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Characterization of Human Saposins by NMR Spectrostopy
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ABSTRACT. Saposins are lipid-binding and membrane-perturbing glycoproteins of the mammalian lysosomes
involved in sphingolipid and membrane digestion. Although the four human saposins (Saji3) ake
sequence-related, they are responsible for the activation of different steps in the cascade of lysosomal
glycosphingolipid degradation. Saposin activity is maximal under acidic conditions, and the pH dependence
of lipid and membrane binding has been assigned to conformational variability. We have employed solution
NMR spectroscopy to all foufN-labeled human saposins at both neutral and acidic pH. Using backbone
NOEs and residual dipolar couplings, the “saposin fold” comprising éiMeelices was confirmed for
Sap-A, Sap-C, and Sap-D. Structural variations within these proteins are in the order of variations between
the known structures of Sap-C and NK-lysin. In contrast, Sap-B yielded spectra of very poor quality,
presumably due to conformational heterogeneity and molecular association. Sap-D exists in a slow dynamic
equilibrium of two conformational states with yet unknown function. At pH 4.0, where all saposins are
highly unstable, Sap-C undergoes a transition to a specific dimeric state, which is likely to resemble the
structure recently found in both Sap-C in a detergent environment and crystals of Sap-B.

Saposins (“sphingolipid activator proteins” or Sadpsje Apart from their role in lysosomal sphingolipid degrada-
~10 kDa glycoproteins that are essential cofactors for the tion, other vital functions of the saposins are now beginning
lysosomal in vivo degradation of glycosphingolipids with to emerge. Recent studies of a mouse model of complete
short oligosaccharide headgroufis?). Their sequences are  Sap deficiency indicated that the saposins are essential for
up to 40% identical (up to 60% if considering amino acids the biogenesis of the epidermal water permeability barrier
with similar properties), including six strictly conserved (11—13). Furthermore, it has recently been demonstrated that
cysteine residues with identical connectivity, @) and a the saposins are crucially involved in the presentation of lipid
common glycosylation site. However, the specificity and antigens by CD1 molecule&4, 15). Sap-D has been reported
mode of activation among the four individual saposins,DA to solubilize anionic phospholipid-containing membranes,
seem to differ considerably. For example, Sap-B stimulates (16) whereas Sap-C induces phospholipid vesicle fuslan (
the hydrolysis of the sulfate group from sulfatide by 18) and membrane restructuring9; 20).
arylsulfatase A, whereas Sap-C is required for the degrada- The saposin motif occurs not only in sequence-related
tion of glucosylceramide to ceramidg)(In contrast, Sap-D  homologues from different functional families but also as a
has been shown to accelerate sphingomyelinase actf)ity ( subsequence of larger proteirsl(22). The three-dimen-
and is needed for the catabolism of glycosphingolipids sional fold of these saposin-like proteins (“SapLIPs”) and
containing a-hydroxylated acyl chains7j. A functional domains has been revealed by the solution structure of
defect due to mutation in either saposin results in a specific porcine NK-lysin, an unglycosylated effector polypeptide of
phenotype of pathological storage of glycosphingolipg)s (  T-cells and natural killer (NK) cells23). It is formed from
Recently, the first patient with Sap-A deficiency was five a-helices: a long helixxl, against which helices2
described §), and that phenotype confirmed the findings anda3 are packed from one side, and heliees and a5
from a Sap-A-deficient mouse lind @) that this saposin is from the other side. This relatively compact fold has also
indispensable for galactosylceramide catabolism. been seen in the recently published solution structure of
Sap-C @4). Although both proteins possess membrane
binding capability, their surface electrostatic potential is
remarkably different, being highly negative for Sap-C (pl
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1 al | a2 a0
Sap-A =SLPCDICED VVTARGDMLE DNAT-EEEILV YLEETCDWLP
Sap-C SDVYCEVCEF LVEEVTIELID NWNET-EEEILD AFDEMCSELP
Sap-D —=GFCEVCEE LVGYLDRNLE ENST-EQEILA ALEKGCSFLP
Sap-B -GDVCQEDCIQ MVIDIQTAVR TNSTEVQALVE HVKEECDRLG
a [ e [ w o
Sap-A KPNMSASCKEI VDSYLPVILD IIKGEMSR-PGE VCSALNLCES RHHHHHH
Sap-C KS-LSEECQEV VDTYGSSILS ILLEEVS--PEL VCSMLHLCSG RHHHHHH
Sap-D DP-YQEQCDQF VAEYEPVLIE ILVEVMD--PSF VCLEIGRCPS RHHHHHH
Sap-B PG-MADICENY ISQYSEIAIQ MMMHMQDQQFKE ICALVGFCDE RHHHHHH
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methanol instead of glucose] and incubated for a further
76 h at 30°C, with additional methanol supplied every 24
h. From the supernatant, the respective recombinant protein
was purified by NiINTA chromatography (Qiagen, Hilden,
Germany) followed by gel filtration on a Superdex 75 column
(HiLoad 16/60 prep grade, Amersham-Pharmacia Biotech,
Uppsala, Sweden). Fractions containing purified saposins
were combined and concentrated to approximately 1.2 mM
in 50 mM acetate (pH 4.0) or phosphate (pH 7.0) buffer
containing 100 mM NacCl. Protein homogeneity and isotopic
labeling >98%) were confirmed by ESI-TOF mass spec-

FicUre 1: Sequences of human saposins used in this study. Totrometry on a Q-TOF 2 mass spectrometer (Micromass,

facilitate comparisons between the proteins, residues are numbere
according to the sequence of Sap-C. The alignment, which was

generated with CLUSTALXJ1), assigns insertions of an aspar-
agine after Pr&# and an arginine after S8rto Sap-A, as well as
an insertion of a phenylalanine (after ¥hrand two glutamate
residues after A$pto Sap-B. Strictly conserved cysteines and other

hydrophilic residues are colored red, whereas conserved hydro-

phobic residues are colored blue. Five helieds; a5, are indicated

anchester, U.K.). The samples were transferred to Shigemi
NMR tubes (Shigemi Ltd., Tokyo, Japan), and 5% (v/¥{DD
was added.

15N HSQC Spectra and Diffusion MeasuremeNR
experiments were performed on Bruker (Bruker Biospin,
Rheinstetten, Germany) spectrometers equipped with TXI

above the sequence, and the sequence motifs unique to Sap-B argradient probes and, unless stated otherwise, at a proton

underlined.

frequency of 600 MHz. All spectra were processed with
XWINNMR (Bruker Biospin) and analyzed with SPARKY

each other in the monomer, are separated by only a minor(t p. Goddard and D. G. Kneller, University of California,

tilt in the dimer. A similar fold has been found for Sap-C in
a detergent environmen2g).

San Francisco, CA}*N HSQC spectra were recorded with
eight transients and a time domain size of 188512

To explain the strong pH dependence of saposin activity complex data points in approximately 40 min, corresponding
and their lipid and membrane binding properties, it has beeny acquisition times of 100 and 86 ms for tHél and IHN
proposed that the saposins possess inherent conformationalimensions, respectively. For each sample, the temperature

variability (27, 28). This feature is significant as none of

was varied in steps of 1C from 17 to 57°C, and spectra

mined under typical lysosomal acidic conditions at which

dissolved in the same buffers. NMR diffusion measurements

activity is maximal. Furthermore, helix repacking in the \yere performed for Sap-B and Sap-C at pH 7.0 andG7

of the remaining two saposins, Sap-A and Sap-D, for which
no structural data are available, is the result of similar
conformational variances. The physiological function and
mode of action of both Sap-A and Sap-D are yet poorly
understood.

of 54 G/cm and a diffusion delay of 150 ms. Gradient
strengths were calibrated assuming a proton diffusion coef-
ficient of 3.3 x 10° m? s~ of a pure water sample and using
a diffusion delay of 25 ms.

Resonance Assignments and Secondary Struétar&Sap-

Recently, we demonstrated that the human GM2 activator o sap-C, and Sap-D at pH 7.0 and Sap-C at pH 4.0, a set

can be labeled with°N for NMR with high efficiency in
the methylotropic yead®ichia pastoris(29). It turned out

of four 1*N-edited three-dimensional spectra was recorded:
NOESY-N HSQC @4), 5N HSQC-NOESY!*N HSQC

that this expression system was also applicable to the humar*(35), TOCSY5N HSQC @6), and HNHB @7). Each
saposins A-D with the sequences shown in Figure 1 and experiment was acquired with eight transients and a time
yielded large amounts of homogeneous and unglycosylatedyomain size of 96x 36 @5N) x 512 (HN) complex data
proteins. It has been shown that the absence ofglycosylationpointS, which required approximately 1.5 days. Mixing

has no significant effect on the stability and activity of the
saposins4, 30). Here we report on a study of all fodiiN-

periods were 120 ms for NOESY and 80 ms for the TOCSY
experiment. For TOCSY mixing, a clean-CITY sequeri® (

labeled human saposins by solution NMR spectroscopy atyyas used. Sequential connectivities were established using

both acidic (pH 4.0) and neutral pH (pH 7.0).
MATERIALS AND METHODS

Protein Expression and PurificationThe sequences of
saposins A-D (Figure 1) were furnished with a C-terminal
Arg-(His)s tag and expressed ip. pastoris(strain GS115)
using the pPIC9K expression vector and a modified FM22
medium B2) as described for the GM2 activat@9j. Briefly,

200 mL of FM22-Gluc [containing KEPOy, (**NH,),SO,
(Cambridge Isotope Laboratories, Andover, MA), CaSO
K>SOy, MgSQ,, biotin, PTM1, and 1% (w/v) glucose] were
inoculated with a 15 mL overnight culture ofR pastoris
transformant and grown at 3€ and pH 4.9 to an O§, of

the strong helicadiyn(i, i + 1) NOE. The TOCSY®N HSQC

and HNHB spectra provided the resonance frequencies of
H*, H, and further side chain protons required for the amino
acid identification. For the pH 7.0 samples, all spectra were
acquired at 37C, except for those of Sap-D, where a second
data set was recorded at T to resolve ambiguities
resulting from signal overlap. For the monomeric and dimeric
forms of Sap-C at pH 4.0, resonance assignments were
carried out at 17 and 57C, respectively, and transferred to
37°C. Additional high-resolution NOESY:N HSQC spectra
[256 x 24 (°N) x 1024 {HN) complex data points, 2.5 days
each] were recorded for Sap-A, Sap-C, and Sap-D on a 900
MHz spectrometer.

3—6. Cells were harvested by centrifugation, resuspended Residual Dipolar CouplingsBicellar solutions (15%, w/v)

in 500 mL of FM22-Met medium [containing 0.5% (v/v)

were prepared according to a standard procedure with a 3:1:
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0.1 DMPC:DHPC:SDS molar ratio. The stock solution of
Pfl bacteriophage (5 4 mg/mL) was purchased from
ASLA (ASLA Biotech Ltd., Riga, Latvia) and used without
further purification. The cold stock was added to 3Q0of

the phosphate-buffered 1.2 mM solutions (pH 7.0) of Sap-
A, Sap-C, and Sap-D, until the largest—NN dipolar
couplings reached-20 Hz. This was the case at 1A
(corresponding to 13 mg/mL) for Sap-C and Sap-D and
300uL (26 mg/mL) for Sap-A. IPAPJH,*N]-HSQC spectra
(39) of aligned and reference samples were recorded at
37 °C on a 750 MHz spectrometer with a time domain size
of 256 x 512 complex data points, corresponding t&d
acquisition period of 160 ms~(T,). The data matrix was
further linear predicted to a size of 384 512 and zero-
filled to 1024 x 1024 (~0.7 Hz digitization) prior to Fourier

transformation. Peaks were fitted to a Gaussian line shape,

and a uniform uncertainty of the final dipolar couplings of
1 Hz was assumed. Computational homology models were
obtained from the SWISS-MODEL serve4Q) using the
sequence alignment of Figure 1 and the experimental
structures of the homodimeric Sap-B (PDB entry 1N69, chain
C), Sap-C (PDB entry 1M12), and NK-lysin (PDB entry
1NKL) as templates. For fitting of RDC data to these models,

John et al.
Table 1: Human Saposins-AD in Solution
protein pH 4.0 pH7.G¢
Sap-A  strongly aggregated monomeric, multiple
conformations (69/78)
Sap-B dimeric, multiple dimeric, multiple
conformations conformations
Sap-C monomeric (77/78) monomeric (72/78)
27° dimeric (68/78)
Sap-D monomeric, monomeric,

two conformations two conformations (70/77)

aThe numbers in parantheses specify the fraction of non-proline
residues (excluding the hexahistidine tag) with assigfsd*HN, and
IH* resonances.

N dimension and<2 ppm in the'HN dimension), almost

all of them are resolved at 3T, with line widths typical of

a monomeric and conformationally homogeneous protein.
This spectrum is nearly identical with a recently published
spectrum of Sap-C recorded under similar experimental
conditions R4). Spectra of reasonable quality were also
obtained for Sap-A and Sap-D; these proteins, however, show
signs of inherent conformational heterogeneity: Sap-D exists
in two distinct conformations yielding two separate sets of

MODULE (41) was used. The errors of the fit parameters fésonances with relative intensities of approximately 2:1
were estimated by repeating the fit with 100 data sets created(Figure 2D). In Sap-A (Figure 2A), the resonance line widths

by random exclusion of up to three data points.

Exchange Rates in Sap-Bxchange rates in Sap-D were
measured at 17, 27, 37, 47, and %2 on a 600 MHz
spectrometer equipped with a cryogenic probe, using two-
dimensional heteronuclear exchange spectroscé®y fFor
each of the 10 mixing periods (8, 32, 62, 122, 182, 272,
362, 482, 602, and 722 ms), a data matrix of 96512
complex points was recorded in approximately 2 h. A long
recycle delay 64 s ensured fully relaxed conditions at the
beginning of each transient. The intensities of the two “auto
(=N HSQC) and two “exchange” peaks of residue ®ys
were fitted with a MATLAB (MathWorks Inc., Natick, MA)
code to a two-site model with two equilibrium polarization
and a forward and backward exchange rate. Identital
line widths,*®N longitudinal relaxation during mixing, and
IH transverse relaxation during the INEPT periods were
assumed for both conformers.

S

RESULTS

N HSQC Spectra at Neutral phWVe first recorded>N
HSQC spectra of all saposins at variable temperatures in

and intensities are not uniform and depend on the temperature
and magnetic field strength, indicating that this protein is
subject to conformational exchange processes at the inter-
mediate time scale. For all three proteins, averaié
longitudinal and transverse relaxation rates yielded molecular
correlation times1) of 4—4.5 ns, i.e., monomeric species.
In contrast, thé>N HSQC spectra of Sap-B recorded under
the same conditions are of very poor quality, which could
not be substantially improved by varying the temperature,
protein concentration, and magnetic field (Figure 2B). In
addition, >N transverse relaxation rates seem strongly non-
uniform and affected by exchange broadening, thereby
preventing a determination of and thus the molecular asso-
ciation state. To circumvent this problem, we measured the
protein’s translational diffusion coefficienD() and found a
value of (1.58+ 0.06) x 1071°m?s, compared with a value
of (1.97 & 0.04) x 1071° m%s for the monomeric Sap-C.
The smaller value obtained for Sap-B is in agreement with
a dimeric species or a nonspecific mixture of higher asso-
ciation states with the average being a dimer. The behavior
of all four saposins in solution is summarized in Table 1.

For the “well-behaved” proteins Sap-A, Sap-C, and Sap-

phosphate buffer at pH 7.0. These samples shared a remarkp, we were able to use the strong sequerdi@l(i, i + 1)
able thermal robustness, and no change in the spectra coultNOE correlations to assign tAeN HSQC peaks of residues

be observed after heating to ST or long-term storage.

within the helices. Most of the remaining nonhelical residues

Above 37°C, however, signals began to disappear due to were assigned via intermediate-range correlations, except for
fast solvent exchange of amide protons. Peak positions anda small number of residues which could not be assigned due
line widths were independent of the protein concentration to fast solvent exchange of their amide protons or overlap.
over the 0.5-2 mM range, indicating a weak tendency to This procedure was substantially more complex in the case
form unspecific aggregates, as expected for highly acidic of Sap-D, since both NOESY and TOCSY spectra contained
proteins (pl<5). Only when Sap-C was further concentrated additional exchange and exchange-relayed correlations due

to 4 mM did the peaks started to broaden substanti&y.
HSQC spectra of the four proteins at 37 are compared in
Figure 2.

Clearly, Sap-C yields the most appealing-NN correla-
tion map (Figure 2C). Although the peaks show the limited
frequency dispersion af-helical proteins €15 ppm in the

to an equilibration between the two conformers during the
mixing periods (see below). All further data of Sap-D
described in the following refer to the major conformer.

The typical helicaldyy and d,n NOE patterns and H
secondary chemical shifts confirmed that in all three proteins
the helices span the identical sequence positior205c.1),
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Ficure 2: 1N HSQC spectra of saposins# (A—D), recorded on a 600 MHz spectrometer at pH 7.0 and@7Assigned resonances

are labeled with the residue name and, if appropriate, additionally with a (black) and b (red) for the major and minor conformers, respectively.
Large frequency separations between both conformers are highlighted with red dashed rectangles, whereas conserved residues 24, 25, 39,
74, and 78 (see the text) are highlighted with black boxes. Side chaingiips are indicated by horizontal lines and labeled with
lowercase letters. The most crowded region in spectrum D is expanded in the bottom right corner.

25—-39 (a2), 44-54 (@3), 5764 (x4), and 69-75 (@5). spectra did not yield sufficient unambiguous interhelical NOE
Furthermore, most of the NOE correlations that were crucial data for a determination of the three-dimensional fold of
for assigning the three loop regionsl—o2, o.3—o4, and Sap-A and Sap-D. However, a few long-range correlations
o4—ab) turned out to be conserved, whereas tt#&-o3 across the expected CysCys’® and Cy8—Cys’? disulfide
loop remained unassigned. Strong similarities between thebonds confirmed that the disulfide bond pattern in these
assigned>N HSQC spectra of Sap-A, Sap-C, and Sap-D proteins is conserved. We therefore decided to measure
indicate that many amide groups experience identical envi- N—HN residual dipolar couplings (RDCs), which yield
ronments. For example, the highly conserved residue¥ Thr information about the orientation of-NHN bond vectors and
and Cy<® always appear in the top left and right corners, therefore the helical axes. As alignment media, we chose
respectively, and Leéfi always belongs to the residues with  phospholipid bicelles43) and Pfl bacteriophagd4).
the lowest HN frequencies. Even many nonconserved  Remarkably, in 5% (w/v) bicellar solutions, the splitting
residues are found at similar positions, such ag@iSap-A of the ?H resonance instantaneously collapsed after the
and Sap-C and Ly&in Sap-D, or Met*in Sap-C and Al4 addition of only 40uM Sap-C, even if the bicelles were
in Sap-A (Figure 2). prepared with SDS to enhance electrostatic repulsion. At
Residual Dipolar Couplingdn contrast to the wealth of  lower protein concentrations, some alignment was retained,
sequential and intrahelical NOEs, the recorded NOESY but the phase turned out to be not stable over the longer
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Ficure 3: N—HN residual dipolar couplings in Sap-A (blue), Sap-C (red), and Sap-D (green) obtained from alignment with Pf1 bacteriophage.
The data points are connected with solid lines, and missing data are due to fast hydrogen exchange or signal overlapl-Helicee
represented with gray bars.

time period required for protein spectra under these condi- Table 2: Alignment of Sap-A, Sap-C, and Sap-D in Pfl

tions. We find this behavior worth mentioning as, in contrast Filamentous Phage

to previous results2), it indicates some interaction between [Pf1] o %
Sap-C and the lipids at neutral pH, thereby preventing the Protein_(mg/mb) Dex(Hz) R (degy (degf (degy
latter from forming a stable liquid crystalline phase. This Sap-A 26 1177408 058+0.04 58+4 15542 51+3
phenomenon was not investigated further for the other Sap-C 13 15804 050£002 35+2 16641 61+2

; o ) Sap-C 15  23.0+0.3 0314002 6+1 164+0 42+1
saposins or at low pH where proteifipid interactions are Sap-D 13 11.3-1.0 0.36:0.04 66+£6 171+1 5544

expected to increase in strength. aThe tensors were obtained by fitting the dipolar couplings to the
The alignment of Sap-A, Sap-C, and Sap-D at pH 7.0 equationDyy = Dax(3 cog 6 — 1 + Rsir? 6 cos 2), where and¢

using Pfl bacteriophage was straightforward and required denote the N-H" bond vector orientations of the Sap-C structure (PDB

13 mg/mL (for both Sap-C and Sap-D) and 26 mg/mL Pf1 entry 1M12) with respect to the tensor frame. For Sap-A and Sap-D,

. . the tensors were determined using protein models generated from the
phage (for.Sap-A).. A'thOEJgh the resulting solutions were Sap-C structure® The Euler angles correspond to successive rotations
macroscopically highly viscous, the average ratel%df around thezxzaxes.c Data from ref24.
transverse relaxatiorR§) increased only slightly from 7.4
s to 85 s in the presence of 26 mg/mL phage. No and Sap-D are expected to differ from the tensor of Sap-C
substantial changes were observed inttheHSQC spectra,  gue to nonconservation of charged residutd.
confirming that the structures of the proteins remain intact.  For Sap-A and Sap-D, we generated model structures using

Figure 3 shows a plot of the experimental dipolar couplings both the solution structure of Sap-C (PDB entry 1M124)(
of Sap-A, Sap-C, and the major conformer of Sap-D versus and chain C of the crystal structure of Sap-B (PDB entry
the residue number. In each of heliaes—a5, the values  1N69) 25). These models are strongly biased toward the
describe a characteristic oscillating pattern, which has respective template; for example, the 1M12 models of Sap-A
recently been termed a “dipolar wavet5) and arises from  and Sap-D can be superimposed onto Sap-C with a backbone
the fact that helical NHN bond vectors are generally not  rmsd of 0.7 A for all residues. We then fitted the measured
oriented perfectly parallel but rather are located on a cone dipolar couplings to these models, with the results shown in
with an opening angle of approximately °16The average  Figure 4.
value within a given helix depends on both the orientation  Clearly, the correlation is much stronger for the 1M12
of the helix axis with respect to the molecular frame and models (Figure 4A,B) than for the 1N69 models (Figure
the alignment of this molecular frame with respect to the 4D, E), suggesting that in solution both Sap-A and Sap-D
external magnetic field, the latter being described by the adopt a fold which resembles much more Sap-C than Sap-
alignment tensor. The patterns observed for Sap-A, Sap-C,B. The strongest outliers>7 Hz) arising from the 1M12
and Sap-D are highly similar, except for hetid, where a ~ model of Sap-D (Figure 4B) are located either at the
large difference in the average couplings suggests that thisN-terminus (Gly and Phé), in loop regions (GIeP, Lys?,

helix may be oriented differently in the three proteins. Glus, Mets, and Gly®), or in helixa2 (Gly*> and Sef’). In
Notably, the couplings obtained for Sap-C also do not contrast, for the respective 1IN69 model (Figure 4E), we did
perfectly correlate with previously published data4)( not find such a correlation with sequence. The results are

although the experimental conditions are very similar analogous for Sap-A, except that different residues {Ala
(pH 7.0 vs pH 6.8, 37C vs 25°C, 0.9 mM vs 0.8 mM, and  Val®®, Lys®*, Thr®5, Cys, Met*3, GIut®, and Sef®) deviate

13 mg/mL Pfl phage vs 15 mg/mL Pfl phage). Both data for the 1M12 model (Figure 4A). Notably, helix2 is also
sets could be fitted equally well to the structure of Sap-C, a source of deviations if the measured couplings of Sap-C
but the orientation and rhombicity of the resulting alignment are fitted against the published structure itself (Figure 4C).
tensors were substantially different (Table 2). We explain For comparison, we fitted the Sap-C data to a model built
this via the presence of a hexahistidine tag in our protein from the solution structure of NK-lysin (PDB entry 1NKL)
preparation, a large positively charged patch that canand obtained a correlation which is comparable to a fit of
significantly modulate the electrostatic interaction with the the Sap-A and Sap-D data to the structure of Sap-C (Figure
highly negatively charged surface of the Pfl coat protein 4F). These results suggest that the four proteins (Sap-A, Sap-
(46). For the same reason, the alignment tensors of Sap-AC, Sap-D, and NK-lysin) share a highly similar fold, whereas
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Ficure 4: Correlation of measured dipolar couplings of Sap-A, Sap-C, and Sap-D vs values back-calculated using different model structures.
(A—C) Data of Sap-A, Sap-D, and Sap-C against the solution structure of Sap-C (PDB entry 1M12). Outliers Withzgfor C, 5 Hz)

deviation are labeled. (D and E) Data of Sap-A and Sap-D against chain C of the crystal structure of Sap-B (PDB entry 1N69). (F) Data
of Sap-C against the solution structure of NK-lysin (PDB entry 1NKL). The Pearson coeffiflgrie indicated, wherbl is the number

of couplings used in the fit.

the open conformation adopted in the Sap-B dimer seems37 °C during the mixing periods of NOESY and TOCSY
to be unique under neutral-pH conditions. spectra, making resonance assignment at this temperature

To validate the significance of the observed differences more challenging than for the other saposins. To further
between these correlations, we created 100 data sets for eacBomplete the assignment, we repeated the experiments at 17
protein by random exclusion of up to three experimental °C where exchange is slowed and almost invisiBf
couplings and repeated the fitting against the models. ThisHSQC spectra of Sap-D recorded at pH 4.0 exhibited a
procedure not only yielded error estimates for the tensor similar 2:1 equilibrium, although the limited stability of the
parameters presented in Table 2 but also strongly supportedProtein under these conditions did not permit the resonance
the 1M12 models for Sap-A and Sap-D. Whereas the fitted assignment.
tensors obtained from the 1M12 models of Sap-A and Sap-D  The assigned®N HSQC spectrum recorded at pH 7.0
are very robust against random exclusions, much larger (Figure 2D) shows that for most residues the peaks belonging
variations are observed for the 1N69 models (data not to the major (a) and minor (b) conformers are very close or
shown). Notably, the correlations for Sap-A and Sap-D are even merged, indicating they experience almost the same
not substantially improved if all couplings from4 are chemical environment. Large frequency separations occur
excluded from fitting. This indicates that the deviations in only the two stretches, L§6-Cys* (helix a2) and Ly45—
between observed and calculated couplings are likely to beGin* (helix a3), which are linked by the C§%-Cys"’
due to local structural fluctuations among Sap-A, Sap-C, and disulfide bond. In contrast, the sequentially neighboring
Sap-D rather than different helical orientations, and the residues S&f—Leu® and Tyrf3—GIn*, which further extend
variations in the couplings between the proteins are due toto the a2—a3 loop, are much less affected. Notably, we
their different alignment in solution. Table 2 shows that the ghserved a similar frequency-separa‘[ed second set of peaks
alignment tensors obtained for the three proteins are signifi- for Sef4—Ser® of Sap-A (Figure 2A). For all of these
cantly tilted with respect to each other and also strongly vary residues, we carefully analyzed the sequential and dux
in their rhombicity. NOE pattern and found no evidence for a different backbone

Conformational Exchange in Sap-Bs mentioned above,  conformation. Likewise, the NHN dipolar couplings ob-
spectra of Sap-D recorded at pH 7.0 revealed the existenceserved for both conformers of Sap-D are identical within
of two distinct conformations in a ratio of approximately experimental error, except for Gsand Se¥’, where they
2:1. Both conformers undergo considerable exchange atdeviate by~5 Hz.
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Ficure 5. 1N HSQC spectra of a 1.2 mM sample of Sap-C at pH 4.0 (A) recorded after 0.5 h and (B) recorded after 156 ah3¥
600 MHz spectrometer. Residue labeling corresponds to Figure 2. The signals belonging to the hexahistidine tag are connected with a red
dashed line, whereas the side chainNjfoup of Asi#! is highlighted with a black box.

Using two-dimensional heteronuclear exchange spectros-backbone. However, the isomerization would require a
copy @2), we measured forward and backward exchange substantial change in tha angle in one of the cysteines,
rates,k, andk,, between conformers a and b as a function which we can exclude for C§%(y; ~ —60°), but not for
of temperature and obtained the following activation ener- Cys' due to overlap.
gies: AESf = 18.0+ 0.5 kcal/mol andAE," = 16.2+ 0.5 15N HSQC Spectra at Acidic pHLo gain some insight
kcal/mol, respectively. The temperature dependence of theinto the pH dependence of saposin activity, we prepared
equilibrium constanky/k,, which is identical to the ratio of  samples of all proteins in acetate buffer at pH 4.0. All of
populationgpy/p, observed in thé®N HSQC spectra, yielded  these samples were highly unstable and typically degraded
an equilibrium enthalpyAH of 1.8 + 0.3 kcal/mol and an  within a few days. Under these conditions, Sap-A is strongly
equilibrium entropyAS of 4.6 + 0.8 cal mot* K. This prone to aggregation even at low concentrations and yielded
partial energetic compensation of both positivd andAS 5N HSQC spectra in which only the signals belonging to
corresponds to an ordedisorder transition which is often  the hexahistidine tag were resolved. In contrast, spectra of
found for kinetic data of biological system4§), although fresh samples of the other saposins resembled the respective
this principle has been challenged recenég)( spectra obtained at pH 7.0. The 2:1 conformational equilib-

An energetic barrier of 1618 kcal/mol is typical of rium in Sap-D also exists at low pH, but the sample stability
proline cis-trans isomerizations in a nonrigid environ- was not sufficient for resonance assignment even &CL7
ment 60). Two proline residues (Pfband Prd? are located Furthermore, the line widths were no longer independent of
in thea2—a3 loop of Sap-D, but we were unable to provide the protein concentration. For example, the apparent molec-
evidence of their isomerization due to a lack of assign- ular correlation time of Sap-C increased by 30% if measured
ment of the amide group of Aépand resonance overlap in  in a 2.1 mM solution compared to that in a 1.2 mM solution,
Tyr*3. An isomerization of Pr§ seems unlikely, however, indicating significant unspecific aggregation at higher protein
since the NOESY strips for Léa and Let% are highly concentrations.
similar. In this context, it should also be noted that*®®ie The N HSQC spectrum of a fresh 1.2 mM sample of
conserved in Sap-C, where conformational exchange isSap-C at pH 4.0 is shown in Figure 5A. Although the

completely absent, whereas Bras conserved in only the
two conformationally heterogeneous proteins, Sap-A and spectrum recorded at pH 7.0 (Figure 2C), the individual

Sap-D.

Alternatively, the occurrence of two conformations of

dispersion and certain patterns of peaks are similar to the

resonances cannot be mutually correlated simply by overlay-
ing the two spectra. However, we were able to reassign Sap-C

Sap-D with a high-energy barrier can be explained by an at a lower temperature () and observed an NOE pattern
isomerization of the Cy§—Cys" disulfide bond geometry
similar to what has been described for BP5LY. Whereas
for free cysteines in aqueous solution this process requiresoccur in residues which form hydrogen bonds to side chain
only very low activation energie$?), individual conforma-

which was virtually indistinguishable from that obtained at
pH 7.0. Large chemical shift differences of amide protons

carboxylates in the reported Sap-C structure, such ag Cys

tions can become distinguishable by NMR in proteins Thr?* GIu*8, and GI°. In contrast, the resonance frequencies
because of steric constraints imposed by rigid backbones.of H* and other aliphatic protons, which are much less
Such an isomerization would explain why the largest charge-sensitive, remain nearly invariant between pH 7.0 and
chemical shift changes occur in the sequential neighbors 0of4.0. This confirms the previous suggestion that major
Cys® and Cy4¢’ and without conformational changes in the conformational changes do not occur under acidic conditions
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1A

&(N) dimer - monomer

residue number

Ficure 6: 15N chemical shift changes in Sap-C induced by (A) the detergent 8B)%0d (B) dimerization at low pH. The values in panel
B are mapped onto the structure of monomeric Sap-C in panel C: colorlesd.fppm (or no data available), light red ferl ppm, and
dark red for>2 ppm. Panel C was generated with MOLSCRIBB)(and RASTER3D %4).

and the differences in tH&N HSQC spectra can be attributed identity, we found in this study remarkable differences in
to the protonation of side chain carboxylate group4).( their behavior in solution. In contrast to Sap-C, whose
To our surprise, thé®N HSQC spectrum of the same pH  structure has recently been determined usifrlabeled
4.0 sample of Sap-C dramatically changed when recordedprotein and traditional NMR methodology, Sap-A, Sap-B,
again after several hours at 3T (Figure 5B). Although and Sap-D are not conformationally homogeneous. Instead
the original set of peaks is still visible with approximately of full structure determinations of Sap-A and Sap-D, we
15% of its initial intensity, many new and much broader therefore focused on a comparison of backbone NOE data
signals have emerged. The number of peaks and avEtdge and N-HN residual dipolar couplings, which can be obtained
relaxation rates are consistent with a homodimeric protein relatively fast from!*N-labeled proteins only. Assignment
with a molecular correlation timerd) of 10 + 1 ns. Our of N HSQC spectra typically required 1 week of spec-
attempts to reverse this transformation by dilution or storage trometer time and 1 week for the analysis. The method used
of the sample at low temperatures were unsuccessful, and ithere is, of course, limited to small or helical proteins, since
also occurred in a dilute (0.2 mM) sample under the same the sequentiadin(i, i + 1) correlations irB-sheets are often
conditions, albeit at a slower rate. This indicates that the weak and difficult to distinguish from intermediate and long-
new species is a specific dimer which seems to be therange correlations.
thermodynamically favored form of Sap-C at pH 4.0, whereas The analogies of Secondary structures, assi@mH{SQC
the monomeric form can be studied only at lower temper- spectra, and sequential patterns of N dipolar couplings
atures directly following gel filtration. Whereas below provide evidence that at pH 7.0 both Sap-A and Sap-D adopt
27 °C the dimerization was too slow to compete with the monomeric “saposin” fold of Sap-C. Under these
irreversible aggregation of the protein, it was usually conditions, the saposins are highly negatively charged, which,
complete within a few minutes at 5T. together with the presence of three stabilizing disulfide bonds,
At this temperature, the increased resolution enabled theexplains their remarkable thermal robustness and the weak
assignment of most of the ne®N HSQC peaks except for  tendency to associate unspecifically. The results of fitting
the N-terminal half of helix1, whose resonances are still  the measured dipolar couplings suggest that the structural
strongly overlapped. It turned out that the pattern arising from variations among Sap-A, Sap-C, and Sap-D occur mainly in
the hexabhistidine tag remains completely unaffected (Figure |oop regions and helia2 and are on the order of the
5); the tag is therefore not involved in the dimerization. The variations between the determined structures of Sap-C and
15N chemical shift changes between monomeric and dimeric the homologue NK-lysin. In contrast to that in NK-lysin,
Sap-C are plotted versus the residue number in Figure 6Bhelix a2 in Sap-C is curved with a more pronounced kink
and onto the structure of monomeric Sap-C in Figure 6C. petween Ly# and Met5, which is also present in Sap-A
The largest perturbations occur for residues in and close toand Sap-D. The conformational exchange processes in Sap-A
the two spatially proximate loopsyl—a2 and a4—as5, and Sap-D are associated with minor structural perturbations.
suggesting they serve as _e_ither a dimer interface Or @ |t has already been shown tH& HSQC spectra of Sap-C
conformational hinge. Additionally, a strong shift and 4; b4 6.8 and 5.4 are virtually superimposable, and larger
broadening of the signal belonging to the side chain,NH 15\ chemical shift perturbations upon further acidification
group of Asii* (al—a2 loop) indicates it loses flexibility ¢4 1 4.2 occur mainly for titratable aspartate and glutamate
and is now buried from the solvent. residues 24). The authors concluded that Sap-C does not
DISCUSSION undergo ?1 conformationa] change, .a.nd _the pl-_l (_jependence
of Sap-C’s membrane binding activity is sufficiently ex-
Comparison of Sap-ASap-C and Sap-D.Although the plained by charge neutralization of carboxylate groups. We
human saposins AD are sequentially related with up to 40% confirmed this result down to pH 4.0, representing the



5214 Biochemistry, Vol. 45, No. 16, 2006 John et al.

Ficure 7: Front and back views of the surface electrostatic potential of Sap-A, Sap-C, and Sap-D at pH 7.0. Red and blue colors denote
negatively (Asp and Glu) and positively (Arg, His, and Lys) charged residues, respectively, and the C-terminal residuesftep His

right corners) were omitted. Sap-A and Sap-D are represented by protein models derived from Sap-C. This figure was generated with
MOLMOL (56) using a standard macro for coloring.

minimum pH at which spectra could be recorded for a of lle* (helix a3) from the two monomeric units face each
reasonable time period before irreversible aggregation of other. Second, a major conformational difference between
Sap-C occurred!>N HSQC spectra of Sap-D recorded at Sap-B and Sap-C occurs in thé—a2 loop, where a phenyl-
pH 4.0 indicate that the absence of a conformational changealanine is inserted (after THy and followed by another hy-
is likely to be also valid for this protein. Therefore, the drophobic residue (Val). These two residues contribute to
specificity of Sap-A, Sap-C, and Sap-D for different lipids the interface and line the inner cavity of the dimeric structure.
and hydrolases must originate from either the small structural The most striking feature of the Sap-B structure, however,
differences between the molecules, a nonconservation ofis the merging ofx3 anda4 into a single long helix. In the
surface charges, or both. Figure 7 shows that, assumingother saposins, a sharp turn is introduced at this position by
similar structures, their surface electrostatic potentials are either of the “helix-breaking” residues (Gfyand Pré®).
indeed remarkably different. For example, the lysine residues, Finally, also the sequence motifs in the remainiir-o3
which are responsible for Sap-C'’s fusogenetic activi) ( ando4—ab loop regions are characteristic of Sap-B.
are located within the N-terminal half of the sequence, i.e.,  pimerization of Sap-Cln a recent study, it was shown
on theal—a2 face, whereas in Sap-A, they are clustered in that thelSN HSQC spectrum of Sap-C at pH 6.8 dramatically
a region formed by helix.1 and thea4—a5 loop. changes in the presence of 7 molar equiv of the detergent
Unique Behaior of Sap-B.Biophysical data indicate that SDS @6). A solution structure was determined, which
the in vivo role of Sap-B is quite different from that of the showed that the compact saposin fold of five helices opens
other saposins. It seems to act as a physiological detergentind adopts a tertiary structure similar to the V of crystalline
that forms nonspecific soluble complexes with sulfatide and Sap-B. Further results frof®N relaxation and multiangle
other glycolipids rather than as an allosteric activatof, ( light scattering suggested that, at a protein concentration of
58). The large hydrophobic cavity in the dimeric crystal 1 mM, the molecule is predominantly dimeric. However, the
structure of Sap-B2b) is likely to serve as a lipid binding  extent of self-association was reduced at lower protein con-
pocket for this purpose. We have measured diffusion centrations, and the lack of intermolecular NOEs indicated
coefficients of Sap-B and Sap-C at pH 7.0 and found that that it is rather unspecific. Furthermore, the apparent molec-
also in solution Sap-B forms higher-order oligomeric as- ular size was even larger when the pH was lowered to 5.4.
sociates, the data being consistent with a dimeric state. The \ve opserved a slow change of the pH 458 HSQC

broadening of resonances in ttl HSQC spectra may then  spectrum of Sap-C at elevated temperatures and found that
be explained by the existence of millisecond conformational the new peaks belong to a presumably dimeric species. As
exchange within the dimer, as three different conformations ghown in Figure 6, thé>N shift differences for monomeric
have also been observed in the crysta@s) ( and dimeric Sap-C at pH 4.0 correlate well with the shift
The amino acid sequence of Sap-B (Figure 1) has a lowerdifferences induced by the presence of SDS, and a similar
degree of similarity to those of the group of the other saposins correlation can be found for Hand H* nuclei (data not
(15—20% identical) and comprises a few distinct features, shown). For both, the largest perturbations occur incthe
which may favor folding into a V-shaped dimer. First, the o2 anda4—a5 loops, which serve as hinges for the opening
hydrophilic and hydrophobic positions of Aspnd I1€ (helix of the Sap-C structure in a detergent environment. In contrast,
al) are swapped, and the uniquely hydrophobic side chainswe observed much smaller perturbations for the remaining
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protein, particularly in then3—a4 loop which represents
another important hinge between the closed and open form
of Sap-C. Furthermore, we noted that ASmecomes buried

in the dimer, whereas residue 21 is solvent exposed in both
Sap-C-SDS and Sap-B structures. Unfortunately, due to the
limited sample stability, the quality of the NOES¥N
HSQC spectrum was very poor and did not allow for a more
detailed study of “our” dimer.

Any substantial opening of the saposin fold would lead
to a number of hydrophobic side chains becoming solvent-
exposed. In the presence of SDS, the resulting hydrophobic
patches can bind the alkyl chains of the detergent molecules,
which has been shown for Sap-C with the occurrence of
intermolecular NOEs26). However, in a purely aqueous
solution, hydrophobic patches can be buried only if the
protein forms specific oligomeric states, which occurs for
the two clasping monomers of Sap-BY. Likewise, we
believe that the dimerization of Sap-C at acidic pH is highly
specific as the resonance positions and line widths were
reproducible in a dilute sample. Another clip-on model of
two Sap-C molecules, each of which is anchored on opposing
liposomal membranes, was proposed by Wang et al. to
explain the fusogenetic activity of Sap-Cg. Using peptides
mimicking the individual helices, it was shown tha&t and
a5 are responsible for membrane binding, whereasis
involved in the proteir-protein interaction. For the above-
mentioned reason, this extremely open model is unlikely to
exist in aqueous solution.
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