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Synthesis and conformational analysis
of salivary proline-rich peptide P-B
Elzbieta Kamysz* and Emilia Sikorska

The 57-amino acid human salivary polypeptide P-B has been synthesized by the solid-phase method using 9-
fluorenylmethoxycarbonyl (Fmoc) strategy. The circular dichroism (CD) spectroscopy, Fourier-transform infrared spectroscopy
(FTIR) and molecular modeling methods have been used for conformational studies of P-B. Examination of the CD spectra of
P-B showed the content of the secondary structure to be independent of temperature over the range 0-60°C at pH = 7 as
well as over the pH range of 2-12 at 37 °C. P-B adopts predominantly unordered structure with locally appearing B-turns. The
cumulative results obtained using the CD and FTIR spectroscopic techniques indicate the percentage of the polyproline type-Il
(PPII) helix being as low as about 10%. Similarly, the molecular dynamics (MD) simulations reveal only a short PPII helix in the
C-terminal fragment of the peptide (Pro®! -Pro°*), which constitutes 7%. Copyright () 2010 European Peptide Society and John
Wiley & Sons, Ltd.
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Introduction

The salivary proline-rich proteins (PRPs) predominate in the human
saliva and constitute up to 70% of the proteins secreted by
the parotid gland [1]. PRPs have commonly been classified into
three categories: acidic, basic and glycosylated proteins. Acidic
PRPs bind to the surface of teeth and are involved in calcium
and hydroxyapatite homeostasis and dental pellicle formation
[2]. Glycosylated PRPs bind and agglutinate oral bacteria and
have lubricating properties [3]. Basic PRPs bind and precipitate
polyphenols by forming insoluble complexes, so that they can
pass harmlessly through the body [4,5]. The high affinity of PRPs
for polyphenols has been attributed to their open and extended
structure and their high proline content. Recently, an unidentified
basic PRP has been shown to inhibit HIV-1 infectivity [6]. To date,
the function of this category of human salivary protein has not
been well established.

The most common conformation of the proline-rich sequences
is the polyproline type-II (PPII) helix, a left-handed helix consisting
of trans-prolines with backbone dihedrals ¢ = —75° and
¥ = +145° resulting in a very extended structure with a highly
solvated backbone and three residues per turn [7,8]. Results of
conformational studies of PRPs suggested the occurrence of the
poly-L-proline form Il conformation. However, there are still some
discrepancies in the interpretation of conformations of this line of
peptides in solution [9-11].

In this paper, we report the results of chemical synthesis and
conformational studies of P-B, a member of the basic proline-rich
protein family presentinthe humansaliva.ltisa 57-aminoacid pep-
tide containing 30 prolineand 9 glycine residues, pPQRGPRGPYPPG-
PLAPPQPFGPGFVPPPPPPPYGPGRIPPPPPAPYGPGIFPPPPPQP. The
P-B is a mature peptide by itself [12-15], but its biological role re-
mains still unclear [16,17]. Previous circular dichroism (CD) studies
of P-B, based on the coincidence of the positions of trough and
peak in the CD spectrum of the aqueous solution of poly-L-proline
with that of P-B, indicated that the consecutive prolyl residues in

the peptide adopt a poly-L-proline form Il structure [18]. However,
it is known that among all protein residues adopting PPIl dihedral
angles, only about 50% constitute part of PPIl helices of four
residues or longer and the CD spectra corresponding to the PPII
fraction, obtained by both considering PPIl segments and all the
isolated residues in PPIl conformational state, display identical
characteristics of the poly(Pro)ll helix bands [7,19,20]. For this
reason, it is difficult to demonstrate the occurrence of the PPII
conformation by CD alone. Hence, in our studies, apart from the
CD spectroscopy, we have included Fourier-transform infrared
spectroscopy (FTIR) and molecular modeling to determine the
conformational properties of the P-B peptide.

Materials and Methods
Peptide Synthesis

The [Q'IP-B peptide was synthesized manually by the solid-
phase method on a 2-chlorotrityl chloride resin (loading 1.3
mmol/g, 1% DVB, 100-200 mesh, Tianjin Nankai Hecheng Science
& Technology Co., Ltd., China) using 9-fluorenylmethoxycarbonyl
(Fmoc) chemistry [21]. N-a-Fmoc-protected amino acids were
purchased from lIris Biotech GmbH (Germany); 1-hydroxy-
benzotriazole (HOBt), piperidine, diisopropylocarbodiimide (DIC)
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and chloranil were from Fluka (Switzerland); N,N-diisopropy-
lethylamine (DIEA), triisopropylsilane, O-(benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU) and phenol
were from Sigma-Aldrich (Poland); acetonitrile, N,N-dimethyl-
formamide (DMF), dichloromethane (DCM), diethyl ether and
acetic acid were from Polish Chemicals (Poland).

The N-a-Fmoc-amino acids were protected on the side chain
as follows: trityl (Trt) for glutamine, t-butyl (tBu) for tyrosine,
and 2,2,4,6,7-pentamethyldihydrobenzofurane-5-sulfonyl (Pbf) for
arginine. The attachment of the first amino acid to the resin was
performed according to Barlos et al. with a loading of 0.6 mmol/g
[22]. Deprotection of the Fmoc group was carried out for 10 and
20 min with 25% piperidine in DMF. All amino acids were coupled
with a fivefold molar excess of the protected amino acid (Fmoc-AA)
dissolved in DMF/DCM using HOBt and DIC for 2-5 h (Fmoc-AA :
HOBt : DIC, 1:1:1). Only the coupling reactions of Fmoc-GIn(Trt)-
OH were carried out using also TBTU with the addition of HOBt
in the presence of DIEA for 2 h (Fmoc-AA : TBTU : HOBt : DIEA,
1:1:1:2).The completeness of each coupling step was monitored
by the chloranil test.

Cleavage of the Peptide from the Resin

After the synthesis had been completed, the final peptide [Q']P-B
was cleaved from the resin and the protecting groups removed
with a trifluoroacetic acid (TFA)/triisopropylsilane/water/phenol
(94:2.5:2.5:1 v/v/v/v) mixture for 2 h. The cleaved peptide was
precipitated with cold diethyl ether and lyophilized.

Purification and Analysis

The crude [Q'IP-B peptide obtained in this way was purified
by reversed-phase high performance liquid chromatography (RP-
HPLC) on a Kromasil C8 column (8 x 250 mm, 5 um particle size)
with several linear gradients of acetonitrile (ACN) in 0.1% TFA.
The eluates were fractionated and analyzed by analytical RP-HPLC.
The purity of the peptide was checked on an analytical Beckman
chromatograph with a Kromasil C8 column (4.6 x 250 mm, 5 um
particle size) with several linear gradients of ACN in 0.1% TFA.
Fractions containing the pure peptide (>98%) were pooled
and lyophilized. The ([Q']P-B) peptide was then analyzed by
matrix-assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF MS) and electrospray ionization mass
spectrometry (ESI-MS). The value of the molecular ion was as
expected.

P-B was obtained from [Q']P-B. The cyclization reaction of the
N-terminal GIn residue was conducted in acetic acid solution at
room temperature. The progress of the reaction was monitored
by RP-HPLC. After completing the cyclization, acetic acid was
evaporated and the residue was dissolved in water and lyophilized.
The obtained P-B peptide was purified by RP-HPLC as described
and analyzed by MALDI-TOF MS and ESI-MS.

Mass Spectrometry

The MALDI-TOF MS spectral analysis was performed on the Bruker
Biflex [l MALDI-TOF mass spectrometer using an ultraviolet laser
source (nitrogen, 337 nm). ¢-Cyano-4-hydroxycinnamic acid was
used as a spectrometric matrix.

The ESI-MS spectral analysis was performed on a Bruker
microTOF-Q mass spectrometer. Samples of the peptides were
dissolved in an acetonitrile/water (1:1;v/v) mixture containing

0.1% formic acid and infused by a syringe pump with a flow rate
of 3 ul/min. The instrument was operated in a positive mode over
the range 500-3000 m/z.

Peptide [Q']P-B: MALDI-TOF MS: m/z = 5806.07 (M*, calc),
m/z = 5807 (IMH]*, found). ESI-MS: m/z = 5806.07 (M*, calc),
m/z = 1162.21 (IM+5HP’*, calc), m/z = 1162.8 (IM+5H]>",
found), m/z = 1452.52 (IM+4HI*", calc), m/z = 1453.5
(IM+4H1*+, found), m/z = 1936.36 (IM+3H**, calc), m/z =
1937.4 (IM+3H13*, found).

Peptide P-B: MALDI-TOF MS: m/z = 5789.03 (M™, calc),
m/z = 5790 (IMH]*, found). ESI-MS: m/z = 5789.03 (M, calc),
m/z = 1158.81 (IM+5HI’*, calc), m/z = 1159.4 (IM+5H]°T,
found), m/z = 1448.26 (IM+4HI*t, calc), m/z = 1449.0
(IM+4H1**, found), m/z = 1930.68 (IM+3H**, calc), m/z =
1932.0 (M+3H1**, found).

CD Measurements

CD spectra were recorded on a P-B sample in a Britton-Robinson
buffer (a mixture of 0.04m H3BOs3, 0.04M H3PO4 and 0.04m
CH3COOH) that has been adjusted to the desired pH (2, 5, 7,
10 and 12) by titration with a 0.2m NaOH solution), at 37°C.
In addition, the CD spectra were recorded at pH = 7 over the
temperature range of 0-60 °C at each 5 °C interval.

The measurements were conducted on 0.1 mm peptide solu-
tions. A Jasco J-85 spectropolarimeter with a 2 cm/min scan speed
was used (Physicochemical Laboratories, Faculty of Chemistry, Uni-
versity of Gdansk, Poland). Although the spectra were recorded
over the 190-240 nm range, their fragments below ~195 nm were
not always reliable due to strong interferences of the solvent at
those wavelengths. The CD spectra were measured in triplicate
and plotted as mean ellipticity © (degree x cm? x dmol~") versus
wavelength & (nm). The content of the secondary structure was
calculated from the spectra using a CONTINLL method [23].

FTIR Measurements

The spectra were recorded at 25 °C as average of 16 scans with
the spectral resolution of 4cm™" using a model IFS66 Bruker
infrared spectrometer equipped with a mid-infrared Globar light
source and a DT-GS detector (Physicochemical Laboratories,
Faculty of Chemistry, University of Gdansk, Poland). A sample was
deuterated by the incubation of the peptide in deuterated water
and then lyophilized. Completeness of the proton-deuterium
exchange was confirmed by the disappearance of the amide Il
band corresponding to the N-H bending vibrational mode. The
samples in the hydrated film were prepared by dissolving the
peptide in deuterated water (2% w/v), placing 10 pl of the solution
on to the CaF, window and evaporating the solvent with nitrogen
gas to form a thin hydrated film. Spectral processing was carried
out and analyzed using the Grams/32 program from Galactic
(Galactic Industries Co., Salem, NH). All the spectra were analyzed
by both deconvolution and second derivative methods [24,25]
to determine the number and positions of peaks assignable
to the amide I" band. Deconvolution of the spectra was done
over the range 1800-1500 cm~" using a gamma factor of 3.0.
A nine-point Savitzky - Golay smoothing function was applied to
calculate the second derivative. The initial linewidths were set
to 10cm™'. The deconvoluted spectra were fitted to Gaussian
band profiles. The quality of the fitting was estimated by standard
deviation.
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Figure 1. Alignment of sequences of templates, 1q7d: 11-20; 2dou: 339-353; 1eys: 96-107 and 2v8f: 2—-20 with sequence of P-B for homology modeling
of a chimera protein P-B. The identical residues are shown in black, while those with similar properties are shown in gray. Symbol X corresponds to

4-hydroxyproline.

Molecular Modeling

A non-standard residue, pyroglutamic acid (pQ), was parameter-
ized as recommended in the AMBER 8.0 manual [26]. Specifically,
it was modeled using bond lengths, valence and torsion angles of
a compatible molecular segment from the Cambridge Structural
Database (CSD) [27]. The atomic charges for pQ were optimized
by fitting them to the ab initio molecular electrostatic potential,
obtained from GAMESS [28] in the 6-31G* base, for two different
conformations, followed by consecutive averaging of the charges
over all conformations, as recommended by the RESP [29] module.

A poor homology over the entire range of sequence and the
absence of a template protein poses problems for homology
modeling of P-B. The problem was overcome by building a
chimera model, based on the coordinates of fragments of four
different proteins (1q7d: 11-20; 2dou: 339-353; leys: 96-107
and 2v8f: 2-20) found in the Protein Data Bank, using BLASTP
2.2.22 [30]. The sequential homology between appropriate
fragments of P-B and their homolog structures is about 60%
(Figure 1). Subsequently, suitable computer mutations of the
structures were performed using a SwissPBDViewer [31] program.
Specifically, the residues were replaced from the templates with
equivalent ones from P-B essentially on a one-to-one basis
(for specific residue substitutions, see sequence alignment in
Figure 1). Finally, the entire P-B model was energy-minimized to
remove unfavorable steric clashes. Since, all the X-Pro peptide
bonds in the template structures were trans, the geometry of
all the peptide groups in P-B model were kept fixed in trans
configuration with f = 50 kcal/(mol x rad?) during the entire
simulation.

The initial solvent configuration around the peptide was
obtained by filling a cubic box with water molecules. The overall
box size was enlarged by about 10 A in each direction. A total
number of 4421 water molecules were used. The chloride ions
were used to neutralize the entire system. To equilibrate the
solution’s density, the entire assembly was subjected to NPT
dynamics, at a pressure of 1 atm, at 298 K, for 1 ns, with positional
constraints on all Ce atoms. Next, the entire system was submitted
to the molecular dynamics (MD) simulations in a periodic box
of constant volume. The positional proline Ca constraints were
used exclusively for 4 ns of the NVT simulations. In further NVT
simulations (8 ns), the positional Ca constraints were removed.
The total duration of the run was 13 ns. The time step was
2 fs. The MD simulations were carried out using a particle-mesh
Ewald (PME) procedure [32]. The coordinates were collected every
2000th step. The last 50 conformations were considered in further
analysis.

The results obtained were analyzed using the Carnal and
Ptraj programs from the AMBER 8.0 package [26]. The molecular
structures were drawn and analyzed with the graphic programs
VMD [33] and MOLMOL [34].
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Figure 2. CD spectra of P-B in the Britton-Robinson buffer (A) at pH = 7,
over the temperature range of 0-60 °C. Inset: temperature dependence of
the molar ellipticities at 206 nm (gray square) and 228 (black square) and
(B) in the Britton—Robinson buffers of different pH’s, at 37 °C.

Results and Discussion
Circular Dichroism (CD)

The CD spectra of P-B as a function of temperature are shown in
Figure 2. As seen, their characteristic feature is the presence of a
deep and broad negative maximum at ~206 nm and a positive
shoulder at ~228 nm, which can be assigned to a poly(Pro)Il helix
[35]. Isodichroic point around 213 nm suggests the existence of an
equilibrium of unordered and PPIl conformations. The intensities
of both negative and positive bands decreased gradually upon
raising the temperature (inset of Figure 2(A)), but the PPII structure
was still present at 60 °C. A progressive reduction and a slight red
shift of the bands around 213 and 228 nm upon increase in
temperature may be indicative of the presence of B-turns, being
favored at elevated temperature [36]. However, a quantitative
analysis of the CD spectra (Table 1) clearly indicates that there are
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Table1. The percentage of different secondary motifs in P-B
calculated on the basis of CD spectra at different temperatures

T(°C) a-helix (%) B-strand (%) Turns (%) PPIl (%) Unordered (%)

0 5 10 16 12 57
5 5 27 16 12 40
10 5 23 16 1 45
15 6 29 17 12 36
20 5 18 17 10 50
25 6 29 16 1 38
30 5 26 18 12 39
35 6 18 14 8 54
40 6 24 17 12 41
45 5 19 17 10 49
50 7 26 18 1" 38
55 6 21 16 9 48
60 6 19 16 9 50

Table2. The percentage of different secondary motifs in P-B
calculated on the basis of CD spectra at different pH's

pH «-helix (%) B-strand (%) Turns (%) PPl (%) Unordered (%)
2 5 9 16 10 60
5 5 18 17 10 50
7 6 24 18 1 41
10 5 10 14 8 63
12 7 22 19 12 40

no large conformational changes over that temperature range and
anoticeable growth of 8-turn contributionis not observed. The P-B
assumes predominantly a statistical-coil conformation with locally
appearing B-turns, whereas PPIl constitutes only about 10% of
the peptide structure. As shown, the P-B does not possess a well-
ordered structure; however, strong steric interactions between
prolyl rings [37] make it difficult for a complete denaturation of
the peptide.

It is known that the differences in conformational behavior
could be related to the change of the overall peptide charge. As
the peptide charge is dependent on both the external pH and pKj,
values of the functional groups, P-B has also been investigated
by measuring the CD as a function of pH (Figure 2) to estimate
electrostatic contribution to the structure. The CD spectra were
recorded within a pH range of 2-12. The overall charge of P-
B is equal to +2 and —1 over the ranges of 2-10 and 10-12,
respectively. The spectra recorded over the broad pH range are
very similar (Table 2). The spectra taken at extremal pH’s, 2 and 12,
showed only a small increase in the intensity at 206 nm (~3%) as
compared to the spectrum at neutral pH. In turn, increasing the
pH to 12, which is well above the pK, of 10.13 for the hydroxyl
group of tyrosine [38] results in a considerable loss in the intensity
of the 228 nm band. This finding suggests the tyrosine side-chain
contribution to the 228 nm band [39]. Nevertheless, the lack of
substantial pH effects shows that ionic interactions are only minor
determinants of the P-B structure.

Fourier-transform Infrared Spectroscopy (FTIR)

To further analyze the conformational properties of P-B, FTIR
spectroscopy was employed. As a structural probe, an amide

Absorbance

1720 (i1 16ED ] 1640 1620 160K 1]
Wavenumber [cm ]

Figure 3. Fourier-deconvoluted amide I band of hydrated P-B, fitted with
a sum of Gaussian bands. The reduced x of this fit was 1.84, with a
correlation coefficient of >0.99.

Table 3. Positions, linewidths and relative areas of the bands over
the range 1720-1580 cm~" fitted to the Fourier deconvoluted spectra
of P-B
Position Width Real area
(cm™1) Structural element (cm™) (%)
1694 B-sheet 26 17
1679 B-turn 20 9
1666 B-turn 20 13
1656 Others: a-helix, PPII, 18 8
extended turn
structure and/or
statistical-coil
1644 Random 18 13
1632 B-sheet or extended 16 9
structure
1621 Hydrated PPII 19 10
1609 Side-chain vibrations 22 10
1592 30 10

I band was used to represent primarily the C=0 stretching
vibration of the amide groups [40]. P-B in the hydrated film
exhibits a broad amide I’ band with a maximum at 1643 cm™".
Deconvolution and derivation of the band enabled to distinguish
individual components and to assign each of them a specific
conformational type (Figure 3; Table 3) [41]. The analysis revealed
nine major peaks at 1694, 1679, 1666, 1656, 1644, 1632, 1621,
1609 and 1592 cm~" in the 1720-1580 cm~' range. However, the
last two correspond to side-chain vibrations. Bands in the regions
of 1640-1620 and 1690-1700 cm™' have been assigned to g-
sheet components [25,42]. Nevertheless, it should be noticed that
the B-sheet’s low-frequency band (1632 cm~') might arise from
vibrations of short extended segments that do not form g-sheet
[43]. In turn, two peaks at 1666 and 1679 cm™" can be attributed
to B-turns [44], whereas a broad peak at 1644 cm~' was assigned
to the statistical-coil structure [24,25].

The absorbance peakat 1656 cm™" is usually assigned to a-helix,
but because ~70% of the total number of P-B amino acids are Pro
and Gly, which are strong a-helix breakers, it is highly unlikely that
this protein contains a lot of helical structures. Furthermore, the
CD results indicate the presence of very few a-domains (~6%).

wileyonlinelibrary.com/journal/psc  Copyright © 2010 European Peptide Society and John Wiley & Sons, Ltd.
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Table 4. The percentage of different structural motifs in P-B
calculated on the basis of deconvoluted FTIR spectra in the hydrated
film

Structural motif Content (%)

B-sheet 33
Turns 27
Random 18
PPII 12
Others 10
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Figure 4. RMSD and radius of gyration (Ry) values along the trajectory
from the initial structure.

Hence, the 1656 cm~' absorbance band can be assigned to a
statistical-coil with some impact of GIn side-chain absorbance, as
was suggested for PRPI [45]. In turn, Dukor and Keiderling [46]
reported that peaks at 1656 and 1620 cm™" in D,O could be
displayed by short runs of poly-L-proline (3-6 residues). Therefore,
the 1656 cm~! band together with the 1621 cm~' one in the FTIR
spectrum of P-B is likely to indicate a PPIl helix conformation.
However, as far as the unambiguous assignment of the 1656 cm™'
band seems vague, the 1621 cm~' one can definitely be attributed
to the hydrated PPII helix [45].

The different structural motifs in the peptide, calculated on the
basis of the deconvoluted FTIR spectra, are collected in Table 4.

Figure 5. Superimposition of the last 50 structures of P-B obtained during
13 ns of the MD simulations. RMSDs_;, = 1.052 A for backbone atoms,
respectively. Blue color marks turn structures, white — unordered and
cyan - polyproline Il (PPII).

Molecular Modeling

Figure 4 shows the RMSD computed for the backbone atoms
relative to the starting point of the simulations. The RMSD plot
indicates that the P-B changes its conformation for the first 4 ns of
MD simulations and then maintains that conformation up to the
end of the simulations. In turn, inspection of the radii of gyration
(Ry) as a function of time (Figure 4) shows that the global shape
of the backbone changes considerably during the first 6 ns of
simulations and the P-B conformation becomes more compact
as compared to that at the starting point. Afterward, the Ry
values fluctuate around an equilibrium value, which indicates that
the overall conformation of P-B remains unchanged. The radius
of gyration averaged for the last 50 conformations amounts to
13.1 A, which is <15.7 A for an initial conformation of P-B. The last
50 structures of P-B are shown in Figure 5.

A Ramachandran map of the conformational states of each
amino acid residue of the last 50 P-B conformations is presented
in Figure 6(A). It can be seen that the conformational states of
all individual P-B residues (¢, ) pairs are grouped into two
clusters, which correspond to PPII states and the type | and llI
B-turns states. However, the analysis of the angle distribution
plots (Figure 6(B)) revealed that although 30% of the individual
amino acid residues of the conformational ensemble are found
in the region of conformational space characteristic of PPII, only
7% are a part of PPIl helices (fragment Pro®! —Pro—Pro—Pro>*). The
rest of the peptide is unordered with locally appearing S-turns.
Nevertheless, no proline cis <> trans isomerization were included
in simulations. It should be emphasized that the consideration of
the cis—transisomerization could decrease the PPl percentage. On
the other hand, the lower content of PPIl would be incompatible
with the experimental data.

To bind plant polyphenols from the diet, the proline residues
should be exposed to create a highly accessible binding site
for them. It is possible when the proline residues are involved
in the PPII helix formation. However, besides the PPII helix, the
statistical-coil, turns and B-strands are the most readily accessible
folds, with an average of 30% of accessible surface [47]. In the
case of P-B, more than a half of the amino acids, therein 50%
comprising proline residues, possess at least 30% of their relative
surface accessible (Figure 7). Moreover, the proline residues are
compacted to form a large hydrophobic surface that can readily

J. Pept. 5ci. 2010; 16: 709-715
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of P-B obtained during 13 ns of the MD simulations.

bind to other hydrophobic surfaces such as aromatic rings of
polyphenols (Figure 8).

Conclusions

To the best of our knowledge, the chemically synthesized entire
proline-rich human protein has recently been reported only for
the basic PRP IB7 peptide [11], whereas the synthesis of P-B is now
reported for the first time.

The cumulative results obtained using the CD and FTIR
spectroscopic techniques have shown that the P-B conformation
presents predominantly a mixture of an unordered and B-turn
structures. In turn, the content of the PPII helix does not exceed
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Figure 7. The average surface accessibility of amino acid residues of P-B
calculated for the last 50 conformations obtained during 13 ns of the MD
simulations. Gray squares denote Pro residues.

Figure 8. Molecular surface of the final structure of P-B colored by residue
type. Ocher marks the Pro residue; white nonpolar residues (except for Pro);
blue positively charged residues, whereas cyan polar, uncharged residues.

12%. Similarly, the MD simulations reveal the existence of only
a short PPIl helix in the C-terminal fragment of the peptide
(Pro®'—Pro*), which constitutes 7% of the peptide structure. In
addition, the CD spectra clearly indicate that the P-B conformation
is not influenced by thermal treatment and it is practically
independent of the pH over the range of 2-12.
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