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ABSTRACT:

The determination of the three-dimensional strietfra weak protein-protein complex
in solution using Small-Angle X-ray Scattering rega the deconvolution of its
contribution from those of other components co@xisin equilibrium.

Using the oligomerization equilibrium of low moldauweight phosphatase (ImwPTP)
as a model system, we show computationally andrarpatally that the individual low-
resolution structures of monomeric and dimeric IfiWRCan be determined from a small
number of SAXS curves using the Multivariate CuResolution with Alternating Least
Squares (MCR-ALS) algorithm. The dimeric complepresents no more than 15% of
the macromolecules in the most concentrated sampéederived structures are in good
agreement with the crystallographic ones and tegodiation constant match the one
measured by NMR. These results demonstrate therpehAXS, in combination with
MCR-ALS, to study transient biomolecular complexBse limits of the method were
explored using a three species model that desdfigesligomerization of ImwPTP at

higher concentrations.



INTRODUCTION

Weak protein-protein interactions are inherent congmts of the functional interactome,
i.e. the ensemble of macromolecular interactiospaasible for regulatory processés.
In contrast to the long lived constitutive interans that involve large contact areas and
substantial interaction energies, regulatory irtgoas involve small binding energies,
comparable to K, resulting in a dynamic situation in which bouawd free forms are
easily inter-converted. The corresponding equilibiriis readily displaced in response to
minor environmental changes and the dynamic naifitbe complexes depicts a major
experimental challenge for their structural chaeazation. Solution techniques such as
NMR and Small Angle Scattering of X-rays (SAXS)rmutrons (SANS) are best suited
for the study of transient protein complexes. NMR acattering techniques can be
measured under very similar experimental conditiand are highly complementary:
NMR can provide information about the contact if#ee (through chemical shift
perturbation or NOEs) and the relative orientatfbom residual dipolar couplings or
spin relaxation rates) of the interacting partn&dimited long range NMR information
can be provided by paramagnetic induced relaxatiopseudocontact shiffs. On the
other hand, SAXS can provide low-resolution strussuof pure species in solution,
which define the overall shape of the compéx.

When different species are present, the SAXS cuaveshe weighted average of all the
coexisting species in solution and pure scattecumyes of all participating species are

required to interpret SAXS datd’? Individual scattering curves can be obtained



experimentally from isolated species or computednfi3D models. As shown recently,
transient protein complexes can be isolated thrawurghs-linking experiments and their
pure scattering curves recordgd.

An elegant strategy based on Singular Value Decaitipn (SVD) has been employed
to study protein folding by SAXS using a seriescdittering curves measured in different
conditions. Exploiting the significantly differerfeatures of the scattering curves of
folded and unfolded proteins, the pure profiles floe coexisting species along the
folding pathway were obtainéd™’

Weak oligomerization processes involving the intBom between identical proteins are
specially challenging for both NMR and SAXS. Prexscstudies from our group showed
that >N NMR relaxation data at different protein concations could be used to
characterize the formation equilibrium of differatigomeric species of a low molecular
weight phosphatase (ImwPTEF)!® The analysis of the NMR relaxation data requitesl t
previous knowledge of the three-dimensional stméctaf the major species present
(monomer and dimer), in this case derived from talgd®** These studies were
complemented with**Xe NMR experiments in which the noble gas atomedeis spies
of the formation of specific protein oligomeric sjes’®

Recent work using synthetic SAXS data has suggestagdthe SVD based approach
could also be applicable for the study of protdigamerization®

Here we use ImwPTP as a test system to show thXiSS#ata obtained at different
protein concentrations can be used to simultangoubbracterize oligomerization
equilibria and to obtain thab initio low-resolution structure of a dimer representingyo

a minor portion (less than 20%) of the total protei the sample. At higher ImwPTP



concentrations, variable concentration SAXS alswiples evidence about the presence
of at least one additional oligomer and about ttschiometry, although the information
obtained is not sufficient to derive a reliablessture.

The layout of the paper is the following: In thesfipart we show a global analysis of
variable concentration SAXS data, the evidencehef formation of oligomers at the
higher concentrations and the derivation of the Ipeimof species that contribute
significantly to the observed data. In the secoad we briefly present the Multivariate
Curve Resolution method using an Alternating Leagtiare (MCR-ALS) algorithm to
extract the SAXS contributions from individual sggec In the following sections we use
this method to study the low concentration parttled experiment, where only two
species are present and we show, using simulatddresal data, that low-resolution
structures of ImwPTP monomer and dimer can be o&dawithouta priori information.
Finally, we analyze the complete concentration eang which higher oligomers are

formed to explore the limits of the approach.



RESULTS

Concentration dependence of global parametersderived from SAXS data

The eight scattering curves of ImwPTP recordedta protein concentrations of 0.056,
0.17, 0.25, 0.34, 0.41, 0.48, 0.55, and 0.60 mM1(1o0 10.8 mg/ml) are displayed in Fig.
la. Different parameters reporting on size and slthjaracteristics of each sample can be
used to compare the different curves. The forwatdnisity, (0), obtained through the
extrapolation of the scattering curve to zero angkng Guinier's approach, is
proportional to the total protein concentration &mel molecular mass of the solute (Fig.
1b). For a pure species, the forward scatteringeases linearly with the concentration.
However, the observed increase is not linear withhPTP concentration, indicating that
several species are present and that their relptpelations depend on the total protein
concentration, as expected for an oligomerizatimtgss. The dashed lines represent the
expected values for pure monomer (extrapolated fi@nat the lowest concentration)
and pure dimer. The theoretical values are basetthemrystal structures and take into
account, in addition to the fact that the concemmnaof dimers is half that of monomers
for the same amount of protein, the differencethasolvent shell in the monomer and
the dimer. The comparison of the calculated saageprofiles from the crystallographic
monomeric and dimeric structures of the ImwPTP shthat (0), = 3.4511(0),, .

The radius of gyration (§R characterizes the average size of the dissolegticfes and
can therefore provide insight into the oligomeii@at processes. The apparen{sR

estimated using Guinier’s approximation for eachttecting curve, are plotted versus the



corresponding total protein concentration in Fig. The increase in apparen§ R also
consistent with an oligomerization process. Everhat lowest concentration studied,
which is very close to the sensitivity limit of SAXthe experimental Rs larger than
expected for pure ImwPTP monomer. Contrary to if value yielding a weight
average of the molecular masg,iRa so-called z-average which is more sensioviaé
presence of larger particles i.e. higher oligomdise R, versus concentration plot is
approximately linear up to 0.34 mM but significaaviations from linearity are observed
beyond 0.41 mM.

The diameter of the largest particle in each sar(iplg,) is obtained from the distance
distribution function calculated with the progralGM.?* As in the case df0) and R,

a systematic increase with ImwPTP concentratiazbserved in Rax The concentration
dependence of R is plotted in Fig. 1d. A plateau with an averagg,[f 7.46 nm is
reached between 0.34 to 0.48 mM ImwPTP. This dimensorresponds closely to the
largest dimension of the crystallographic ImwPTRneli (7.5 nmf° At higher

concentrations, increasing values gfJdpoint to the presence of larger oligomers.
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Figure 1. a) Scattering intensities measured for ImwPTRotl ttconcentrations of (from bottom to top)
0.056, 0.17, 0.25, 0.34, 0.41, 0.48, 0.55 and thBDas a function of the momentum transder 41t sin©)

/ A. b-d) ImwPTP concentration dependency of differpatameters derived from SAXS. b) Forward
intensityl(0) at different ImwPTP concentrations. c) ApparBgtd) Dna The dashed lines are the values

calculated for pure monomer (red long dash) ancdijgreen dash dot dot) solutions.

Deter mination of the number of speciesby Principal Component Analysis (PCA)

SAXS data of complex mixtures are concentrationgived linear combinations of the
scattering curves arising from the different specmesent. Principal Component
Analysis (PCAJ* of a series of experiments, in which the sameispeare present in
different proportions, can be used to determine rthieimum number of coexisting
species required to account for the data. Followtimg analysis of Rand Dha, we
analyzed the complete set of curves and a subsédinmg the curves up to 0.41 mM.
Figure 2 shows the first four PCA eigenvectors,etbhgr with the corresponding
autocorrelation functions C(r), for the low congatibn subset and the complete set.
Clearly in both cases the first two eigenvectoratam significant features while the
fourth eigenvector shows only random fluctuatioreuad zero. The third eigenvector of

the complete set show small but significant systentgeviations from zero, most clearly



seen in the autocorrelation function. In contrabe third eigenvector of the low
concentration subset is already at the noise leVék significance of the different PCA
eigenvectors can be quantified by the relative emlof the associated eigenvalues
(Supplementary material, figure S1). When the aalyis restricted to the low
concentration samples the third eigenvalue is dired the noise level. In contrast, when
the complete concentration range is analyzed,Hind €igenvalue is significantly higher
than the successive ones. The PCA in combinatich the analysis of the size
descriptors derived from SAXS data suggests thegmee of only two significant species
up to a ImwPTP concentration of 0.41 mM, while @adt one additional species is

needed to account for the SAXS data obtained d&iehigoncentrations.
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Figure 2. First four eigenvectors resulting from PCA of centation dependent SAXS data of InwPTP in
the concentration ranges 0.056 — 0.41 mM (a) af86)- 0.60 mM (b). In each set, the bottom row

corresponds to the vectors’ autocorrelation fumstio

L ow concentration experiments. monomer-dimer model

The crystallographic structures of the monomerjen(f* and dimeric (1c0é} species
were used to characterize the two-component equiibof ImwPTP through fitting the
SAXS curves using OLIGOME. Each scattering curve was fitted individually iteelr
combinations of the theoretical scattering curvesnonomer and dimer yielding their
relative populations. The estimated populationsnohomer and dimer at each ImwPTP
concentration and the fitting errgf are shown in Fig. 3. The fitting error to a twatst

model decreases with decreasing protein concemratown to the detection limit,
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consistent with the PCA results. A dissociationstant Kg) of 0.93 mM is obtained

using data up to 0.41 mM.
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Figure 3. Molar fractions of monomer (filled circles) anireér (open circles) calculated with OLIGOMER
using the crystal structures of monomer and dimawPTP. The dashed (monomer) and dash dot dot
(dimer) lines correspond to the molar fractionscakdted using &y = 0.93 mM. The inset shows the

OLIGOMER fitting errors at different ImwPTP conceattons.

Multivariate Curve Resolution

In the previous section we used known structuremntdyze the SAXS data. We wanted
to investigate if, in the absence of prior struatunformation, it would be possible to
derive simultaneously both the dissociation cortséaa the low-resolution structures of
the monomer and dimer using only SAXS data taketifegrent protein concentrations.
For this, we employed Multivariate Curve Resolut{dMCR), a powerful chemometrics
method used to analyze sets of multivariate (mhdtnmel, multiwavelength, etc) signals
arising from weighted linear combinations of pucanponents. Details about MCR and
its applications in different fields are given eldere?*°An extended description of the

method is provided as supplementary information.
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In the present application, the initial data setsisted of a matrix of scattering curves
obtained at different protein concentrations frorhick MCR analysis can provide
estimates of two factor matrices, one related Wighunmixed (pure) SAXS curves of the
components in the mixtures (the spectral matrix,) @hd another one related with their
relative concentration profiles (the concentratiomatrix, CM). The MCR factor
decomposition method imposes chemically relevamsiraints, like non-negativity or
unimodality, and uses an Alternating Least SqQu@#WSR-ALS) algorithm to estimate
the best combination of concentration and speuntedfices.

Singular Value Decomposition (SVD) has been usedthrer studies with a similar
purpose of decomposing a matrix of spectra obtainetifferent conditions?*"?*The
problem using SVD lays in its interpretability. Ewvethough SVD provides a
mathematically consistent decomposition of the data identifies the number of

components, the extraction of the curves of the gomponents is not warranted.

MCR-AL S of SAXS curvesusing a monomer-dimer equilibrium: synthetic data

First, the MCR-ALS strategy to derive pure scatigrcurves of different species from
SAXS mixture curves was investigated using synth@sita. Using the curves calculated
from the available X-ray structures ant&K@= 1 mM, 101 synthetic scattering curves of
ImwPTP samples ranging from 0.05 mM (0.9 mg/ml,eékperimental limit of detection)
up to 1.55 mM (27.9 mg/ml) in steps of 0.015 mM eveyenerated. At the lowest
concentration, the molar fraction of monomer is enthhan 91% whereas the dimer
represents up to 40% of the macromolecules atrhImwPTP. Noise was included as

explained in the Materials and Methods section. T@& curves are shown in Fig. 4a.
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MCR-ALS of the synthetic data assuming a monomerediequilibrium but no structural
information about either of the two species prodid® estimatetq = 0.992 mM (Fig.
4b inset), in good agreement with the expedfgd= 1 mM. A fit using the software
CRYSOL* of the estimated pure SAXS curves with the origistalictures gave;? of
1.260 and 1.266 for the monomer and dimer, respagt(Fig. 4b). The calculated ratio
[(0)o/1(0)m is 3.45, equivalent to the ratio calculated frama 8D structures of the dimer
and the monomer with CRYSOL.

The MCR-ALS application to SAXS data was furthestéel using an experimentally
realistic number of scattering curves in the cotragion range of the available
experimental ImMwPTP SAXS data. Synthetic SAXS csrwere simulated at the five
concentrations of 0.085, 0.17, 0.25, 0.34 and @41 (Fig. 4¢). WithKq = 1 mM, the
maximum percentage of dimer is 21.1% at the higpestein concentration. The best
solutions found using the MCR-ALS strategy wereypa@milar to the ones obtained from
the set of 101 SAXS curves, although the minimurs leas well defined (Fig. 4d). The
averageKy for the five best solutions was 0.8280.096 mM. The scattering curves
extracted from the best solution are in very gogee@ment with the theoretical curves,

havingx;? of 1.292 and 1.283 for monomer and dimer, respelgti The ten best results

havex;® < 1.300. Thd(0)o/I(0)v ratio for the best solution is 3.44, in perfectesgnent
with the theoretical value of 3.45.

The ab initio low-resolution structures obtained using DAMMiNshow a very good
superposition with the input structures (see FigrS%upplementary Information). These

results show that MCR-ALS is a robust method treat be successfully applied to a
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small number of curves involving mixtures in whiohe of the components is below

20%.
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Figure 4. MCR-ALS of synthetic SAXS curves generated for ti@nomer-dimer equilibrium of ImwPTP.
a) Simulated scattering curves at 101 differentceotrations between 0.05 and 1.55 mM ImwPTP. bg Pur
scattering curves of monomer (red) and dimer (Jrééted with CRYSOL. The theoretical curves are
superimposed (black dashed lines). c) Reducedsetsponding to ImwPTP concentrations of 0.0857,0.1
0.25, 0.34, and 0.41 mM. d) Pure scattering cuoksined from the reduced set. The fitting errdrs o
MCR-ALS are shown in b) and d) as a functiorKgin the insets.

MCR-AL S of experimental SAXS curves from low concentration ImwPT P solutions
The MCR-ALS algorithm was used to analyze the #x@erimental scattering curves
obtained from ImwPTP samples at protein concewinatup to 0.41 mM, which can be
described as a monomer-dimer equilibrium. A wefirded minimum was found at &y

= 1.72 mM with ax* = 3.993 (Fig. 5a inset). The average of the dission constants for

the five best results havirpg2 < 3.997 giveKy = 1.62 = 0.12 mM, in good agreement
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with the 1.5+ 0.1 mM value determined H{1-NMR chemical shift changes assuming a
two component equilibriun? Fig. 5a shows the SAXS curves of the pure compisnen
extracted by the MCR-ALS algorithm in color, supgpiosed on the by CRYSOL fitted
crystal structure scattering curves of ImwPTP moeoand dimer. A very good fit to the
crystallographic structures of the monomer and diane obtained, although visually the
fitting of the monomer is slightly better. A quaative estimate of the goodness of fit
depends on the estimate of the noise level of tine purves (see materials and methods).
The average(0)p/I(0)v ratio of the five best solutions is 3.800.05, slightly exceeding
the theoretical value of 3.45, probably being cdusethe presence of small quantities of
higher oligomers. The Rvalues derived from the scattering curves usingni@tis
approximation are in very good agreement with theotetical values for the monomer
(16.37+ 0.01 A versus 16.45 A) and the dimer (23:90.1 A versus 23.32 Apb initio
shape reconstructions of the scattering curvesaetetl by the MCR-ALS method are
calculated by DAMMIN and show to be in very goodrement with the crystal
structures of the monomeric and dimeric ImwPTP .(blp.

The low-resolution structure correctly represehesdblate shape of the monomer and the
characteristic dumbbell shape of the dimer. AltHowgptimizations were performed
without symmetry constraints, the final shape & thmer shows a nearly symmetric
object.

These results confirm that the combination of MCRSAand SAXS provides correab
initio low-resolution structures of two individual spexim equilibrium, of which the
dimer represents only 3.0 to 15.1% of the total nm@olecular concentration. For the

fitting protocol, noa priori structural assumptions had to be made.
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Figure 5. a) Scattering curves of the pure components supesed on the theoretical scattering curves of
monomeric (red) and dimeric (green) species (btiadhed lines) as calculated by CRYSOL. h)iAitio
low-resolution reconstructions derived from the gururves shown in a), superimposed with the

corresponding crystal structures of either ImwPTdhamer (1pnt, red) or dimer (1cOe, green).

Exploring the limitsof MCR-AL S analysis of SAXS data

Previous results using NMR relaxation data shoved imwPTP participates in a more
complex oligomerization equilibrium involving atalst one species in addition to the
monomer and diméf*® This is also observed by SAXS at concentratiorsvatD.41
mM. The feasibility of studying this rather compleguilibrium by MCR-ALS was first
tested by using eight synthetic scattering curvesulated using the dissociation
constants previously determined by NMRy (= 6.00 mM &K = 0.07 mM)*° As the
three pure scattering curves, the one derived tlwmX-ray structures of the monomer,
the dimer, and a putative compact tetramer with, @f26.86 A, compatible with NMR
relaxation experiments, were used. The proportadmdimer and tetramer at the highest

protein concentration under the simulated conditiare 6.9% and 3.4%.
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Attempts to decompose the SAXS curves without angr pstructural information
provided only the scattering curve of the majorcgg® which was consistent with the
monomer structure. The other scattering curves w@mbinations of dimer and tetramer.
Using the calculated curves from the known strieguof the monomer and dimer as
additional input, the correct dissociation constamére foundiy = 6.017+ 0.098 mM &
Kt = 0.072+ 0.003 mM, average of the five best solutions) Hredextracted scattering
curve for the tetramer was in very good agreemght=(2.823 for the CRYSOL fit, Fig.
6¢c) with the theoretical structure used to genethée synthetic data. The agreement
between the extracted and theoretical values,0RR.70 A and 26.86 A, respectively)
andI(0)/1(0)w (13.1 and 12.9, respectively) confirmed that tbh&afpve tetramer structure
could be derived from the simulated data if theicttire of monomer and dimer were
known beforehand.

The MCR-ALS analysis of the eight experimental SAXBves obtained up to 0.60 mM
ImwPTP, assuming a monomer-dimer-tetramer equilibriand the knowledge of the
structure of the monomeric and dimeric speciesedaio provide a scattering curve from
which a low-resolution structure of the additiospkcies could be extracted. Restricting
the analysis to the forward scatterim(®)r derived from the extracted curve and
comparing it with the value from the monomeric seed(0)/1(0)v), we find a value of
12.847+ 2.00 for the five best solutions, well within trenge of values computed from
5,000 tetramers generated by random docking of dimeers (12.55 <I(0O}/I(Q)uy <
13.23), see Materials and Methods. The resultsgusikperimental SAXS data are in
agreement with previous NMR results concerning st@chiometry and dissociation

constants gy & Ki«), although it was not possible to extract a losetation structure
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from a third minor species, representing less #t4nof the protein in solution. Although
at this concentration the tetramer structure usegenerate synthetic data could still be
retrieved, the failure using experimental data medhect the effect of deviations from the
ideal three-species model or additional noise ssurmt included in the synthetic data.
These results illustrate the current limitationstiod MCR-ALS analysis of complex

equilibria using SAXS.
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Figure 6. a) Simulated scattering curves at (from bottontopy 0.085, 0.17, 0.25, 0.34, 0.41, 0.48, 0.55,
and 0.60 mM of ImwPTP assuming a monomer-dimeededr oligomerization model governed biKa=
6.0 mM and &y = 0.07 mM. b) Two dimensional grid search showanginimum around the expectid
and K values. ¢) MCR-ALS derived scattering curve of thedel tetramer (blue), superimposed on the

theoretical curve (black dashed line) calculatedifthe tetrameric model with CRYSOL.

DISCUSSION

The functionally important weak protein-protein quexes can usually not be isolated in
their pure form as they coexist with their individducomponents in a dynamic
equilibrium in solution. Therefore, their structudetermination presents the challenge to
extract the relevant structural information unigaeesach component of the mixture. In
this work we have used the oligomerization of Im#Pas a model system to study weak

protein-protein interaction§.This system is well defined, the crystallographiuctures
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of monomerand dimer are knowf”* and the equilibrium has been extensively
characterized using ultracentrifugation,chemical shift perturbatioff, >N NMR
relaxation:® and'**Xe NMR *®

SAXS data were obtained under identical conditianhslifferent concentrations from a
single protein batch. It should be noted that tleenglete data set was measured
consecutively ensuring a constant scaling factoaliche curves. This is essential for the
simultaneous analysis of all the data, which lreshie heart of the MCR-ALS method.
The data have been analyzed at different levebxpdore the limits of the information
that can be derived from SAXS depending on ther famowledge about the system.

The first level of analysis is based on simple shagrameters obtained from the analysis
of each scattering curve, such as the forward estadt I(0), the apparent radius of
gyration R or the distance distribution function and, in martar, its maximum value
Dmax Shape analysis of variable concentration SAXSa dalbtained at increasing
ImwPTP concentrations provided a simple diagno#tic the formation of different
oligomers.

At a second level, Principal Component Analysis AP@rovides information on the
number of species present and the concentratiagesaat which a given model applies.
For ImwPTP, PCA confirmed the almost exclusive &xse of monomer and dimer at
concentrations up to 0.41 mM but the presencerbee complex equilibrium at higher
concentrations.

Finally, the MCR-ALS method extracts the individsalattering curves of the complex
and its components present in equilibrium. Simdtarsly, the dissociation constant

governing the relative concentration of the différgpecies is obtained. The separated
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scattering curves of ImwPTP monomer and dimer, |#ter representing only 3.0 to
15.1% of the protein in the mixtures, could be @&stied without using any prior structural
knowledge from the analysis of only five experimr@nSAXS curves obtained at
concentrations up to 0.41 mM. From the extractedesy low-resolution structures in
good agreement with the crystallographic ones cdddobtained. The dissociation
constant also matched the one derived from NWIR.

Deconvolution of concentration dependent SAXS csireé oligomeric mixtures had
previously been shown using SVD and simulated datdyough no analysis with
experimental data was presented. In addition, imeilated conditions assumed rather
low dissociation constantull to low mM) such that even at protein concentradio
below the usual experimental detection limit (0.2fg/ml) a large variation in the
concentration of all protein species was ensurel] imnsome cases, the complex was the
dominant specie¥.

The limits of MCR-ALS were explored by studying threre complex equilibrium that
exists at higher InwPTP concentrations where aultili very low concentration species
are present. Simulations assuming the monomer-eietiemer equilibrium previously
suggested by NMR data suggested that MCR-ALS cpubdide the structure of the
tetramer if the structures of the other speciesweown. Experimentally, we could only
extract an estimate of the molecular mass of thrarter from the forward scattering
value but we could not obtain a pure scatteringedior this species, which is estimated
to represent only around 3.4% in the most conctatiraample. At the corresponding
minimum, the MCR-ALS determined dissociation congteof both dimer and tetramer

did match the ones determined by NMR thotigh.
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Our results further underline the usefulness of SAX the large-scale studies of
biomolecular complexes. Although we have appliezl dpproach to an oligomerization
process, other experimental data sets in whichiellagive concentrations of two or more
partners are changed in a controlled way could teradliy allow the study of transient
hetero-complexes, provided that the presence dtiadal species (e.g. homodimers as
well as heterodimers) could be ruled out or acoedifior using previous informatiofi.
The scattering curves extracted using MCR-ALS regmé a direct insight into the
structure of the contributing partners. For allsihn@easons we envision a prominent role
of SAXS in combination with intelligent data anasjssuch as MCR-ALS, in the large-

scale studies of macromolecular assemblies.
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MATERIALSAND METHODS

Protein expression and purification

Unlabeled ImwPTP was expressed as described befot@hree days before SAXS
measurements, the solution was re-purified ovaza exclusion column (Superdex 75)
and the buffer exchanged to 200 mM potassium plaispl3 mM sodium azide and 10
mM TCEP*HCI at a pH = 6.00. The final protein contration was determined by UV

absorption as described befdfe.

SAXS measurements and overall parameter deter mination

Synchrotron radiation X-ray scattering data wasected following standard procedures
on the X33 camera at the European Molecular Biolbghoratory (EMBL) on the
storage ring DORIS Il of the Deutsches Elektro8ymchrotron (DESYY® Scattering
curves were recorded on a MAR345 image plate datéat the eight different ImwPTP
concentrations of 0.60, 0.55, 0.48, 0.41, 0.3450@17 and 0.056 mM. (10.8 to 1.01
mg/ml). The samples were prepared by successivéatiiof a 1 mM ImwPTP sample
with the corresponding buffer. Scattering curveshef buffer were collected before and
after each acquisition of a protein sample to agygtematic error. SAXS measurements
were performed at 3T after letting the sample equilibrate for two ntesi The
scattering curves covered the range of momentunsfeaof 0.0956 < < 5.0455 nrit.

The scattering due to buffer was subtracted by amieg the buffer measurements
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enclosing the actual protein measurement. All dasmipulations were performed with
the program PRIMUS’

The forward scatterint(O) and the radius of gyrationyRere evaluated with the Guinier
approximation assuming that, at very small angles<(1.3/R), the intensity is
represented &€s)=1(0) exp(-6R,)*/3).>" The actual concentration of the lowest InwPTP
concentration sample (0.056 mM) was determined fitsri{O) value by extrapolation of

thel(0) obtained at 0.17 mM ImwPTP.

Calculation of synthetic SAXS data

Synthetic scattering curves were generated with SBY*° using the crystal structures
of the monomer (1pnt.pdBj,dimer (1cOe.pdbi® or a hypothetical compact model of the
tetramer. Scattering curves from mixtures were gend as the concentration weighted
sum of all species present. The concentrationsllofpecies at various total protein
concentrations were calculated from the dissociatmnstants of dimekKg) and tetramer
(Kte) defined as:

Kq =[M]*/[D] 1)

K =[D]*/[T] (2)
Where M], [D], and [T] correspond to the molar concentrations of the onoer, dimer,
and tetramer, respectively.

To each synthetic SAXS curve, an error based oexperimental data obtained from the
measurement of the sample at 0.60 mM ImwPTP wagdads described befofe.
Briefly, the relative noise from the experimentakal set was calculated by dividing the

experimental noisedyy(S)) by the intensityle,y(s)) observed:
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Kexp(S) = Teyp(8) /1 ep(S) 3)
The resulting factorkex(s) was related to the relevant ImwPTP concentration
[IMWPTP]sm through its ratio with [fwPTPlep, = 0.60 mM and multiplied by the

intensity of the simulated scattering curig,(s)) giving the noisezm(s):

Tm(9) = Kero(S) L ([IMWPTPI,,, [[IMWPTP],) O, (9) (4)

For the inclusion of noise in the simulated scattgrcurve, gsim(s) was multiplied by a

Gaussian distribution centered around one and abdie simulated scattering curve.

Principal Component Analysis

Principal Component Analysis (PCA) was conducted usyng the Singular Value
Decomposition (SVD) algorithm implemented in Matlafor determining the singular
values and vectors of the data matrix containimgset of SAXS spectral curv&sAs the
noise level increases significantly for consecutimgenvectors, we calculated the

autocorrelation function C(r) of each eigenvectar a

N-r
C(r)=i2|(i)|(i+r) (5)
N-r =
whereN is the total number of points. The autocorrelafiomctions have a higher signal-
to-noise level and reveal systematic deviationsnfreero in the third eigenvector

resulting from the analysis of the low concentmatsoibset.
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Multivariate Curve Resolution Alternating Least Squares (MCR-ALS) analysis of
the SAXS curves

SAXS curves ranging frors = 0.185 — 1.86 nihwere used, consisting of 734 points.
The maximunms-value was chosen due to the existence of onlytigesntensities for all
scattering curves up to 1.86 finThe large divergences in the intensities up 18®nm

! of the lowest concentration curve (0.056 mM) ietd the analysis to low angle
measures.

Initial estimations of the pure scattering curvestbdescribing the set of SAXS curves
were obtained using the same approach as in th®€ SBMA procedure, looking for the
‘purest’ curves amongst the experimental dfiesThe purest curves are those spectra
channels that depend only (or mostly) on one ofdbm@ponents of the mixture. They
served as the starting point for the MCR-ALS deteation of the optimized pure SAXS
scattering curves of the macromolecules presesbiation and of their corresponding
concentrations. Scattering curves number 20 (0.3 anM 101 (1.55 mM) were selected
as starting search points in the first analysidooted, consisting of 101 synthetic SAXS
data. For the experimental data set the curves correspgndo the extreme
concentrations are the obvious choice. When theats of the individual components
are highly overlapped, as is the case of SAXS ®rilee pure spectra depend basically
from the applied constraints used during the AL$inogation and the choice of the
initial estimates of the curves is not crucial.

Different parameters had to be selected througtt@®ALS optimization, including the
number of maximum iterations = 50 and the convergamiteria, which was set to a very

small value of 0.0005 for the monomer-dimer equilim and 0.01 for the monomer-
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dimer-tetramer one, as small differences are ergeeround a determined set of
dissociation constants. In case of the equilibriomaring a third species, the scattering
curves of monomer and dimer were fixed throughdpgon “vclosl” during the ALS
optimization. In this case, scattering curves esthtwo components were constrained to
be the theoretical scattering curves obtained ftloencrystal structures of monomer and
dimer, which were also in good agreement with thalsained by ALS in the reduced
concentration range where only these two speciese vpeesent. Before the ALS
optimization, the raw input SAXS experimental datdiltered by PCA for a selected
number of components and the PCA filtered dataimérused instead of the original
raw SAXS curves data matrix. As a consequenceisf@ahmore stable ALS optimization
is in general achieved. ALS optimization is perfetmunder constraints like non-
negativity and unimodality (a single profile maximy which are applied to the
concentration profiles as well as to the pure SAX&ves. Details about the
implementation of these constraints are given dieee?>>° Furthermore, in this work an
additional constraint had been implemented to famacentration profiles to follow the
mass-action oligomerization equilibria law. The wayimplement such a constraint is
similar to previous implementations for acid-baseltirequilibria systems and for
multicomponent kinetic systems (with concentratimofiles fulfilling rate laws)®*
Here, the analyzed monomer-dimer equilibrium islaxged by a single equilibrium
constant referred to &&; (equation (1)). In order to ensure that the globadimum was
found, the algorithm was initiated from differergtlwres of possible dissociation constants

in a grid search manner.
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Hereby, 401 different startingys equally spaced on a logarithmic scale in theeanfg
0.01 to 100 mM were used in case of a monomer-deqailibrium. For the monomer-
dimer-tetramer equilibrium, an additional dissaciatconstant ) is necessary. In this
case the grid search included 61 differ€gtand 61 differenK values equally spaced
on logarithmic basis. Startingy values ranged from 0.2 mM to 200 mM (-0.7 — 2.3 in
steps of 0.05), an# values ranged from 0.001 mM to 1 mM (-3.0 — 0.Gsieps of
0.05) and 0.0002 to 6.3 mM (-3.7 — 0.8 in 61 stefp8.075) for the theoretical data and
experimental data, respectively.

After the adjustment of the theoretical dissocmticonstants to the ALS resolved
concentration profile matrix (CM), a new concentmatmatrix is obtained. As a result, an
increase in the overall error occurs, which is oedliby estimating a new scattering
curve matrix (SM) by ALS optimization with previdysmentioned constraints. Other
than in case of the typical MCR-ALS approach, thering function driving the grid-
search minimization is based on the real experialedata set lfx)npns and the

corresponding erro0gxp)nsp,ns

X2 = A DAl = Vo) 1 Onp) 2 { NP G + £0D {([ conc],, —[conc _ kdii],,)? /[conc], }
nsp ns n

(6)

Further variables arécfinspnss Which are the calculated scattering curvisp,andns are
the number of scattering curves and the numbermnoftps, respectively. donc], is the
concentration matrix calculated by ALS for eachcspen and fonc kdis], is the
concentration calculated for each species fromdiksociation constants. is a factor
accounting for the differences in magnitude oféh®r in the spectra and the error in the

concentration. It was chosen to weight the oveeatbr x> by roughly 5% for the
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monomer-dimer and by 20% for a three species équuith at the best minimum found,
resulting ine = 50 in case of monomer-dimer data ard1 and 10 for the theoretical and
experimental data of a three species equilibriuhe &rror is mainly determined by the
pure scattering curves of each species (SM), whdteareason for the incorporation of
an error due to the concentration matrix is to hglpding MCR-ALS in the right
direction. Furthermore, it is of importance to reknagain that the final results are based
on the matrix of the scattering curves (SM) obtdifeom PCA filtering of the
experimental data set.

Visually, the fitting of the pure scattering curvesth the ones predicted from the
crystallographic structures of monomer and dimereis/ good. In order to calculajg
values one has to estimate the real noise levehefcurve extracted by MCR-ALS.
Clearly, the curve for the minor species shows ghén statistical noise. Using the
experimental error of the lowest concentration SAK3ve as an estimate of the
experimental error of the pure dimer curve we atgdian upper limit of?= 1.9. The
error in the monomer curve fit should be lower.rgsa constant relative noise of 3%
(the CRYSOL default value) as an estimate of theenof the monomer curve givgs =
2.0.

The forward intensitie§0) and the g were calculated using the program autGRom
the scattering curves generated by MCR-ALS.

The forward scattering(0) depends on the molecular mass. In the absdniogdoation
contributionl(0)o/1(0)w equals 4. However the volume of the hydration ldgea dimer

is smaller than the sum of two monomers becaus@eoburied surface upon binding.

Theoreticall(0)p/1(O)v values were derived from the crystallographic gtres using
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CRYSOL. To estimate the range of possil{l&)/1(0)v ratios, 5,000 different tetramers
of InwPTP were obtained with the FT-DdClsoftware using the structure of the dimer

as a starting template.

L ow-resolution Models of monomeric and dimeric species

Low-resolution structures from pure scattering esrwere built with DAMMIN3! This
program represents the protein shape as an ensefrdldensely packed beads inside of
the search volume, a sphere of diametgr.DMaximum dimensions, R from the
monomer and dimer pure curves were obtained froensitattering curves with the
indirect Fourier transform package GNGRMTen independent DAMMIN reconstructions
were performed for the optimized scattering curekthe monomer and the dimer. The
optimized shapes were averaged to yield the mattaimie models of both proteins with

the software package SUPCOMSB.
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