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SAXS reports average intensity of a mixture
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Advanced modeling requires monodispersity

[ = ~ N x|

A monodisperse, dilute solution of N fish One fish
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Advanced modeling requires monodispersity*

o Is it | =< .. or ?
>

q

e MW estimates
e Guinier plot
e Concentration series

 Complementary biophysical methods

e e e — —— e e e e e S P ——————— e I e P e —— e e ——— e s e S — —— e I e

L*methods exist for modeling multiple structures simultaneously from mixtures, but must take extra care to avoid overfittingj

e — e e e s e e e e e — e — e — e — e s e e S ———— e e e e e e e S ——————— e
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Two routes to monodispersity
Batch mode

In-line chromatography (SEC-SAXS)

Measure
SAXS

Check quality
(MW, Guinier, ...)

Y A ="

Repurify or
alter
conditions

>

Intensity

SAXS data

Advanced analysis

(atomistic modeling,
shape reconstruction, ...)

SAXS data

< 4
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Troubleshooting aggregation in batch mode

— Aggregate no- 1
1000 — Aggregate no. 2 of 40 kDa protein

~ Flow through of 100 kDa
filter of aggregate no. 2

100

Intensity (log scale)

10

Putnam, Hammel, Hura, & Tainer. Q Rev. Biophys. 2007
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Advanced analysis overview

@r}?a7§s7&§ data (fvﬁsﬁn’ag{é&f&i@ :
from atomic models
(CRYSOL, FoXs, ...)
@ A79 :;i/_?/f'tiﬁgjghja ;;; c’gnz;u; tToD
(DAMMIN, GASBOR, DENSS, ...)

SAXS data

3. Hybrid techniques: docking, flexible fitting, / \
ensemble modeling, MD simulation, ...

(SASREF, GLOBSYMM, BUNCH, CORAL, ...)
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Compare SAXS data with simulated scattering from atomic models

Experimental SAXS

107
profile
10’
Candidate structure |
(PDB file) . : .
Scattering simulation 10°
(CRYSOL, FoXs, ...)
e X-ray crystallography
* Cryo-EM hydration layer 10
 homology model
 molecular dynamics == 1(') .

Important: model must be complete (heed to add missing loops, termini, his tags, etc)

Parker, M. J. et al. PNAS 115, E4594—-E4603 (2018).
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Accurate scattering simulation requires hydration layer modeling

Hydration layer
(A,Uh)

Solvent-excluded
volume (V)

Bulk solvent
«— (v,

Intensity (log scale)

103 ';
107 =

10°

Experimental data

—— CRYSOL - default parameters

—— CRYSOL - adjusted fitting parameters
solX - all atoms calculation

105 -

| x | | ! | ’ |

00 01 02 03 04 05 06

A —1
q(A™)
Putnam, Hammel, Hura, & Tainer. Q Rev. Biophys. 2007

 Hydration parameters fit to experimental data (CRYSOL, FoXs, ...)

 WAXS requires greater accuracy (all-atom MD, ...)
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Simulation is best for ranking multiple candidates

_III | | I 1 IIIII | | I_
- _ AAMP @t «\N =ete
10°E holo = oy ‘ oy
: : S g S, o Canonical dimer
——_ i & SPuy ,3 VG Qe (poor fit)
\ Q@Y RN © c
103 — — monomer1 ) D . i J\
é holo \ = S ‘ %6!
5102
8 F
S [ apo Non-canonical
10" dimer
- (good fit)
100? E
-1 -
10 Monomer
o - d fit to apo)
20 [+ ; (goo
Examine residuals! 3 28 B O :
- 10° .10 Parker, M. J. et al. PNAS 115, E4594—E4603 (2018
g (A arker, M. J. et al. , — ( ).
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Software for scattering simulation

e CRYSOL — fit uniform hydration model

 Download ATSAS package: https://www.embl-hamburg.de/biosaxs/software.html

* FoXS — fit bead-based hydration model

 \Web server: https://modbase.compbio.ucsf.edu/foxs/

« WAXSIS — short all-atom MD simulations (no fitting)

* Web server: http://waxsis.uni-goettingen.de/

 [HyPred, 3D-RISM, AquaSAXS, and many more ...]

CRYSOL — Svergun, Barberato & Koch. J Appl Cryst, 1995.

foXS — Schneidman-Duhovny, Hammel, Tainer, & Sali. NAR, 2016.

WAXSIS — Christopher J. Knight and Jochen S. Hub. NAR, 2015.

HyPred — Virtanen, Makowski, Sosnick, & Freed. Biophys J, 2011.

3D-RISM — Nguyen, Pabit, Meisburger, Pollack, & Case. J Chem Phys, 2014.

_ , AquaSAXS — Poitevin, Orland, Doniach, Koehl, & Delarue. NAR, 2011.
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FOXS demo ®» O ¢ E FoXS Server: Fast X-ray Scatte. X -+

é 9 e Q a https://modbase.compbio.ucsf.edu/foxs/

FoXS reference: \ S
Schneidman-Duhovny, Hammel, '@EZ‘

Tainer, & Sali. NAR, 2016. 55 /M\AV

Fast SAXS Profile Computation with Debye Formula

« About FOXS « Web Server « Help - FAQ - Download - Sali Lab * IMP « Links

https://modbase.compbio.ucsf.edu/foxs/

Type PDB code of input molecule or upload files in PDB format (zip file with several PDBs can be uploaded):

(PDB:chainld e.q.

Input molecule: , Browse...  No file selected.
P 6lyz:A) or upload file:
Experimental ’ . ,
Browse... No file selected. tional) sample input
profile: (apkionzal) s P
e-mail address: (optional, the results are sent to this address)
Submit Form Clear

Advanced Options

NEw! MultiFoXS Now with conformational sampling and multi-state modeling, try here

If you use FoXS, please cite:

Schneidman-Duhovny D, Hammel M, Tainer JA, and Sali A. Accurate SAXS profile computation and its assessment by
contrast variation experiments. Biophysical Journal 2013. 105 (4), 962-974

Schneidman-Duhovny D, Hammel M, Tainer JA, and Sali A. FoXS, FoXSDock and MultiFoXS: Single-state and multi-state
structural modeling of proteins and their complexes based on SAXS profiles NAR 2016 [_FREE Full Text ]

- - ey >
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CRYSOL demo

N R # data — -bash — 94x23

(base) upstairs:data steve$

CRYSOL reference:

Svergun, Barberato, & Koch(1995)
J. Appl. Cryst. 28, 768-773.
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Plotting fits in RAW

RAW reference:

Hopkins, Gillilan, & Skou (2017).
J Appl Cryst 50, 1545-1553.

Steve Meisburger @ Ando Lab
CHESS HP Bio Workshop 2021
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00 ®
Information Panel
Guinier Fit
v |
Molecular Weight
Control Panel
Files Profiles IFTs Series
/Users/steve/Box/lab/desk/steve/presentations/che Q)
Name & Ext Modified
2] 2POL pdb 2013-06-1019:... 515.4
=] 2POLOO fit  2021-04-28 15:... 23.4
2] 2POLOO log 2021-04-28 15:... 2.C
5] 2POL_polymerase fit 2021-04-28 15:... 22.1
2] crysol_summary txt 2021-04-28 15:... 0.2
2] polymerase dat 2014-06-0106:... 21.2
All files (**)
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System Viewer Show Image Clear All
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SAXS simulation: tips & caveats

_ Getting help
» CRYSOL: may need to adjust advanced parameters
-1m number of spherical harmonics. .« CRYSOL
affects accuracy at high-qg .
-fb affects accuracy of solvation layer : * crysol —help

| recommend -fb 18 (maximum)

o X * www.embl-hamburg.de/
-dns solvent density in electrons / A’ : biosaxs/crysol.html

(default is 0.334 for pure water)

* Always check that fitted parameters make sense * FoXS
 Both can run in “prediction” mode without input data (set » modbase.compbio.ucsf.edu/
parameters to default or user-input values) — useful! : foxs/about.html

 Atomic model must be complete
 modbase.compbio.ucsf.edu/

foxs/help.html

 Make sure atomic model was read in correctly (check
number of atoms, chain ID, symmetry, etc)
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Modeling from SAXS data

Steve Meisburger @ Ando Lab— CHESS HP Bio Workshop 2021

Simulate

Reconstruct?

16

10°

10

10°

107

101
q (A7)



Multiple approaches to SAXS-based modeling

Ab-initio modeling Rigid-body modeling

Envelope representation Envelope from densely  Envelope from dummy Missing domain represented  Rigid-body model+missing  Atomic models derived
using spherical harmonics packed dummy beads residues forming a chain- by ensemble of dummy loop represented by from rigid body modeling
compatible model residues forming a chain- ensemble of dummy residues applying conformational
compatible model sampling

Putnam, Hammel, Hura, & Tainer. Q Rev. Biophys. 2007
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Shape reconstruction is a hard problem

. . 10k

e SAXS is low resolution §
_ A —1 — 20 A |

Gmax = 0.2 A7 — resol. =30 A) T %&m o'

» SAXS is low information Anpp O L > 107}

Simulate

(Nyquist-Shannon sampling theorem) easy)

0 |
10 “'x SAXS profile Reconstruct?
] \&Q (hard)
o 1071- \h\‘”’%s«;“ Aq — ﬂ’-/dmax
- % Amount of information = (1/7)gmaxdmax
102
Typically, ~ 10-20. Not much!

0.00 . 0.10 0.15
q[A7]
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Bead modeling approach
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e Solution is not unigue —> repeat many
times and average them.
Skou, Gillilan, & Ando (2014) Nature Protocols 9: 1727—-1739.
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Unique reconstruction is not guaranteed

* Theoretically, multiple shapes can give the same
scattering profile —> ambiguity

« Some SAXS profiles are more ambiguous than others.

« AMBIMETER — fit SAXS data to database of simple
shapes. How ambiguous?

 Bead models have trouble with certain shapes.

* Best practice: perform multiple, independent
reconstructions, align & average (DAMAVER)

* NSD = “normalized spatial discrepancy”.
NSD < 0.7 is similar enough to average

 Large NSDs —> multiple shapes possible.
Cluster first then average (DAMCLUST)

Volkov & Svergun (2003). J. Appl. Cryst. 36(3), 860—-864.
M.V. Petoukhov and D.l. Svergun (2015) Acta Cryst. D71, 1051-1058.

Putnam, Hammel, Hura, & Tainer. Q Rev. Biophys. 2007.
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DAMMIF demo

RAW user interface:

Hopkins, Gillilan, & Skou (2017).
J Appl Cryst 50, 1545-1553.

ATSAS programs:

DAMAVER — Volkov & Svergun (2003).

J. Appl. Cryst. 36(3), 860—864.

AMBIMETER — Petoukhov & Svergun
(2015) Acta Cryst. D71, 1051-1058.

DAMMIF — Franke and Svergun (2009).

J Appl Cryst. 42, 342-346.

DAMMIN — D. |. Svergun (1999).
Biophys J. 2879-2886.

Visualization in Chimera X:

https://www.rbvi.ucsf.edu/chimerax/

Adapted from RAW tutorial:

https://bioxtas-raw.readthedocs.io/en/
latest/tutorial/s2_dammif.html

Steve Meisburger @ Ando Lab
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Information Panel

Name: glucose_isomerase.out
IFT

W Dmax: 101.0 Rg: 33.41 +/- 041 1(0): 0.06

Ambimeter

W Interp.:

Control Panel

Files Profiles IFTs

Series

+/- 1.9e-4

/Users/steve/Box/lab/desk/steve/presentations/biocat_20

Name &
%v. »
2] 1XIB_4mer

Ext

pdb

Modified

2020-04-11 00:...

Size

11658 ...

B glucose_isomerase

=) glucose_isomerase...
=) glucose_isomerase...
=) glucose_isomerase...
=) glucose_isomerase...

2] glucose_isomerase...
3] glucose_isomerase...
3] glucose_isomerase...
2] glucose_isomerase...

2] alucose isomerase ...

All files (**)

Quick Reduce

System Viewer

=] glucose_isomerase...
=] glucose_isomerase...

fir 2020-04-10 14:...
fit 2020-04-10 14....
in 2020-04-10 14:...
log 2020-04-10 14:...
pdb 2020-04-10 14:...
pdb 2020-04-11 00:...
fir 2020-04-10 14:...
fit 2020-04-10 14....
in 2020-04-10 14:...
log 2020-04-10 14:...
ndbh 2020-04-10 14: ...
Plot
Show Image

2020-04-10 14:...

22.6 KB
17.8 KB
0.9 KB
25.7 KB
662.2 KB
663.4 KB
22.6 KB
17.8 KB
0.9 KB
23.5 KB
662.7 KB

Plot Series
Clear All

RAW 2.1.0
Plot Panel

Profiles
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https://bioxtas-raw.readthedocs.io/en/latest/tutorial/s2_dammif.html
https://bioxtas-raw.readthedocs.io/en/latest/tutorial/s2_dammif.html
https://bioxtas-raw.readthedocs.io/en/latest/tutorial/s2_dammif.html
https://bioxtas-raw.readthedocs.io/en/latest/tutorial/s2_dammif.html
https://www.rbvi.ucsf.edu/chimerax/
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Advanced modeling summary and advice

P‘ * Must have good quality data. |

<— SEC-SAXS can help!

 Monodisperse sample is required for modeling*
Nt ashebeh ety )

e | ots of software available for ab-initio reconstruction

* Reconstruction can be ambiguous. Quantify ambiguity, interpret models with caution.

 |If you have an atomic model, fit SAXS simulation to scattering curve.

Don’t just dock your model in the ab-initio density &

* Even better: use SAXS simulation to rank alternative models @

* *if your sample is a mixture, or is flexible, there is software to fit multiple models.
But remember SAXS is low-information. Proceed with caution.

Steve Meisburger @ Ando Lab— CHESS HP Bio Workshop 2021 22



SEC-SAXS experiment

FPLC (AKTA Purifier)

>

Intensity

Advanced data processing

e e e e e -:J

SAXS data
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Why use SEC-SAXS?

* Exact buffer match * Usually uses more material, takes

longer, dilutes the sample
» Remove aggregates

| | o Buffer is fixed (no titrations)
* Confirm monodispersity

| e Protein concentration varies
* Separate mixtures (issue for weak complexes)

» Computationally deconvolve » Radiation damage can compromise
overlapping peaks experiment

Steve Meisburger @ Ando Lab— CHESS HP Bio Workshop 2021 24



Size exclusion chromatography (SEC) setup

Sample injection loop

beads

!
TP Q99 99 flow
i

@ @ SEC column
Buffer "

SHHRS

running buffer

B

UV, conductivity sensors

RRRE:

“Size exclusion chromatography: Principles and Methods”, GE Healthcare Life Sciences.
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SEC separates particles by size

t0 t1 t2
flow

Dextran

//_h\\ Cross-linked agarose
r \

gsssateisdasates

column

* Large objects are excluded — run quickly / elute first

o Small objects diffuse in the pores — run slowly / elute last

“Size exclusion chromatography: Principles and Methods”, GE Healthcare Life Sciences.
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Globular proteins elute according to logarithm of molecular weight

A, (MAU) oo Ko
Superdex 200 10/300 GL column. oo 10-600 kDa
400 O CA 0'80 (globular proteins)
ﬂ R e
Ald (ﬂ: ” ” 0.70 - Aprotinin
|
| ) 0.60 -
3500 i 0.50 - Carbonic anhydrase
Apr Ovalbumin
0.40 ~
| Conalbumin
200" e Aldolase
\ V ~ B - A*log(MW)
Ferritin
0.10 ~
100 - \ -
\/ ' 10’ 10" 10° 10°
/\] \ U k M, logarithmic scale
O =~ — — I——
0 5 10 15 20 25 Vol. (ml)

“Size exclusion chromatography: Principles and Methods”, GE Healthcare Life Sciences.
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Example SEC-SAXS dataset from BSA

UV and Conductivity Experimental details
400 10 Beamline | CHESS G1, Nov. 2015
i . Sample |BSA at 11 mg/mL in
300 L PI€ 150 mM HEPES, pH 7.5
Monomer e
) O Column Superdex 200
<< 200 12 & ] Increase, 3.2/300 .
& Dimer? . |50 mM HEPES pH 7.0,
100 - \ S Running |5 M NaCl, 5%
Buffer
o N % glycerol .
| | | | 8 Injection 50 UL
0 0.5 1 1.5 2 2.5 3 volume |
Volume (mL) Flow 0.1 mL/minute
Rate |- e
salt depletion peak Frames |1000 at 2s each

(buffer mismatch)
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Example SEC-SAXS dataset from BSA

UV and Conductivity Experimental details
A 10 Beamline | CHESS G1, Nov. 2015
00°F A Samble BSA at 11 mg/mL in
300 L P 150 mM HEPES, pH 7.5
Monomer & e
) O Column Superdex 200
<C 200 |- 49 C?) Increase, 3.2/300
S imer? |50 mM HEPES pH 7.0,
100 | Dimer \ S FB‘:;‘fg'r"g 100 mM NaCl, 5%
____________________________ glycerol o
0 | | | | 8 Injection |, =
0 0.5 1 1.5 2 2.5 3 Volume |
. Flow 0.1 mL/minute
Total SAXS Intensity _ Rate | =
| I I I , salt depletion peak Frames |1000 at 2s each
5800 (buffer mismatch)
<
< 5600 | _
O
|_
— 5400 - :
5200 | | | | |
0 0.5 1 1.5 2 2.5 3

Volume (mL)
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Guinier analysis across the peak

| | 1 | | 1 |
5800 E E _
2 5 5
= 5600 E E _
O :
— : :
— 5400 ' ' —
ey : :
5200 | | i | | E |
0 0 1 ’,/' 1.5 2 ~"~2..5.~ 3

30 ¢~ . . . |

Use a region before I
the main peak for 60 [ 7
background subtraction

Rg ~constant
in this region

o et |
~ 40 a4 )ilimi
@) . kS
o
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Is the peak one species?

What curves can be
averaged together?




SVD can help detect “pure components”

 SVD = “singular value
decomposition” A

|
C
>
>
E

* Method from linear algebra
(assume SAXS is additive)

+

4 4

* Detect number of significant ‘ singular vectors singular values singular vectors
singular values above noise SEC-SAXS dataset along /vs. Q along /vs. frame
(SAXS profiles) o ™ t® { (elution profiles)

S 100 |

e = minimum number of ) : | 5

distinct scattering _ 210 0 0000000000000 |

. . = %) [ ]

components In mixture £ e AP a——
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Application of SVD to SEC-SAXS dataset from BSA

r e e S - e R ‘tj

Is the peak one
species?

What curves can be
averaged together?

—

— e — e

r:r e N e

Intensity (-U

N Singular Value

whole peak: 3 s.v.

—
o
N

—
o
w

Py

0/o'ele/0 00000000000l

D

5 10 15 20

N

first part: 2 s.v.

—h
o
&

107 n

10% ¢
S |e
> |
= 10°
S _
?g) I ]
'(% 102 | ® - \/_,
= ©0000000000000C00P
1010 é 1b 15 20
N
—
flip the sign

1072
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middle part: 1 s.v.

N

N Singular Value
3

102
CO0000000C0000CO00OD
101O é 16 15 20
N

U1 = first left
singular vector

0

-0.01 |

-0.02 -

-0.03 +

-0.04

-0.05

-0.06

q (A

1072 107" 10°



Proceed to advanced analysis with confidence!

CRYSOL fit

10°
102} -
.\.
~
.\"\%.
!:.Ar o
101 N
: .!Elo ..h'-
Y | 'ﬁ ‘Tfﬁ ’
LIk 4 s s WERN . I
T A sl [ NS hen A
i T
L |
0.1 0.2 03 | 0. 0.5 0.6 0.7
q
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What if peaks overlap?

» Often, Rg will change across the peak with no constant region
* Possible causes
* |nsufficient column resolution to separate species
* Peak broadening
* Re-equilibration of oligomers or aggregation
* Optimize purification as much as possible (buffer components, etc.)
 Advanced computational methods
 EFA = “Evolving Factor Analysis”
« REGALS = “Regularized Alternating Least Squares”

Meisburger, S.P. et al. (2016) JACS 138, 6506—6516.
Meisburger, S.P., Xu, D. & Ando, N. (2021) IUCrJ 8(2).
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EFA automatically detects and separates overlapping peaks in SEC-SAXS

Concentrations SAXS profiles
Example dataset
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Meisburger, S.P. et al. (2016) JACS 138, 6506—6516.
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SEC-SAXS Summary

« SEC can separate molecules based on size

« SEC-SAXS Is great at removing aggregates, separating oligomers, providing a
good buffer match, and increasing overall confidence in data.

o SEC-SAXS typically requires extra sample, time
o Jake care: experimental variables, assess data quality

 Powerful deconvolution methods (SVD, EFA, REGALS, ...)
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