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The electron paramagnetic resonance technique of double electron-electron resonance (DEER) was used to measure
nanometre-scale distances between nitroxide spin labels attached to the complement regulatory protein CD55 (also known as
decay accelerating factor) and the von Willebrand factor A (vWF-A) domain of factor B. Following a thorough assessment
of the quality of the data, distances obtained from good-quality measurements are compared to predicted distances from a
previously hypothesised model for the complex and are found to be incompatible. The success of using these distances as

restraints in multi-body docking routines is presented critically.
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1. Introduction

Measuring nanometre distances by electron paramagnetic
resonance (EPR) spectroscopy is an attractive approach to
study structural aspects of biomacromolecules. Through
detection of the dipolar coupling frequency, v, between
site-specifically placed pairs of nitroxide spin labels, ac-
curate distances, », and distance distributions can be ob-
tained for biomacromolecules in (frozen) solution since v
o #73. Thus, the structure or conformational changes of
proteins or nucleic acids in solution can be compared to
results from other biophysical techniques such as X-ray
crystallography, electron microscopy or nuclear magnetic
resonance spectroscopy [1-3]. The most popular method
for measuring dipolar coupling frequencies corresponding
to nanometre-length distances is double electron—electron
resonance, DEER (a.k.a. pulsed electron double resonance)
— a pulsed EPR technique [4-8].

The structure determination of protein-protein com-
plexes often evades more established biophysical tools,
particularly if the proteins interact only weakly. A very ap-
pealing use of DEER lies in its potential ability to solve
the structure of protein-protein complexes which would
bring great insight into the functional mechanisms of bi-
ology [3,9—-15]. One such system of interest is the se-
ries of protein—protein interactions required in the various
pathways of the complement system which confers innate

immunity and is made up from approximately 30 separate
proteins [ 16]. We set out to investigate whether DEER could
elucidate the structure of the complex between complement
decay-accelerating factor CD55 and the von Willebrand
factor A (VWF-A) domain of factor B, an essential interac-
tion in the regulation of the innate immune system against
destruction of the host cell and associated autoimmune re-
sponses. The Mg?* -dependent interaction has previously
been shown to have a micromolar affinity and whilst crys-
tal structures exist for CDS55, factor B and Bb, the activated
form of B that CD55 interacts with, it has been proved
impossible to gain further insight into the structure of the
CD55:Bb or CD55:vWF-A complexes using other biophys-
ical techniques [17-21].

2. Materials and methods
2.1. Preparing the proteins

The vWF-A domain of factor B was expressed as a re-
combinant fusion protein with glutathione S-transferase
fusion protein as described previously [20]. The vWF-A
was sub-cloned from the pGEX-2T vector into pTrcHisA
(invitrogen) between the EcoRI and BamHI restriction
sites providing an N-terminal HisTag. The protein was ex-
pressed in Escherichia coli strain BL21(DE3) using Luria—
Bertani broth. Cultures were incubated at 37 °C before
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expression was induced during mid-log phase by the ad-
dition of 0.3 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) and the temperature reduced to 20 °C overnight.
Protein was purified using a HisTrap fast flow column
(GE Life Sciences) following the manufacturer’s guidelines
followed by size exclusion chromatography using an S75
26/60 gel filtration column equilibrated in 150 mM NacCl,
50 mM Tris-HCI, pH 7.5.

Mutagenesis reactions to introduce the DESQ C-
terminal motif, to make the point mutation C267S and to
introduce the cysteine residues at positions given in Ta-
ble S1 were carried out with the Quikchange Site-Directed
Mutagenesis Kit (Stratagene) as per the manufacturers’ in-
structions. Primers are shown in Table S2.

Proteins were spin labelled by adding S-(2,2,5,5-
tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methane-
sulphonate spin label (MTSSL, Toronto Research Chem-
icals) and leaving the sample in the refrigerator overnight
to give an R1 side chain (Figure 1(A)). The excess spin
label was removed using size exclusion chromato-graphy.

Figure 1. Relevant structures. (A) The MTS nitroxide spin label
attached to a cysteine to make an R1 side chain. (B) CDS55 from
10JV.pdb [21] with the positions of mutations shown as blue
spheres (CCP, complement control protein module). (C) vWF-A
from a chimera of IRRK.pdb [30] and 1QOP.pdb [31] to provide
a complete structure from residues 243 to 444. The successful
mutations are blue spheres, unsuccessful mutations are yellow
spheres and the Mg?™* ion is a green sphere.

Generation of recombinant human CD55 with comple-
ment control protein (CCP) modules 1-4, an N-terminal
methionine glutamine (MQ) sequence and C-terminal cys-
teine, CD55%%* has been described previously [19,21].
A CD55 construct consisting of CCP modules 1-3 with
a C-terminal cysteine for CD55"°1C were sub-cloned into
pET-28b (Merck Biosciences) via the pDrive cloning vec-
tor (Qiagen) between the Ndel and EcoRI restriction sites,
adding an N-terminal HisTag. CCP domains 2—4 with
an N-terminal cysteine, CD55N%C | were sub-cloned from
the CD55%%3* expression plasmid into the pET-14b vec-
tor (Merck Biosciences) using a similar protocol to above
and again conferring an N-terminal HisTag sequence to the
protein sequence. CD55%%¢ and CD555!%€ were produced
by cloning CD55%* into the pET-14b vector between the
Ncol and Xhol restriction sites. This resulted in a Q2G mu-
tation from the original CD55 sequence. Mutagenesis, to
correct this sequence difference and perform Q2C, C254K
and S108C mutations, was performed using the Quikchange
Site-Directed Mutagenesis Kit (Stratagene).

The CDS55 constructs were expressed in E. coli strain
BL21(DE3), purified from inclusion bodies and refolded
using previously published methods [19]. All six mutants
behaved as their wild-type equivalents in polyacrylamide
gel electrophoresis with sodium dodecyl sulfate denatura-
tion protein electrophoresis and fast protein liquid chro-
matography experiments. The purified monomeric protein
was treated overnight at 4 °C with tris-carboxyethyl phos-
phine, TCEP (Pierce) to cleave the exo-disulphide bond
between the introduced cysteine and the cysteine derived
from the refold buffer. The protein was again cleaned using
S7526/60 gel filtration and MTSSL was added. Excess spin
label was removed either by gel filtration or successive di-
lution into buffered deuterated water ready for DEER using
microcentrifuge spin concentrators.

All vWF-A and CD55 gene sequences were verified
by DNA sequencing using appropriate primers. Electro-
spray mass spectrometry was carried out on the vVWF-A
and CDS55 proteins before and after spin labelling to con-
firm the identity of the samples. The masses corresponded
to the expected proteins for all measured samples except
in the case of CD55NC which had a mass consistent with
the mass of the protein with an N-terminal GSM motif
(preceding the inserted cysteine) but without the rest of the
HisTag.

Throughout this work, the vWF-A residues are num-
bered according to their positions in full-length factor B.
Meanwhile the CD55 residues are numbered according to
the construct used here. This has additional N-terminal MQ
amino acids and therefore all residue numbers are by two
greater than their position in the expressed human protein.

2.2. DEER spectroscopy

Samples were prepared for EPR experiments by sequential
dilution and concentration of the proteins into 50 mM Tris,
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150 mM NacCl, 5 mM MgCl,, pH 7.5 in D,0 and then 30%
v/v dg-glycerol. The procedure was designed to result in
samples which were 100 uM in each protein component.
The samples were inserted into 3-mm quartz EPR tubes and
frozen in liquid nitrogen prior to measurement.

The four-pulse DEER experiments at X-band frequen-
cies (~9.5 GHz) used the sequence 1/2(Ugbs)—T 1= (Ugbs )—
= (Upump)—(T1 + T2 — )= (Vobs)-T2—€cho with 7| =
400 ns, 7, between 1 and 10 s, At = 8 ns and Ugbs—VUpump
= 65 MHz [22]. The observer pulses were 32 ns in length
with a +/— phase cycle on the first pulse and the pump
pulse was 12 ns. Deuterium modulations were minimised
by adding eight data-sets with variable delay At; = 56 ns.
Experiments were performed using a Bruker Elexsys sys-
tem with a Bruker EN 4118X-MS3 resonator. The data
were analysed using DeerAnalysis2011 with an exponen-
tial background correction and Tikhonov regularisation (see
Table S5 for choice of regularisation value) [23].

2.3.  Computer programs

2.3.1. R’ and x’ per degree of freedom
background analyses

Details of these calculations are provided in the supporting
information. Calculations were carried out in MATLAB
R2012a.

2.3.2. Spin-labelling using the multiscale modeling of
macromolecular systems (MMM) software

The coordinates of the protein or complex of interest were
uploaded into MMM (version 2010) running in MATLAB
R2012a [24]. The sites of interest were labelled with the
R1 rotamer library calculated at 175 K, which is the recom-
mended approximation for spin-labelled proteins in frozen
water/glycerol mixtures. The program models the expected
distance distribution to be given by DEER between pairs
of labels and calculates the mean and standard deviation of
this distance.

2.3.3.  Docking using the crystallography and NMR
system (CNS) software

Idealised MTSSL coordinates were downloaded from the
HIC-Up server (compound MTN) and loaded into Xplo2d
to create a dictionary for use by CNS [3,25-28]. Scripts
to enable torsion angle dynamics and simulated annealing
for rigid-body docking were written to use CNS 1.3 and
were originally designed to be used with forster resonance
energy transfer (FRET)-derived distances [29]. The protein
structures used for the rigid-body docking were based on
10JV.pdb for the CD55 and a chimera of IRRK and 1Q0P
for the vVWF-A which gives a complete structure for vWF-
A from residues 243 to 444 [30,31]. In the case of CD55

alternative conformations were used so that the truncated
forms of the protein used in the CD55N63R! and CD5S!OIRI
experiments could be correctly incorporated. The proteins
were mutated in silico to include the cysteine positions and
these had MTSSLs added to give the R1 side chain. The
labels and all side chains were allowed to change torsion
angles around their bonds freely in the spatially separated
proteins to generate 20 different initial structures. Each of
these was then subjected to rounds of simulated anneal-
ing using very high temperatures with 10 different CNS
SCALE values between 20 and 200 and the DEER-derived
distance restraints were treated as CNS nuclear overhauser
effect (NOE) restraints. This created 200 possible docked
structures. Finally the side chains and spin labels were al-
lowed to rotate about all bonds once again to minimise the
distance violation energy (how well the DEER distances
were obeyed). All steps were performed with only van der
Waals interactions. The 200 structures were filtered and
only those with CNS NOE energies of zero, i.e. no vio-
lations between the DEER-derived distance restraints and
the result, were kept. More information about the scripts,
procedures and parameters are available upon request.

3. Results
3.1. Producing the spin-labelled proteins

To investigate the CD55:vWEF-A structure with DEER spec-
troscopy, nitroxide spin labels need to be attached in vari-
ous positions throughout the two proteins. We attached the
MTSSL to cysteines which had been introduced using site-
specific mutagenesis to give the R1 side chain (Figure 1(A)).
The CD55 contains 16 cysteines in its wild-type sequence
but all of these are in disulphide bonds and are therefore
not free to label. On the other hand, vWF-A contains just
one cysteine and this has been labelled for a previous study
[32]. Five separate cysteine mutations were made for CD55
and 11 for vWF-A but whilst all CD55 mutants were suc-
cessfully purified and isolated this was true for only three
of the vVWF-A mutants (Figure 1(B) and (C)). This led to a
total of 20 DEER time traces for the various combinations
of complexes.

3.2. The DEER time traces

All combinations of CD55 and vWF-A were measured
as well as the individual proteins. Most of the DEER
time traces, including those from the individual proteins,
were not purely exponential decays and therefore indi-
cated the presence of dipolar coupling. To assess our
confidence in whether the DEER time traces truly devi-
ate from the exponential baseline we determined the R?
and x? per degree of freedom for the difference between
the experimental signal and the extrapolated fitted back-
ground from DeerAnalysis2011 (see the supporting infor-
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mation) [23]. The results indicate that the isolated pro-
teins VWF-ADP#8RI - CD55Q2RI - CD5SNGRI T Cp55IoIRE
CD55C2R1 " and  the protein complexes CD55QR!:
VWF_AK294R1 , CD55C254R1 IVWF-AC267R1 , CD55C254R1 .
VWF-ARBIRI - CD55C24REyWE-APBERI qo not signifi-
cantly differ from the expected background. In the case of
the complexes, this could be because the CD55 and vWF-
A proteins do not interact. However, since the signals for
the individual proteins are not observed for complexes with
VWEF-ACOTRL yWE-AK294R and yWF-ARSIRI it i5 possi-
ble that the CD55 and vWF-A proteins are interacting but
that the distance between the spin labels on each of the pro-
teins is too far to be detected by DEER. We have previously
shown that vVWF-A?67R! hag an intermolecular interaction
consistent with the formation of a trimer, as seen in the crys-
tal structure (protein data bank, PDB access code 1QO0P)
[30,32]. The DEER time traces from the vVWF-AK?4R1 apd
vWE-ARBIRL mytants correspond to broad distance ranges
and thus could not be so clearly attributed to the presence
of a VWF-A trimer. The DEER results from CD555!08R!
also led to a wide range of distances and were interpreted
as being from a degree of disordered aggregation.

The DEER time traces have shallow modulation depths
of approximately 5—10%, well below the expected value
of around 50% for DEER experiments with nitroxide spin
labels at X-band (Table S3 presents the number of inter-
acting spins in each sample derived from the modulation
depth). This reduction could be due to incomplete com-
plex formation since the equilibrium values for binding
are in the uM range and we are using 100 uM concen-
trations. In addition, very few of the traces show long-
lived dipolar modulations which would be indicative of a
single and tight distance distribution. A number of com-
plicating factors (low modulation depths, broad range of
distances and possible contributions from homomultimeric
complexes) therefore affect a number of the DEER traces.
Extensive testing with the validation procedures available in
DeerAnalysis2011, comparisons to the time traces and dis-
tance distributions obtained from the isolated proteins (see
Figures S2 and S4) and results from the R?/x? back-
ground tests described above led us to have a reason-
able degree of confidence in only 8 of the 20 measured
CD55:vWF-A mixtures (see Table 1) [23]. The average
distance for the major distance peak for these eight results
range from 2.3 to 7.2 nm and are displayed in Figure 2 and
Table S4.

3.3. Comparison of the DEER distance results
to a previously proposed model for the
CDS55:vWF-A interaction
Published crystal structures of the first four domains of
factor H, another regulator of complement, bound to C3b
(2WII.pdb) and a complex of C3b:Bb stabilised by staphy-
lococcal complement inhibitor peptide (2WIN.pdb) have

WVWF - AD438R1
MC\_D_SSI 191R1 :VWF_AR:H’: R1

CD55I 191R1 -VWF_AKZQ.‘-Hl
\u__d_________,_._.__'

C D55I 191R1 :VWF_ACZK'}?R 1

CD55NER W -AD43ER
W—-

intensity
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C D55(J?R| :VW F _Am 3BR1
Py
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time / us

——
EDSE‘B‘H‘ZUWF-A”“BH‘

—

CD55||9:R|:VWF_AR38:R1_

x

CD55"9IRT W -AK294R1
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Figure 2. Experimental results from DEER: (A) Background-
corrected DEER for the CD55:vWF-A complexes chosen as jus-
tified in the text and the supporting information. (B) Distance
distributions from the time traces shown in (A). Each distance
distribution is shown in black (good), blue (medium) and red
(poor) corresponding to certainty intervals based on the length
of the time trace data, as implemented in DeerAnalysis2011. The
black horizontal line shows the standard deviation about the mean
for the major distance peak, the green line shows the standard
deviation about the mean for the MMM results from the hypothe-
sised model (see Section 3.3) and the red star represents the C,—C,
distance in the model.
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Table 1. Complexes marked by a tick are where their DEER time traces pass: (1) the R? and x > background tests; (2) the DeerAnalysis2011
validation tool and (3) where distances are different to distances/distributions extracted from the DEER time traces for the isolated vWF-A
or CDS55 proteins (see the supporting information). Individual proteins marked by a tick show cases where the DEER time traces deviated
from an exponential fitted background as determined by the R? and x? tests.

vWF-A
No label VWF_AC267R1 VWF_AK294R1 VWF_AR381R1 VWF_AD438R1
CD55 No label J J N X
CD55QR! X N X X J
CD55NO3RI X X X Vv Vv
CD55S108R1 J X X X X
CD551191R1 X J J \/ \/
CD55C4RI X X X X X

been used to predict a general route for decay acceler-
ating complement regulators [33,34]. In this model, the
regulator competes for the binding site of C3b with Bb
and has been proposed to drive decay acceleration by elec-
trostatic repulsion and/or allosteric effects on the vVWF-A
metal ion-dependent adhesion site, in addition to steri-
cally occluding new factor B binding. From the crystal-
lographic structures (2WII, 2WIN, 10JV), it is possible
to construct a hypothetical model for the CD55:vWF-A
structure whereby the Bb would simply dissociate from the
C3b and attach to the neighbouring CDS55 (Figure 3(A),
(B) and (C)) [24,33,34]. This was tested by comparing the
eight DEER-derived distance results with the distances pre-
dicted by the hypothetical model. The residues of the model
corresponding to the modified residues in our study were
mutated to an R1 side chain and a rotamer library from
MMM was applied [24,33,34]. The predicted distances
are compared to the experimentally derived distances in

Figure 2(B) along with the C,,—C,, distances from the model.
From this, six of the DEER-derived distance distributions
do not correspond with the model and four of these fit par-
ticularly poorly. The model has some chain clashes between
the vVWF-A and CD55 proteins but even allowing a length-
ening of the C,—C, and rotamer library distances would
still leave at least three of the DEER distances unexplained.
Therefore, assuming that the measured CD55:vWF-A com-
plex is the same as the complex formed during complement
regulation, we conclude that it cannot simply be modelled
using the fH:C3b and C3b:Bb crystal structures.

3.4. DEER-derived distances as restraints

in rigid-body docking
Having obtained the significant insight that a simple model
based on the known crystal structures is not sufficient to
describe the DEER-derived distances, we wanted to know

Figure 3. Models for the CD55:vWEF-A complex: (A) Relevant chains of 2WILpdb [33] (fH1-4 and C3b), 2WIN.pdb [34] (C3 and fB)

and 10JV.pdb [21] (CD55). C3b in grey, fH in light green, CDS55 in dark green, the vVWF-A and serine protease domains of Bb in red and
cyan, respectively. (B) The hypothesised model structure for the CD55:vWF-A interaction taken from (A) with the vVWF-A coloured from
blue to red, N- to C-terminal and CD55 in green.
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if our eight distances could lead to a structure for the
CD55:vWF-A complex. In principle, the three-dimensional
rigid-body docking problem should be solvable with
six distances. The DEER-derived distances/distributions
(Table S4) were used in multi-body docking protocols writ-
ten around CNS by treating the CD55 and vWF-A pro-
teins as rigid bodies but allowing torsion of the R1 side
chains [25,28,29]. This resulted in numerous possible struc-
tures for the complex (see Figure 4) as the sizeable dis-
tributions prevented even eight distances from providing
enough information to fully constrain the three-dimensional
rigid-body docking problem. This problem is further com-
pounded by the geometry of the CD55 (ovoid) and vWF-A
(spherical) proteins and their moderate size, both less than
30 kDa.

Interestingly, the CNS results using the experimen-
tal restraints led to structures where the interaction face
of the CD55 is principally between CCPs 2 and 3
(Figure 4(B)), which is consistent with previous mutage-
nesis studies [17,20,35-38]. For example, R71, L72, N73,
F171 and L173 of CCP2 all lie centrally in the region im-
plicated in the CD55:vWF-A interaction. However, it was
notable that none of the structures produced by the docking
method had the vVWF-A orientated in same way as in our
model based on the crystal structures (Figure 4(A) and (C)),
suggesting that the formation of a CD55:Bb complex dur-
ing decay acceleration involves more than a simple lateral
transfer.

Finally, looking again at the mutation sites shows that
the complexes which had DEER time traces indistinguish-
able from the fitted background correspond to predicted dis-
tances beyond the DEER technique’s typical measurement
limit (usually much greater than ca. 7.5 nm) for protonated
proteins measured in deuterated aqueous solution [1,7].

4. Discussion

The aim of this study was to investigate the structure of the
CD55:vWEF-A complex using DEER spectroscopy. Whilst
progress has been made in understanding the structure, a
number of factors affected the DEER data so that it was
not possible to obtain a definite structure. This was be-
cause of: (1) the suspected presence of homomultimeric
complexes causing ambiguity in the distance distributions;
(2) shallow modulation depths, possibly due to a low yield
of protein—protein complex which led to poor signal-to-
noise; (3) broad distance distributions which may result
from point 1 but also from conformational freedom or non-
specific binding and (4) the shape and size of the CD55
and vVWF-A proteins which means that many distance re-
straints will be required to produce a single structure for the
complex. Many protein complexes of interest will not suf-
fer from all, or possibly any, of the issues raised above
and new progress in the DEER technique/spectrometer
hardware will help circumvent some problems such as by

Figure 4. Result from the CNS docking protocol using DEER-
derived distances for the CD55:vWF-A complex: (A) Simplified
representation of the 52 results from the CNS docking showing
only the N-terminal strand of the vVWF-A (to show its direction
with respect to the CD55 chain) in red and the CDS55 in green.
(B) CD55 showing residues coloured yellow within 0.5 nm of any
of vWF-A from all of the CNS docking results using the DEER-
derived distance restraints. The blue residues are R71, L72, N73
(all upper), F171, L173 (both lower). (C) The complex modelled
from the crystal structures as shown in Figure 3 using the simpli-
fied representation outlined in (A), for comparison.
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improving signal-to-noise [6,7,39]: thus we have not shown
that DEER cannot be used effectively for finding the struc-
ture of protein—protein complexes but that it cannot be ap-
plied universally.

We have developed a new and versatile approach for
incorporating nanometre distances into multi-body dock-
ing protocols and have demonstrated that even if the con-
straints are insufficient to fully define a model, they pro-
vide a critical test for existing models. In particular, the
experimentally derived results for CD55:vWF-A in solu-
tion suggest complement decay acceleration may involve
more complex structural rearrangements than previously
hypothesised.
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