B|||er|ca’ MA) HSQC eXperIment, 5& 20 X 512 time pOIntS were CO||€Cted

in thet; x t; x t 3 dimensions using a DIPSI-2 mixing

domain to monomers were estimated by using a modified S€duenced4, 35).
version of IGOR software (Wavemetrics, Lake Oswego, OR)  Three-dimensional HNCACB3g) and CBCA(CO)NH
(26). (37) spectra were recorded at 26 with sweep widths of
NMR SpectroscopyBoth unlabeled and isotopically 68.4, 33.0, and 13.0 ppn¥{, F,, F3). For the HNCACB
labeled NMR samples were prepared by dissolving the experiment, 64, x 32t x 512t; time points were collected,
lyophilized protein powder in 450L of 100 mM potassium  and the CBCA(CO)NH experiment consisted oftg&@5t5,
phosphate buffer, pH 7.0, containing 10%Q390% HO. and 512t; time points. The carrier frequencies for both
An additional sample was also prepared=189.9% DO. experiments weréH 4.70, 3C 46.0, and'>N 118.0 ppm.
NMR spectra were recorded on Bruker DRX-500 and DRX- The three-dimensional HBHA(CBCACO)NH experiment
600 spectrometers equipped with 3-axis gradient probes. Data37) consisted of 6Q;, 32 t,, and 512t; complex points at
were processed on a Dell Precision 410 workstation using sweep widths of 8.0, 32.0, and 16.0 ppm, respectively. A
NMRPipe 7). Two-dimensional®N HSQC spectra were  three-dimensional HNCO experime8] was acquired with
recorded in StatesTPPI mode using a gradient water flip- a3C carrier frequency of 177.0 ppm. The complex points
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FIGURE 2: 15N HSQC spectrum of the mouse PC1 pro-domain af@5pH 7.0. Horizontal lines connect cross-peaks due to side chain
Asn/GIn amide protons. The peak labeled X is unassigned but may be due to one of the histidines in the N-tergtaggliddised on triple
resonance data.
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Ficure 3: Summary of sequential NOEs, consensus chemical shift index (CSI), secondary structure, and hydrogen exchange data. The
sequential NOH(i, i+1) is between the Hof residuei and the H, of residuei+1. The sequential NOHun(i, i+1) is between the ki

of residuei and the K, of residuei+1. NOE intensity is proportional to the height of the solid bars. Open bars indicate positions where
sequential connectivities could not be established due to peak overlap. Consensus CSI was determined using the method of Wishart and
Sykes 43). Secondary structures are delineated on the basis of the consensus CSt:[F@xehange data, solid circles represent amide
protons with protection factors greater than 4000, and half-filled circles represent detectable amide protons with protection factors of less
than 4000. The remaining amide protons were in fast exchange and could not be detected Théfigure was generated using VINCE
(http://lwww.rowland.org/rnmrtk/vince.html).

were 64t;, 25t,, and 512t; at sweep widths of 18.0, 32.0,
and 13.0 ppm, respectively.

Hydrogen-deuterium (H-D) exchange experiments were
carried out by adding D to the lyophilized®N-labeled pro- ~ equilibrium experiments were carried out.
domain and recordinN HSQC spectra at 2% over a 24 Sedimentation Equilibrium StudieThe sedimentation
h period. Exchange rates were determined by fitting data to equilibrium method is widely used for accurate determination
a first-order exponential equation of the foln= A, exp- of molecular homogeneity and associations of proteins. We
(—kext), whereA is the peak volume at timeandkey is the applied this method to the PC1 pro-domain in order to
first-order rate constant. Random coil intrinsic exchange ratesquantitatively characterize its tendency to associate. Four
(kny) for amide protons were corrected for sequence- different initial concentrations of the pro-domain were
dependent effects, pH, and temperature using the methodsentrifuged at rotor speeds of 32K and 40K rpm. The four
described by Bai et al39). concentrations ranging from 0.07 to 1.38 mg/mL were
centrifuged to equilibrium. In all distributions, the pro-
domain behaves as a homogeneous population of monomers
with average molecular mass of 10 800 Da (calculated MW
=10 654.8) in 100 mM potassium phosphate buffer, pH 7.0.
Differences between the fitted curves and the data were small
(root-mean-square deviation€0.005) and were distributed

the H-D exchange experiments), the melting temperature
is 60°C. Since concentration dependence of stability is often
an indication of association and/or aggregation, sedimentation

RESULTS

Analysis of the Temperature Unfolding Profile for the PC1
Pro-Domain Figure 1A shows the CD spectrum of the PC1
pro-domain. The mean residue ellipticity at 222 nm-B300
deg cn? dmol, consistent with the mixed, 3, and disor-
dered structure content determined from NMR (see below). 2imost randomly around zero.

To determine the equilibrium constant for pro-domain  Free Energy of UnfoldingThe AG of unfolding for the
folding, analysis of pro-domain unfolding versus temperature pro-domain at 20uM and 2 mM concentrations was
was carried out in 100 mM potassium phosphate, pH 7.2, atdetermined from CD melting data. At 2eM, the AG for
pro-domain concentrations of 204, 200uM, and 2.0 mM. the unfolding reaction is-2 kcal/mol at 25°C. As the protein

Temperature unfolding profiles are presented in Figure 1B.
The unfolding reactions are completely reversible after
scanning to 65°C. The fraction native is determined by

subtracting unfolded baseline from the experimental CD
signal and then dividing by the total CD difference between
100% folded and 0% folded at that temperature. As the

concentration is increased, th& of unfolding also increases
(Figure 1B). From both the CD melting data and from the
rate of H-D exchange (see below), thes for unfolding is

~5 kcal/mol at 2 mM and 25C. Concentration-dependent
effects of this type are frequently ascribed to oligomerization
of proteins. However, the sedimentation results demonstrate

concentration of the pro-domain is increased, the temperaturethat the pro-domain associates only weakly, if at all. The

of the melting transition increases. At 20/, the melting
temperature is 39C, while at 2 mM (the concentration of

absence of significant amounts of dimer/oligomer is further
supported by an analysis of proton NMR line widths as a
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function of concentration. Table 1 shows that there is no
appreciable change in line width from 0.05 to 2 mM pro-
domain concentration. Moreover, the line widths for L30
OCHS3 and 1220CH3 are consistent with methyl group line
widths obtained for other proteins in the same molecular mass
range and under similar conditions. The broader line width
for 159 6CH3 is most likely due to chemical exchange effects
in the 53—a2 loop (see Discussion).

Given the absence of strong association of the folded pro-
domain, it is difficult to explain the observed concentration
dependence of stability4Q). If the folded pro-domain
dimerized with &y of 4 mM (the minimum value consistent
with the sedimentation data), there would be little effect of
pro-domain concentration on the observed equilibrium
constant for folding in the millimolar range. For example, if
K¢ = 4 mM and [pro-domain}= 2 mM, the equilibrium
constant for folding would only increase by 1.6-fold, relative
to [pro-domain]= 20 uM. Since each kcal/mol gain ING
corresponds with a 5.4-fold increase in the equilibrium
constant at 28C, the 3 kcal/mol increase which we observe
for the pro-domain would correspond with a 150-fold
increase in equilibrium constant. This means that ke
would need to be less than 200/ if the AAG of 3 kcal/
mol was due to dimerization. A4 of this magnitude is
clearly inconsistent with both sedimentation results and the
analysis of NMR line widths.

One possible explanation for increased stability at high
concentration may be the volume-excluding properties of the
pro-domain itself. Effects .Of protein concentration on S.tablhty PC1 pro-domain from NMR data. (B) Structure of the bacterial
have been reported previousilj, although the magnitude 5 _4omain in complex with subtilisin BPNPDB accession code

of the effect seen with the pro-domain is large. In any case, 1SpPB). The ribbon drawing depicts thecarbon backbone of the
we would argue that thAGyntoding Of ~2 kcal/mol observed  bimolecular complex of subtilisin BPNlighter shading) and the

at low protein concentration most accurately reflects the pro-domain (darker shading). The C-terminus of the pro-domain
intrinsic conformational stability of the PC1 pro-domain extends into the subtilisin active site. The figure was generated using
. ; Molscript (50).
Resonance Assignmenthe HSQC spectrum of the PC1 Pt 60
pro-domain showed good signal dispersion characteristic Ofbacterial subtilisin pro-domain. NOE analysis indicates a

a folded protein (Figure 2). Sequence-specific resonance, . o o fold with a four-stranded antinarall@-sheet
assignments were made fogH\u, Cq, Hy, and C atoms ?F%grg A(?Bﬁ)g. P o

as well as ¢ and H; atoms for most residues. These were
obtained from a combination of the following standard three-
dimensional double and triple resonance experiments usin
a °C/>N-labeled sample: HNCO38), HNCACB (36),
CBCA(CO)NH @7), HBHA(CBCACO)NH 37), and N
TOCSY-HSQC 82, 33). No resonances were observed for
the first eight residues at the N-terminus corresponding to
the N-terminal methionine, thegdittachment, and K1. These
residues are most likely disordered and are exchange5'3i 0'3 kcal/mOI' Moreovgr, the HD exchange results
broadened in NMR spectra. Backbone assignments were e consistent with the/$ folding topology Qetermmed from
. . : triple and double resonance NMR experiments.
obtained for 78 of the other 82 residues. The NMR signals
for S36, R51, L57, and H58 were not detected_. S36is chated DISCUSSION
in the 52— 3 turn, and the other three unassigned residues
are in the 17-residue loop betwegf anda2. Comparison of Stability between the Pro-Domains of
Chemical Shifts and NOE$he chemical shiftindex was  Subtilisin BPNand Mouse PCI1The isolated bacterial pro-
used to determine the secondary structure elements for thedomain of subtilisin BPNfrom Bacillus amyloliquefaciens
PC1 pro-domain42, 43) (Figure 3). The pro-domain consists is largely unfolded even under optimal folding conditions
of four S-strands and twar-helices, and these regions of (Figure 1) but has some propensity to fold on its own. The
secondary structure were further confirmed by sequential free energy of independent folding, although unfavorable,
NOE data (Figure 3). Strongyn(i, i+1) NOEs were found  is small enough that a few percent of pro-domain molecules
in B-strands, and strondun(i, i+1) NOEs were found in  are folded under aqueous conditions at°25(44). Similar
a-helices. Furthermore, long-range NOEs (not shown) were results were observed for the pro-domain of human furin,
detected between thstrands which indicate that the fold  which is unfolded at 30C (21). In contrast, the pro-domain
of the mouse PC1 pro-domain is very similar to that of the of PC1 is fully folded at 25C, allowing structural studies,

SUBTILISIN

Ficure 4: (A) Schematic diagram of the global fold for the mouse

Hydrogen-Deuterium ExchangeProtection from H-D
exchange was observed for 26 main chain amide protons in
Yhe mouse PC1 pro-domain (Figure 3). Of the detectable
amide protons in BD solution, 20 were classified as slow
exchanging. These NHs have protection facter&i{/kex)
in the range of 420021 800 andAG,, values F—RT In-
(Kex'kint)] from 4.9 to 5.9 kcal/mol with an averag®G,p of
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3 13 23 33 43
BPN” KSNGEKKYIVGFKQ TMSTMS A AKKKDV ISEKG GKVQKQFKYV - -D AASAT
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mPC 1/3 KRQFVNEWAAE IP GG -------- QE AAS AIAEELG - YDLLGQ IGSLENHYLFK
1 10 20 30 40
53 63 73
BPN’ LNEK-------cammmaaee AVKELKKDP SVAYVEEDHVAHAY
2° Structure 0L 0L 0L O 0Lt BRBPBA
mPC1/3 HKSHPRRSRR SALHITKRLSDDDRVT- WAEQQYEKERSKR
50 60 70 80
B
2°Structure BRBRBBB 0L 0L 0L OLOLOL O 0L OO BRPRR BB BRBPB
i 10 20 30 40

mPC1/3 KRQFVNEWAAEIP - GGQEAA SATAEELGYDLL GQIGSLENHYLFK
hfurint QGQKVFTNTWAVRIP - --GGP AVANS VARKHGFLNL GQI----FGDYYHFW
hPC2 ERPVFTNHF LVELHK-- -GGEDKA RQVAAEHGF-GV RKLPFAEGLYHFY
mPC4 QAPI YVSSWAVRVT KGYQEA ER LARKFGFVNL GQIFPDDQYF HLR
hPACE4 APPPRPV YT NHWAV QVL -GGPAEADR VAAAHGYLNL GQIGNLEDYYHFY
mPC5/6 RTRVYTNHWAV KIA - GGFAEADR TASKYGFINV GQIGALKDYYHFY
PC7 LTEAGGLDTLGA GGLS WAV HLDSLEGERKEESLIQQ A NAVAQAAGLVNA GRIGELQGHYLFV
Conscrved v tN WAV GG A VA GF NI GQI g 1 y YHF

P PN [
2" Structure oo oo BPRPRR

50 60 70

mPC1/3 —— HKSHPRRSRRSALHITKRLS DDDRVTWAEQQYEKE RS KR
hfurinl = - HRGVTKRSLSPHR PRHSRLQREPQVQWLE QQVAK RRT KR
hPC2 -——---HNGLAKAKRRRSL HHKQQLERDPRVKMALQQEGF DRKKR
mPC4  eeeee HRGVAQQSLTPHWGHRLRLKKDPKVRWFE QQTLR RRVKR
hPACE4  -eee HSKTFKRSTLSSR GPHTFLRMDPQVKWLQQQEVK RRVKR
mPC5/6 - HSRTIKRSVLSSRGTHSFI SMEPKVEWIQQQVVKKRTKR
rPC7 QPAGHGQAMEAEAMRQ QAEAVLAKHEAVRWHS EQRLL KRAKR
Conserved H g krS L dP V W QQ K R KR

Ficure 5: (A) Alignment of amino acid sequences for the bacterial BBAN mouse PC1 pro-domains based on secondary structures.
Secondary processing sites are underlined. (B) Sequence alignment between mammalian PC pro-domains with the secondary structure of
mouse PC1 at the top of the figure. The numbering pertains to the PC1 sequence. Conserved residues are in bold type. In the bottom line,
highly conserved residues (present in at least five out of seven sequences) are shown in upper case lettering while less conserved residues
(present in four out of seven sequences) are shown in lower case lettering. Putative surface residues, predicted from alignment with the
crystal structure of the subtilisin BPIgro-domain, are marked with an asterisk. The primary (C-terminal) and secondary processing sites

are underlined.

but is nevertheless on the margin of stability at biologically different loop lengths are most likely due to differences in
relevant concentrations. the position of the secondary processing site between the

Low independent stability of these pro-domains may have bacterial and mammalian systems. In the bacterial pro-
been selected for in the course of evolution. The pro-domaindomain, the secondary processing site is located in the
is required to promote folding of the catalytic domain and A1—al loop @7) whereas in PC1 pro-domain it is located
then is proteolytically degraded. In the case of subtilisin, pro- in the33—a2 loop (see below). Another difference between
domain mutants which were engineered to be h|gh|y stable these two folds is that the C-terminal residues of the subtilisin
are strong inhibitors of the catalytic domai#5]. Indeed,  Pro-domain are in an extendef-strand conformation
the stability of the pro-domain is directly linked to its binding Whereas residues 7@3 of the PC1 pro-domain have a
affinity for the catalytic domain. For example, as the fraction random coil conformation. In the case of the subtilisin pro-
of folded pro_domain approaches one, the observed associadomain, ordering of the C-terminal residues is a result of
tion constant with subtilisin approaches its maximuts)( complex formation with the catalytic domain. The C-terminal
The final step in subtilisin biosynthesis is the release of the residues 7277 extend out from the central part of the pro-
pro-domain to generate active subtilisin. With an indepen- domain and bind in a substrate-like manner along subtilisin’s
denﬂy folded pro-domain' this final Step may become rate active site cleft. Residues Y77, A76, H75, and A74 of the
limiting. Thus the pro-domains may have evolved a stability Pro-domain occupy subsites S1 to S4 of subtilisin, respec-
which is adequate for folding the catalytic domains but not tively. In contrast, the PC1 structural studies were carried
so stable that they are long-lived inhibitors. out on the uncomplexed pro-domain.

Structural Comparison between Subtilisin BRidd PC1 Sequence and Structural Homology in the PC Pro-
Pro-Domains Both the uncomplexed mouse PC1 pro-domain Domains Comparison of amino acid sequences between the
(Figure 4A) and the bacterial subtilisin pro-domain in Vvarious mammalian PC pro-domains shows an identity level
Comp|ex with subtilisin (Figure 4B) 4(4, 47) have very of 30—40% (Figure SB) This indicates that, in Complex with
similar overall folds despite a lack of sequence homology. their catalytic domains, these pro-domains will most likely
Their structures consist of a four-stranded antiparghsheet ~ have a similar fold to that of mouse PC1 pro-domain even
and twoa-helices. The lengths of the secondary structural though some may be unfolded as isolated domains. The high
elements are very similar for both proteins. However, some sequence identity80%) for PC1 pro-domains across other
differences are also apparent. Alignment of the amino acid SPecies such as rat, pig, and human indicates that these too
sequences based on their secondary structures reveals difill probably adopt the same fold as mouse PC1 pro-domain.
ferent sizes for thg1—al andf3—a2 loops in the bacterial In light of the structural data, it is interesting to note that
subtilisin and mouse PC1 pro-domains (Figure 5A). These the sequence homology between mammalian PC pro-domains
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is quite high in theS-strand regions (Figure 5B). On the

basis of the alignment with the bacterial pro-domain struc-
ture, both buried and surface residues appear to be conserved *

7.

for over 50% of the residues in thestrand regions of the

PC pro-domains. The relatively high degree of conservation
within the s-strand elements may serve two purposes: (1)

to maintain packing with the-helices within the pro-domain

and (2) to maintain a basal level of favorable contacts with
the catalytic_domain. This.second poin.t is based on structgral 10. Steiner, D. F. (1998Furr. Opin. Chem. Biol. 231-39.
homology with the bacterial pro-domain and the observation 11
that most of the bacterial pro-domain residues involved in
contacts with subtilisin are in the C-terminal tail and the 12.
f-sheet (Figure 4A). Therefore, in addition to the primary
processing site at the C-terminus of the PC pro-domains, a
f-sheet consensus sequence for binding to the catalytic
domain is proposed (Figure 5B). Consensus residues appeari4.
in all four s-strands, but putative consensus surface residues

have the highest concentration in {h2-strand, which is an

outer strand of thes-sheet. Presumably, specificity arises
from changes around the primary processing site as well as 1¢.
variations in other less conserved surface/contact residues

in or nearby theg3-sheet.

Relation between Secondary Processing Sites and Struc-
ture. It is instructive to note the positions of the secondary 1g.
processing sites in light of the new structural data obtained
here for the mouse PC1 pro-domain (Figure 5B). While the 19.
primary processing site is conserved across the different PC
pro-domains, the secondary processing sites are less well =
conserved both in sequence and in the position of proteolytic 21

cleavage on the polypeptide cha#8]. With the exception

of PC7, the secondary processing sites are contained within 22.

a large 17-residue loop between fh@-strand andx2-helix

that is solvent accessible. Some backbone amide protons in =™
24.

the f3—a2 loop of PC1 pro-domain (R51, L57, H58) are

exchange broadened, suggesting that this loop may be
flexible and may exist in multiple conformational states.
Further NMR experiments will be necessary to confirm this.

5.

8.
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within the loop and hence is readily accessible to the catalytic 28. Mori, S., Abeygunawardana, C., Johnson, M. O., and van Zijl,

domain. In the case of PC7, the putative secondary processing 29

site is located in thgg1—al loop, which is the same loop

used by the bacterial subtilisin pro-domain (Figure 5). PC7 30.
is believed to be evolutionarily divergent from the other
mammalian PC4Q), and its pro-domain is about 30 residues
longer than the other PC pro-domains. On the basis of the
data presented here, the PC7 pro-domain most likely has the =
same overall fold as the other PC pro-domains but has longer 33,

pl—al andf3—o2 loops.
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