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Abstract The C-terminal repeat domain of staphylo-
coagulase that is secreted by the S. aureus is believed to
play an important role interacting with fibrinogen and pro-
motes blood clotting. To study this interaction by NMR, full
assignment of each amide residue in the HSQC spectrum
was required. Despite of the short sequence of the repeat
construct, the HSQC spectrum contained a substantial
amount of overlapped and exchange broadened resonances,
indicating little secondary or tertiary structure. This caused
severe problems while using the conventional, amide based
NMR method for the backbone assignment. With the grow-
ing interest in small apparently disordered proteins, these
issues are being faced more frequently. An alternative strat-
egy to improve the backbone assignment capability involved
carbon direct detection methods. Circumventing the amide
proton detection offers a larger signal dispersion and more
uniform signal intensity. For peptides with higher concen-
trations and in combination with the cold carbon channels
of new cryoprobes, higher fields, and sufficiently long
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relaxation times, the disadvantage of the lower sensitivity of
the >C nucleus can be overcome. Another advantage of this
method is the assignment of the proline backbone residues.
Complete assignment with the carbon-detected strategy was
achieved with a set of only two 3D, one 2D, and a HNCO
measurement, which was necessary to translate the informa-
tion to the HSQC spectrum.

Keywords Direct detect carbon - NMR - Backbone
assignment - Bacterial endocarditis - Clotting -
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Context

A large fraction of the human genome encodes for proteins
that lack persistent secondary or tertiary structure in isola-
tion, so-called intrinsically disordered proteins (IDP) (Dyson
and Wright 2004). However, these proteins do not violate
the central dogma of structural biology—sequence deter-
mines structure, determines function—rather they can adopt
a well-defined structure upon interaction with other partner
biomolecules. That is, the secondary or tertiary structure
is formed, often transiently, as a complex between the IDP
and its partner molecule. IDPs play a vital role in our well-
being and malfunction can lead to many diseases. Nuclear
magnetic resonance (NMR) spectroscopy has evolved to a
premier technique to study IDPs as it provides a toolbox to
understand their dynamics and monitor structural changes
upon interaction with their partners. Assignment of the sig-
nals, however, can be challenging as IDP spectra contain a
substantial amount of overlapped and exchange broadened
resonances. With a growing interest in the functionality and
interaction of IDPs as part of regulatory network in the cell,
finding ways to more completely assign them is crucial. In
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here, we turn to carbon direct detection methods to overcome
these challenges and assign the backbone of a Novel Repeat
Protein from the staphylocoagulase (SC) in S. aureus.

Blood clot formation is initiated by SC, secreted by S.
aureus. Coagulase-positive S. aureus is a potent human
pathogen that causes various diseases ranging from minor
skin infections to life-threatening diseases such as severe
pneumonia, meningitis, bone and joint infections, and infec-
tions of the heart. Each year more then 500,000 patients in
American hospitals contract staphylococcal infections that
could lead to acute bacterial endocarditis (ABE).

Bacterial endocarditis occurs by initial endothelium dam-
age to heart valves due to turbulent blood flow, exposing the
subendothelium and leading to deposition of platelets and
fibrin (Fbn). The Fbn-platelet matrix deposited on damaged
valves serves as a foci for adhering S. aureus bacteria cir-
culating in the blood (Lowy 1998). The S. aureus-platelet
interaction is mediated by fibrinogen (Fbg), fibronectin,
thrombospondin, and microbial surface components rec-
ognizing adhesive matrix molecules (MSCRAMMs) like
protein A and Fbg-binding clumping factor A (CIfA) which
act as bridging molecules (Foster et al. 2014). The adhered
bacteria further cause aggregation of platelets and enlarge-
ment of platelet-Fbn-bacteria vegetations due to Fbn forma-
tion by the SC-ProT* complex on the valves, causing ABE
(Lowy 1998).

SC is a bifunctional protein as depicted in Fig. 1. SC
bypasses the clotting cascade by directly activating the
zymogen prothrombin. The SC binds and activates pro-
thrombin (ProT) non-proteolytically by inserting its N-termi-
nal isoleucine (Ile)-valine (Val) residues into the isoleucine
(Ile) 16 pocket of prothrombin (Friedrich et al. 2003). In the
crystal structure of SC-ProT* complex, ProT crystallizes as

SC:(pre)thrombin 2* (Friedrich et al. 2003). SC-ProT* active
complex cleaves fibrinogen (Fbg) to form blood clots enlarg-
ing the vegetations. ABE caused by formation of S. aureus
vegetations leads to 20-40% mortality in spite of antibiotic
therapy. There is a gap in understanding the mechanism of
Fbg interaction with the SC-ProT* complex. We hypothesize
that the C-terminal end of full length SC (1-660) in the
SC-ProT* complex is involved in Fbg binding. The effect of
SC repeats on Fbg clotting by SC (1-660)-ProT* complex
is not known. The SC C-terminal repeats may play a role by
enhancing the rate of clot formation.

Full Iength SC (1-660) from S. aureus Tager 104 New-
man D2 strain contains 1 pseudo-repeat (PR), which is 32
residues in length, and 7 repeats (R1, R2, R3 ... R7), each
27 residues in length. Alignment of the pseudo-repeat and all
7 repeats shows a sequence homology of 30-40%, whereas
alignment of the repeats alone shows a sequence homology
of >80%. Our equilibrium binding studies showed that the
pseudo-repeat along with a repeat unit 7, bind fibrinogen
fragment D (Frag D) (unpublished). Our NMR studies have
also shown that pseudo-repeat with repeat unit 7, PR-R7,
binds to Frag D (unpublished).

Methods and experiments
Expression and purification of >N and 1*C PR-R7

The staphylocoagulase PR-R7 construct cDNA (coding for
75 residues) was cloned into a modified pET30b(+) vector
(Novagen) as described (Friedrich et al. 2003). The C-ter-
minal cysteine was introduced through QuikChange site-
directed mutagenesis and confirmed by DNA sequencing.

Staphylocoagulase (SC)
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Fig. 1 Biological context of the protein sample PR-R7 studied by
NMR. Full length Staphylocoagulase (SC) consists of three major
regions, the N-terminal D1 and D2 region, central region and C-ter-
minal repeat region. The N-terminal region binds and activates
prethrombin-2. A pseudo-repeat (PR) and seven homolog repeats
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(R1.....R7) are located on the C-terminus of SC (1-660). The PR-R7
construct was chosen for these NMR studies because it was deter-
mined through equilibrium binding studies that Frag D binds to
PR-R7 and its abundant expression in E. coli RS2 (DE3) pLysS
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The PR-R7 construct containing a NH,-terminal His6-tag
and tobacco etch virus cleavage site was transformed in
to Rosetta 2 (DE3) pLysS E. coli cell line. The cells were
grown in Bioexpress Cell Growth Media containing 1°N and
3¢ isotopes, Cambridge Isotope Laboratories, Inc., Ando-
ver, MA, in the presence of 100 ug/ml kanamycin. The cells
were grown at 37 °C until an O.D. reaches to 0.6 at 600 nm.
The peptide was induced by adding 10 mg/ml lactose. After
4 h of induction, the culture was centrifuged at 5000xg for
30 min, and pellet was re-suspended in HEPES lysis buffer
containing EDTA, PMSF, and D-Phe-Phe-Arg- and D-Phe-
Pro-Arg-chloromethyl ketone inhibitors, in short FFR-CK
and FPR-CK, respectively. The cells were lysed by three
freeze—thaw cycles in liquid nitrogen and at 37 °C and the
lysate was centrifuged at 39,200xg for 45 min. The pro-
tein in the inclusion bodies was purified by passing through
nickel column (Friedrich et al. 2003). The His6-tag was
removed as described (Panizzi et al. 2006) and the protein
obtained was further purified by passing on C-15 reverse-
phase high performance liquid chromatography (HPLC) col-
umn (5 p X 4.6 mm X 150 mm, Beckman Coulter Inc.) and
eluted with 0.1% trifluoro acetic acid (TFA) and 100% ace-
tonitrile with 0.1% TFA. The HPLC fractions corresponding
to the peak were pooled and lyophyilized overnight. The
lyophyilized powder was re-suspended in 20 mM NaPO,
and 150 mM NaCl, pH 7.0 and stored at —80 °C until use.

NMR experiments

NMR experiments were performed at 298 K on Bruker AV-
III 600.13 and 900.13 MHz spectrometers equipped with
quadruple and triple resonance cryogenically cooled probes,
a CPQCI and CPTCI, respectively. Two separate samples
were prepared. The amide detected and the first set of carbon
detect backbone experiments, were recorded in 350 ul of the
re-suspended protein solution as described above, and were
treated with FPR-CK and FFR-CK to a final concentration of
100 uM each. The solution was measured in a 4 mm NMR,
inserted into a 5 mm NMR tube containing 200 pl D,0, as
described in Voehler and Collier (Voehler et al. 2006). A
second set of carbon direct detect measurements was meas-
ured with a 3 mm tube containing 200 pl of all of the above
components plus 10 ul D,O for locking (Voehler et al. 2006).
All experiments were run at 298 K and chemical shifts were
referenced against the 4,4-dimethyl-4-silapentane- 1-sulfonic
acid (DSS) standard. NMR spectra were processed using
Topspin 3.5 (Bruker BioSpin, Billerica, MA) and analyzed
with NMRView] (One Moon Scientific, Inc., Westfield, NJ).
Standard "H-'>N HSQC experiments were used. Backbone
resonance assignments were achieved by two distinctly dif-
ferent approaches, the traditional amide based method and
two sets of carbon direct detect measurements. This allowed
for a comparison of these three assignment methods and

their respective advantages/disadvantages. Specifics about
each experimental condition can be found in Table 1 of the
Supplementary Material. (1) Amide based assignments
for "HN, PN, 13Cm, 13Cﬁ, and '3C’ were made solving the
connectivities derived from the six commonly employed
3D spectra HNCACB, CBCAcoNH, HNCA, HNcoCA,
HNcaCO, and HNCO spectra (Sattler et al. 1999). (2) The
carbon direct experiments CON, hnCOcaNCO, and hNco-
caNCO, as described by Pantoja-Uceda and Santoro (Pan-
toja-Uceda and Santoro 2013) provide a second set of back-
bone correlations. The magnetization pathway for the three
dimensional experiments starts at the amide proton, and
correlates the PN, ISCOL’ and 3C’ of the protein backbone,
meaning that the side-chain 13C[, atom was not part of the
correlation network and all proline residue caused an inter-
ruption of the sequential assignment. (3) The same group
published an improved version (Pantoja-Uceda and Santoro
2014) of the carbon direct detect method, which was used
to measure the third set of backbone correlations. Here, the
magnetization pathway starts at the a-proton compared to
the amide one in the previous set, and therefore includes the
proline residues so that a complete sequential walk without
interruption was possible with this method. The chemical
shift data has been deposited in the BMRB databank (http://
www.bmrb.wisc.edu) and is retrievable under the Accession
Number 27036.

Assignment and data deposition

The complete assignment of the 'H-'"N HSQC spectrum
provides information about the amides of a protein and their
environment on an atomic level. It is therefore a valuable
tool to follow protein interactions with high specificity for
each amino acid using these short experiments. As indicated,
this requires for all correlations in the HSQC spectrum to be
assigned to their respective amino acid. This is achieved by
a series of 3D experiments with complimenting information.
The most commonly used set of experiments for globular
proteins below 30 kDa are amide-detected experiments (Sat-
tler et al. 1999).

Here, a set of the six commonly used backbone specific
experiments were collected in a 4 mm NMR tube with
350 pl of about 1 mM sample at 600 MHz, using non-linear
sampling methods to increase the resolution. Regardless of
these efforts, 11 of the total 75 residues were initially not
assignable. This did not include five proline residues that are
present in the peptide. Such a large number of unassigned
resonances was problematic for the future project, but is not
uncommon when dealing with IDPs (Dyson and Wright
2004). Reasons for the large number of missing assignments
in this study originate in the low or missing secondary struc-
tural content. This lead to minimal signal dispersion in the
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amide proton dimension of 8.2 +0.27 ppm, with a large frac-
tion of overlapping peaks. Furthermore we found a number
of weak resonances presumably due to exchange broadening.

Faced with these problems, other groups proposed
approaches such as Ha detection (Mantylahti et al. 2011),
separation of overlapping peaks through higher dimension-
ality (Bermel et al. 2012b), moving away from the amide
detection to carbon, (Bermel et al. 2012a), and recently,
nitrogen detection (Bermel et al. 2012a; Takeuchi et al.
2010). In an attempt to improve the number of assigned res-
idues for the PR-R7 peptide, the carbon detect approaches
from Pantoja-Uceda and Santoro (Pantoja-Uceda and San-
toro 2013, 2014) were adopted. The main appeal of these
methods was the sequential correlation of the carbonyl with
their amide nitrogen atoms, both of which maintain a good
dispersion even in unstructured proteins, and their relatively
high sensitivity, as claimed by the authors. The magnetiza-
tion pathway of the first set of experiments published started
at the amide protons. This allowed for two possible pathways
with observable magnetization, one including the auto-cor-
related and the other with only sequential peak detection.
Analysis of the transfer function showed two maxima, one at
a delay A=15 ms, the other at A=28 ms. Best performance
was achieved at A=25 ms, leaving the auto-correlation peaks
practically unobservable. While this helps in reducing the
peak crowding, it no longer differentiates the glycine reso-
nances by their opposite phase appearance compared with
the other signals, a small price to pay considering the dis-
tinct chemical shift for those residues. The 3D hnCOcaNCO
experiment showed the Ber), BNG), B*C’i-1) peaks,
and the PN@+ 1), PN@), *C’(-1) peaks were observed
in the hNcocaNCO experiment. As pointed out by Santoro,
analysis of the 3D spectra can be made by comparing the
2D—'N(i) planes of these two experiments with the 2D
CON with peaks for '’N(i) and '>C’(i — 1). Correlations in
the 3D >N(i) planes lead to the next correlation in the CON
spectrum with '3C’(i) and '>N(i + 1) representing the suc-
ceeding amino acid in the sequence. While moving from
the N-terminal towards the C-terminal is preferred, going
the other direction is possible as well. Seven residue chains
were identified, existing of continuous stretches of assigned
residues. With five prolines, only six residue chains were
expected. Upon closer examination the connection between
Arg-25 and Asp-26 was identified containing unusually
weak peaks in the hnCOcaNCO and hNcocaNCO experi-
ments that was overlooked initially. Two assignment paths
converged on one CON peak, which turned out to be a fully
overlapped Tyr-9 and Tyr-68. Only one successive residue
was identified, which had to be the Tyr-68 to the distinct
shift of Gly-69, while Tyr-9 was followed by Pro-10 and
therefore did not have a correlation. Thr-18 and Thr-59 were
barely separated in the CON experiment, but showed very
distinct shifts in the 3D experiments.

@ Springer

A second set of carbon direct detect experiments was
acquired with a similarly concentrated protein sample
(about 1 mM), but in a 3 mm NMR tube with about a
third less volume than the previously used 4 mm tube.
The experiments were based on the above principal as
published by the same group a year later (Pantoja-Uceda
and Santoro 2014). Improvements compared to the first
set of experiments were implemented, while maintainting
the good features from the previous set. These advances
include (1) a reduced number of coherence transfer steps,
yielding better sensitivity, (2) a practiaclly unidirectional
coherence transfer pathway, eliminating uninformative
auto-correlation peaks, while maintaining the inverted
phase of the glycine resonances to securely identify them.
(3) And most importantly, the coherence transfer pathway
in these experiments starts at the Ha proton and no longer
at the amide proton, which means that proline residues no
longer interrupt the sequential assignment and proline-
rich polypeptides with multiple successive prolines can
be assigned. The magnetization transfer pathway for the
two complimentary 3D experiments is explained Pantoja-
Uceda and Santoro (Pantoja-Uceda and Santoro 2014)
and summarized here in short: hacacoNcaNCO, where
the observable peaks are 'C’(i — 1), '’N(i), ’N(i + 1), and
hacaCOncaNCO with N(i — 1), *C’(i), '’N(i), respec-
tively. As in the previously described set, the '>N(i) planes
of the 3D spectra are common to both 3D experiments.
The resulting '>N(i + 1) at the >C’(i — 1) chemical shift
from the preceding CON correlation in the first experi-
ment combined with the new 'C’(i) shift at the ’C’(i—1)
chemical shift from the preceding CON correlation in the
second 3D spectrum leads to the next residues CON cor-
relation as described in Fig. 2. As before, assigning the
sequence from the N- to the C-terminal is preferred, but
moving the other way is possible too. Not surprisingly, the
connection between Arg-25 and Asp-26 produced some
weak peaks in these 3D spectra as they did in the other set
of experiments, but since there were no breaks anticipated
for the sequential assignment in this set, seeking for lower
contour peaks quickly revealed those correlations. Asp-
48 and Asn-49 also had weak correlation peaks in the 3D
spectra, but they were stronger then the Arg-25 ones and
continuation to the next residue was unambiguous. Pro-13
and Pro-45 were severely overlapped in all three spectra,
but the resolution was sufficient to assign them individu-
ally after careful evaluation of each resonance. These pro-
line peaks were only visible in this set of experiments;
hence the problem was not observed in the previous set
of experiments. This approach allowed full protein back-
bone assignments with only 4 days of acquiring the data,
and about a day of data analysis. The acquisition for both
sets of carbon detect experiments could have been short-
ened substantially, more along the 1 day per experiment as
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Fig. 2 Assignment strategy for carbon direct detect experiments of
PR-R7. All spectra were acquired at about | mM sample concentra-
tion, 3 mm tube, 298 K on a Bruker AV-III 900 MHz spectrometer
with CPTCI probe. As an example, the assignment for residues S7—
A1l of PR-R7 is shown here. The bases of the sequential backbone
assignment for the carbon direct detect experiments is the CON spec-
trum (yellow background). From any correlation in the CON spec-
trum, the succeeding residue is found by searching the pair of planes
at the '"N-chemical shift of that residue in the CON spectra with
either the N, *C-plane in the 3D hcacoNcaNCO spectrum, or the

suggested by Santoro. Compared to the traditional experi-
ments, both carbon detect data were very clean and mostly
unambiguous, leading to 100% assignment of the back-
bone amide nitrogen and carbonyl carbons, not counting
the N-terminal serine nitrogen and C-terminal cysteine
carbonyl. Translation of the data to assign the '’N-'H
HSQC was straight forward using the HCNO experiment.

With these assignments in hand, the amide-detected
data was re-examined. All 11 missing residues could now
be identified. Knowing the nitrogen and carbon carbonyl
chemical shift from the carbon detect experiments helped
to (1) resolve six previously missing assignments, Glu-2,
Thr-3, Tyr-24, Tyr-34, Arg-44, and Val-72. These resi-
dues were in areas of the spectrum with heavy overlap and
therefore difficult to assign. (2) Weak peaks could now be
unambiguously assigned for His-8, Asn-16, Asn-54, His-
61, Ala-62, and Ser-70 by examining lower contour levels
in the 3D spectra. (3) Tyr-9 was initially not found due to
its position in the sequence between Pro-10 that did not
provide any correlations and His-8, which could not be
assigned due to its weak peak. Based on the carbon direct
detect data the HNCO peak was identified, but its close
proximity to Glu-2 still left multiple assignment options
open, which had to be carefully evaluated and assigned.
Just reconciling the assignment for the amide-based exper-
iments was more time-consuming than the data collec-
tion and analysis of the second carbon direct detection

B¢, 1*C-plane in the 3D hcaCOncaNCO spectrum and their respec-
tive 13C chemical shift from the same residue in the CON spectrum.
The x-axis shows the carbonyl chemical shift of the peak as described
for each strip, +0.2 ppm. The y-axis shows the full range of the nitro-
gen dimension as shown on the left for the CON and the hcacoN-
caNCO strips, while the full carbon range (171.2-182.2 ppm) is used
for the hcaCOncaNCO strips (not displayed). Chemical shifts of the
peaks in the 3D spectra are labeled on fop of the peak for the y-axis
and on the vertical line for the x-axis

experiment set, which is a strong argument for using that
method on similar systems.

Final Backbone assignment for this protein was 100% of
C’, N (including proline), and 99% for C, and C (Ser-1C,
and His-8C, remain missing), as shown in Fig. 3. Side-chain
proton and carbon atoms were assigned through the amide
detected TOCSY experiments (Sattler et al. 1999).

Secondary structure prediction with Talos+ confirmed
the total absence of either a-helical or B-sheet structural fea-
tures throughout the entire protein. This result was antici-
pated from the very limited amide proton dispersion and
resonance overlap for many residues. Only residues Asp-26,
Gly-37, Thr-60, His-61, Ala62, Asp-63 indicated a minimal
propensity for secondary structure based on their chemical
shift. The first two residues were not sequential and therefore
not contributing to any secondary structural element. Even
for the continuous residues His-61 to Asp-63, no secondary
structure element was predicted. Asp-36 was the ambiguous
residue in the Talos+ analysis and all others were deemed
dynamic, e.g. non-structured.

In conclusion, the carbon direct detect backbone experi-
ments, as described by Santoro, work very well for these
short proteins with little to no structure. Cryogenically
cooled probes with a cold carbon channel make these experi-
ments feasible for protein concentrations at about 0.5-1 mM
with measurement times of about a day. Compared to the
amide detect experiments, this method provides easy

@ Springer
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Fig. 3 Assigned HSQC and CON NMR spectra in 20 mM NaPO,,
150 mM NaCl, 100 uM FFR-CK, and FPR-CK, pH 7.0. Data was
collected at 298 K on a Bruker AV-III 900 MHz spectrometer with
CPTCI probe. a The 'H, "’N-HSQC spectrum and assignments of the
SC C-terminal repeat construct, PR-R7. b The carbon direct detect

interpretable spectra with few distinct peaks in each plane,
allowing for quick and unambiguous assignments for most,
if not all, residues. The simplicity of these spectra makes
them also prime candidates for automated assignments.
Translation form the C’, N-assignment to the N-H amides
peaks in the HSQC spectrum is carried out with the very
sensitive HNCO spectrum. Although, the vast majority of
the C’ and N resonances are assignable this way, translation
to the HSQC spectrum might still pose the problem of some
residue overlap or weak resonances due to exchange broad-
ening, as observed in this protein. Nonetheless, knowing
the origin of these challenging HSQC peaks either as repre-
sentation of multiple residues or exchange broadened peaks
might still give some clues when studying protein interac-
tions. If an overlapping resonance shifts, there is a good pos-
sibility that some of these peaks separate upon interaction
with their titration partner and deliver the necessary infor-
mation. The context might reveal, which of the two residues
was affected. Weak peaks on the other hand provide limited
information, but their appearance might strengthen upon
binding. Since these peaks show up clearly in the carbon
direct detect experiments, one might consider an interaction
study using the CON experiment instead of the HSQC. The
effect on the amide nitrogen will be the same, but the more
sensitive amide proton will be missing and replaced with a
better shielded carbonyl. While this experiment requires a
double labeled sample, it might still be well worth the effort,
depending on the importance of the interaction in question.
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CON spectrum with full assignment of all residues. The HSQC spec-
trum was fully assigned with the standard amide detected backbone
experiments and further refined with the help of the carbon direct
detect measurements as indicated in the text
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