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The CD147 receptor plays an integral role in numerous diseases by
stimulating the expression of several protein families and serving as the
receptor for extracellular cyclophilins; however, neither CD147 nor its
interactions with its cyclophilin ligands have been well characterized in
solution. CD147 is a unique protein in that it can function both at the cell
membrane and after being released from cells where it continues to retain
activity. Thus, the CD147 receptor functions through at least two
mechanisms that include both cyclophilin-independent and cyclophilin-
dependent modes of action. In regard to CD147 cyclophilin-independent
activity, CD147 homophilic interactions are thought to underlie its activity.
In regard to CD147 cyclophilin-dependent activity, cyclophilin/CD147
interactions may represent a novel means of signaling since cyclophilins are
also peptidyl—prolyl isomerases. However, direct evidence of catalysis has
not been shown within the cyclophilin/CD147 complex. In this report, we
have characterized the solution behavior of the two most prevalent CD147
extracellular isoforms through biochemical methods that include gel-
filtration and native gel analysis as well as directly through multiple
NMR methods. All methods indicate that the extracellular immunoglobu-
lin-like domains are monomeric in solution and, thus, suggest that CD147
homophilic interactions in vivo are mediated through other partners.
Additionally, using multiple NMR techniques, we have identified and
characterized the cyclophilin target site on CD147 and have shown for the
first time that CD147 is also a substrate of its primary cyclophilin enzyme
ligand, cyclophilin A.

© 2009 Elsevier Ltd. All rights reserved.

*Corresponding author. E-mail address: Elan.Eisenmesser@UCDenver.edu.
Current address: V. Yurchenko, Laboratory of Lymphocyte Signaling, Rockefeller University, New York, NY 10065,

USA.

Abbreviations used: CypA, cyclophilin A; CypB, cyclophilin B; MMP, matrix metalloproteinase; RA, rheumatoid
arthritis; HIV-1, human immunodeficiency virus type 1; Itk, interleukin-2 tyrosine kinase; TM, transmembrane; HSQC,
heteronuclear single quantum coherence; NOESY, nuclear Overhauser enhancement spectroscopy; MCT,
monocarboxylate transporter; TFA, trifluoroacetic acid; TROSY, transverse relaxation optimized spectroscopy.

0022-2836/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.


mailto:Elan.Eisenmesser@UCDenver.edu
http://dx.doi.org/10.1016/j.jmb.2009.05.080

Characterization of CD147 Extracellular Region

519

SWR Wiley Environmental
Molecular Sciences Laboratory,
High Field NMR Facility,
Richland, WA 99532, USA

Received 23 March 2009;
received in revised form
21 May 2009;

accepted 28 May 2009
Available online

3 June 2009

Keywords: cyclophilin; CD147; extracellular matrix metalloproteinase

Edited by M. F. Summers

inducer (EMMPRIN); isomerization; proline

Introduction

The cellular receptor CD147 (also known as
extracellular matrix metalloproteinase inducer or
EMMPRIN) is expressed in nearly every cell type
including fibroblasts, platelets,” and T-cells® where
its biological roles include the regulation of multiple
protein families. For example, CD147 stimulates the
secretion of numerous matrix metalloproteinases
(MMPs) that are responsible for the reconstruction of
the extracellular matrix* and CD147 has been shown
to stimulate secretion of several pro-inflammatory
cy’cokines.2 In cancer, CD147 overexpression under-
lies tumorigenesis and CD147-mediated stimulation
of MMPs is a critical part of metastasis.”® Expression
levels of CD147 are so high during disease progres-
sion that CD147 has been termed a “biomarker” for
prostate,7 liver,8 and gastric cancer.’ Moreover, in
several types of cancer cells, CD147 is released in
various soluble forms where it continues to play an
active role in stimulating MMP secretion in distal
cells.” "' CD147 is also overexpressed in inflamma-
tory disorders such as rheumatoid arthritis (RA)
where CD147-mediated MMP secretion leads to the
destruction of joint tissue.'*'?> While CD147 is
thought to act as its own receptor, whereby either
membrane-bound or soluble CD147 participate in
homophilic interactions with membrane-bound
CD147 to stimulate intracellular signaling'*'® (Fig.
1, mechanism 1), a rapidly growing list of CD147
protein interactions has emerged over the last
5 years, suggesting that CD147-mediated signaling
may be orchestrated by other proteins. Such protein
interactions may include integrins,'® syndecan-1,"”
and the recently identified enzyme ligands of CD147,
the cyclophilin class of peptidyl-prolyl isomerases. '®

Cyclophilins are ubiquitously expressed enzymes
that catalyze isomerization of peptidyl—prolyl bonds
and regulate a diverse array of protein functions. For
example, analogous to methylation and phosphory-
lation, cyclophilin-mediated isomerization is
thought to be the underlying regulatory phenomena
of several signal transduction pathways.!? Similar to
their CD147 receptor, cyclophilins are highly
expressed in multiple cancers?® and inflammatory
disorders such as RA.?! In fact, it was within the

synovial fluid of RA patients that the prototypical
cyclophilin family member, cyclophilin A (CypAZ),
was first identified as an extracellular protein.””
Later studies showed that CD147 functions as a
signaling receptor for extracellular CypA as well as
another cyclophilin, cyclophilin B (CypB).**** Extra-
cellular cyclophilins exhibit cytokine-like properties
and mediate numerous intracellular events through
their interactions with the CD147 receptor'®* (Fig.
1, mechanism 2). For example, CypA displays potent
chemotactic activity that is dependent on its interac-
tion with CD147%* and inhibition of the CypA/
CD147 interaction greatly decreases migration of
immune cells to the sites of inflammation in mouse
models of such diseases as acute lung injury,”
asthma,? and RA.?® Moreover, while many viruses
utilize host cell CypA for infection, including vesi-
cular stomatitis virus,?’ vaccinia virus,?® human
immunodeficiency virus type 1 (HIV-1),*" and severe
acute respiratory syndrome (SARS),3? a subset of
these viruses has been shown to rely on host cell

Soluble CD147

.’2 ?@v_@

Outside cell
-—’____—
2 ] Inside cell
\9 \
CcD147 1 2
~ ]
~ & 1
/ A4 2 4

| MMP and cytokine secretion |

Fig. 1. CD147 functions through both cyclophilin-
independent and cyclophilin-dependent mechanisms.
Both mechanisms stimulate the secretion of MMPs and
pro-inflammatory cytokines. These mechanisms include
the following: Mechanism 1, CD147 homophilic interac-
tions occur both between neighboring cells as well as
soluble CD147 released by cells through several known
mechanisms (see the text). Mechanism 2, extracellular
cyclophilin enzymes target the CD147 receptor. CD147 Ig-
like domains, Igl (blue) and Ig2 (green), are shown along
with the predicted flexible regions (orange) and CypA
(khaki).



520

Characterization of CD147 Extracellular Region

CD147 as well. Specifically, in both HIV-1 and SARS,
virus-associated CypA that is “hijacked” from a
previous host cell and anchored within the viral
membrane has been proposed to increase infection
by targeting CD147 on a new host cell. In support of
such a proposal, specifically blocking CypA/CD147
interactions inhibits infection in cell culture.’>*’
Therefore, understanding the molecular mechan-
isms of cyclophilin/CD147 interactions may have
profound therapeutic value with respect to therapies
for cancer, inflammation, and viral infection.
CD147 homophilic interactions and cyclophilin/
CD147 interactions comprise the two dominant
mechanisms that lead to CD147-mediated intracel-
lular signaling and ultimately chemotactic response,
MMP secretion, and cytokine secretion (Fig. 1), yet
the molecular basis of such interactions remains
unknown. Based on the X-ray crystal structure of the
CD147 extracellular region, it was suggested that
several crystal contacts persist in solution with
subnanomolar affinity,34 yet there is little biochem-
ical or biophysical data to support such a conclusion.
Furthermore, while cyclophilin/CD147 interactions
may represent a newly discovered mechanism of
signal transduction, whereby cyclophilin-mediated
peptidyl—prolyl isomerization of CD147 on the
outside of the cell results in a conformational
rearrangement on the inside of the cell, direct
evidence of such a catalytic mechanism is still absent.
The only present support of a catalytic role of CypA
in CD147-mediated signaling comes from the use of
an active-site mutant, CypA~>>*, which was shown
to exhibit little activity compared to wild-type
CypA.* However, the affinity of this same mutant
to its substrates is nearly an order of magnitude
weaker than that of wild-type CypA,*® and there-
fore, the only conclusion that can be drawn is that the
interaction is mediated through the CypA active site.
Thus, here, we have initiated solution studies to
probe both the CD147 homophilic interactions and
CD147 interactions with its enzyme ligand, CypA.
By utilizing multiple solution experiments that
include nuclear magnetic resonance (NMR), we
have discovered that the extracellular region of
CD147 does not self-associate in the absence of
another molecule and that CypA both binds and
catalyzes a single site within CD147, Pro211. This
residue is predicted to lie just outside of the
extracellular membrane. Interestingly, CD147
Pro211 already exists in an inherent cis:trans
equilibrium in the absence of CypA, yet CypA-
mediated catalysis of this site leads to a higher rate
of interconversion and likely a higher cis content
within the active CypA/CD147 complex than in the
uncatalyzed CD147 receptor alone. A similar pre-
existing equilibrium has previously been observed
for the only other two CypA protein substrates
studied to date via NMR, that is, the HIV-1 capsid37
and the interleukin-2 tyrosine kinase (Itk),'” sug-
gesting that an increase in the cis conformation of a
bound substrate may be a general mechanism for
CypA-mediated control of protein function. More
specifically, our studies here suggest that CypA

catalysis, which has been proposed to regulate a cis/
trans “conformational switch” inside the cell,'” may
also perform a similar task to CD147 on the outside
of the cell. Thus, CypA-mediated peptidyl-prolyl
isomerization appears to regulate signal transduc-
tion at several levels. Our findings are the first to
directly show that CD147 is a substrate of its
extracellular ligand CypA and strongly suggest
that CD147 homophilic interactions are mediated
by another molecule such as a co-receptor.

Results

Assessing proper refolding of recombinant
CD147 and probing CD147 oligomerization

Intracellularly expressed CD147 constructs in
bacteria are initially unfolded due to improper
disulfide formation but can be refolded in vitro to
yield milligram quantities of highly soluble and
biologically active proteins. The extracellular region
of the dominant CD147 isoform (isoform 2, which is
CD147%*2%) contains two Ig-like domains, herein
called Igl (residues 22-103) and Ig2 (residues 105—
205), and each contains two cysteine residues that
form a single disulfide bond within each domain. The
extracellular region of a less widely found CD147
isoform comprises only the Ig2 domain (isoform 3,
which is CD1477*72%). The presence of these disulfide
bonds was recently confirmed by the X-ray crystal
structure of the CD147 extracellular region purified
from a bacterial periplasmic expression system that
relies on spontaneous folding within this oxidizing
environment.>* However, here we have discovered
that both of these isoforms can be readily refolded in
their entirety after intracellular bacterial expression to
produce soluble proteins (both with and without the
signal peptide sequence of residues 1-21, although
these residues lead to soluble oligomers). While we
can produce many soluble constructs of CD147 that
represent different regions of the receptor via our in
vitro refolding method (see Materials and Methods),
CD147 constructs containing residues 215-229,
which correspond to the hydrophobic transmem-
brane (TM) region, form large aggregates as
assessed by size-exclusion chromatography (Fig.
2a, CD147?%2-269), Removal of residues 205-229 that
comprise both the membrane-proximal and TM
region completely abrogates aggregation (Fig. 2a,
CD14722-269A™™)  Refolded CD147 constructs com-
prising the extracellular Ig-like domains were all
found to elute as a single monomeric species on size
exclusion and were therefore further analyzed by
both SDS-PAGE denaturing gels and native gel
analysis below.

Three CD147 constructs representing either the
individual Ig-like domains alone, CD147%* % (Ig1)
and CD14794-205 (Ig2), as well as both domains,
CD147%* %% (Ig1 and Ig2), were used to probe both
proper disulfide formation and the oligomeric
properties of CD147. The single disulfide bond
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Fig. 2. Purified CD147 constructs exist as single monomeric species in solution in the absence of the TM region. (a)
Size-exclusion chromatography of a subset of the constructs analyzed in this study and their retention volume upon
loading 100 pl of 1 mg/ml of each sample onto an analytical Superose-12 column (column volume, 24 ml). Only
constructs that contain the full TM domain, such as the fuil-length protein CD147** **, induce the formation of large
oligomers, as shown by their elution at the void volume (~8 ml). The estimated molecular weights of CD147°* 2 and
CD147% 1% elute near the predicted molecular weights of a monomer, while both CD147%* 2?41™ and CD147%% 2% elute
higher due to their flexible regions and the flexible nature of the linker region between the two Ig-like domains. (b)
Denaturing gel of CD147 constructs containing both domains (CD147%272%%), Igl (CD147%71%%) and Ig2 (CD147°42%%) in
the absence and presence of DTT. Reduction of the single disulfide bond within each domain leads to slower migratory
behavior. (c) Native gel of the same constructs confirms that all constructs run as a single species and that Igl and Ig2 do

not interact (right lane).

within each extracellular CD147 domain was cor-
rectly formed by our refolding procedure as
confirmed by SDS-PAGE denaturing gels where
the presence of dithiothreitol (DTT) reduced each
disulfide bond and led to a slower migrating species
for all constructs (Fig. 2b). Furthermore, all extra-
cellular CD147 constructs migrate as a single species
on a native gel (Fig. 2c) and, together with the
aforementioned size-exclusion data, suggest that
with proper disulfide formation, each Ig-like
domain neither self-associates nor interacts with
the other Ig-like domain.

A final confirmation of proper refolding is shown
in the biological activity of our recombinant CD147
(Fig. S1). Specifically, our refolded recombinant
CD147% 2% stimulates the release of two well-
characterized pro-inflammatory cytokines in cell
culture, TNF-a and IL-1p, providing the first
evidence that glycosylation of CD147 is not required
for cytokine stimulation as has recently been shown
for MMP stimulation.'* However, caution must be
taken in assessing the activity of unglycosylated
CD147 since the explicit role of CD147 glycosylation
is still poorly understood. For example, the ungly-
cosylated form of CD147 has been found to act as an
antagonist of MMP induction in some contexts®
and there is growing evidence that supports the
notion that the degree of CD147 glycosylation in vivo
regulates its activity.””** Moreover, “differentially
glycosylated” does not necessarily imply that CD147
is unglycosylated in vivo and, in fact, there is no
evidence to suggest that the soluble CD147 forms
released from cells are not glycosylated. Thus, future
studies aimed at producing glycosylated CD147
from, for example, mammalian expression systems

will allow for a rigorous comparative analysis to our
unglycosylated forms probed here.

Considering that several recent reports have
identified trace amounts of CD147 dimerization
using one of the exact same constructs that we have
begun characterizing here, namely, CD147%* 2% it is
important to rationalize why we do not observe
such a phenomena.'*** The most likely explanation
for these observed differences is intermolecular
disulfide bond formation. Specifically, the previous
purification schemes of recombinant CD147%* 2%
relied on spontaneous refolding in the oxidizing
environment of the Escherichia coli periplasm and
this likely leads to a small population of incorrectly
folded protein, which would be susceptible to
intermolecular disulfide formation. In contrast, our
in vitro refolding procedure may simply be more
efficient since we do not observe such dimers on
SDS-PAGE or native gel analysis. However, such
cross-linked dimers can still be observed within our
protein preparations using Western blot analysis,
indicating that even our purification procedure
produces trace amounts of this cross-linked dimer,
albeit at far lower relative concentrations to the
monomeric species (Fig. S2). While we suspect that
these dimers are simply a by-product of purification
rather than a biologically relevant protein, it would
be naive to completely rule out a potential role of
disulfide shuffling for CD147 homophilic interac-
tions. However, receptor interactions that rely on
disulfide shuffling require other protein interactions
such as protein disulfide isomerase*' and such
interactions have not been identified for CD147.
Regardless of such hypothetical interactions, our
data indicate that the extracellular region of the
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intact fully folded monomeric extracellular domains
of CD147 do not self-associate in the absence of
another mediator.

NMR solution studies of the CD147
lg-like domains

While the extracellular domains of CD147 neither
self-associate nor interact with each other under the
concentrations used for native gels (i.e., low micro-
molar concentrations), receptors implicated in cel-
lular adhesion, such as CD147, sometimes exhibit
weak affinities. Since several reports have indicated
that CD147 acts as its own receptor analogous to
other cellular adhesion receptors,** such affinity
could potentially be under the detection limit of our
native gel analysis performed above. In contrast,
NMR solution experiments can be used as particu-
larly sensitive markers of such protein/protein
interactions on multiple timescales and are therefore
well suited to probe interactions with various
affinities. For example, NMR titration experiments
offer an obvious means of monitoring interactions
that exhibit affinities on the order of the concentra-
tions utilized (micromolar to millimolar concentra-
tions). Additionally, NMR relaxation experiments
provide the dynamic details of each residue and,
thus, if the individual Ig-like domains of CD147 self-
associate, then this may be detected at atomic
resolution. To this end, we have completed the
backbone resonance assignments of the extracellular
regions of the two most prevalent CD147 isoforms
CD147% 2% (isoform 2 comprising both Ig1 and Ig2)
and CD147”* 2% (isoform 3 comprising Ig2) in order
to characterize CD147 solution properties and its
potential interactions at atomic resolution (Supple-
mentary Material, Tables S1 and S2 and BMRB
accession numbers 16322 and 7433).

A comparison of the aforementioned X-ray crystal
structure of CD147%* 2 with our NMR solution
studies indicates that there are both similarities and
differences between the crystal structure and the
solution structure. In regard to the monomeric
structure in solution, the secondary-structure pro-
pensities of CD147%* 2% were calculated from our
resonance assignments using the program TALOS™
and are largely consistent with that found in the
crystal (Fig. S3). In other words, the monomeric
structure in solution is highly similar to that in the
crystal. The only major difference is that the
resonances corresponding to residues 151-159,
which comprise a short a-helix and part of B-strand
“D” in the crystal, are not observed in solution.**
This indicates that at least part of residues 151-159
undergo chemical exchange (i.e., conformational
exchange between two different chemical environ-
ments) on the intermediate NMR timescale and,
therefore, sample multiple conformations with
exchange rates that are similar to the chemical shift
differences between sampled states (i.e., intermedi-
ate exchange).

NMR spectra, NMR relaxation experiments, and
NMR titration experiments all indicate that the

intermolecular contacts observed in the crystal are
not maintained in solution. The extracellular regions
of both CD147 isoforms give rise to high-quality
spectra and are shown here in the context of 2D "°N-
edited heteronuclear single quantum coherence
(HSQC) spectra (Fig. 3). While the high dispersion
is indicative of characteristically well-folded pro-
teins, the relatively narrow linewidths observed in
solution already provide evidence that the four
proposed subnanomolar interactions in the crystal
do not persist in solution (Fig. 3a and b, top right).
R1 (longitudinal) and R2 (transverse) relaxation
rates measured here define the correlation times of
each amide and indicate that CD147 residues 22-101
(i-e., Igl) and residues 105-205 (i.e., Ig2) are inde-
pendently rotating domains within CD147%* 2%
(Fig. 3a and b, bottom). The correlation time for
each domain was calculated from all residues with
R2/R1 ratios within one standard deviation using
the equation described by Larsson et al.,** and the
differences are immediately apparent in the raw
data. For example, the average R2 rates are about
22 Hz for residues 22-101 and 35 Hz for residues
105-205, indicating that these domains exhibit
markedly different tumbling times in solution.
While these differing R2/R1 ratios are consistent
with the two independently folded Ig-like domains
found within the X-ray crystal structure,® the fact
that these domains tumble with different correlation
times provides evidence that the inter-domain
interactions observed in the crystal are not main-
tained in solution. In other words, the CD147 Igl
and Ig2 domains would be expected to exhibit the
same correlation time if they self-associated in
solution. To rule out the possibility of anisotropic
rotation, correlation times for each of the individual
domains were also calculated using the FAST-
Modelfree (Facile Analysis and Statistical Testing
for Modelfree) analysis*® for each domain with an
isotropic model and an anisotropic model. For the
anisotropic model, each of the respective domains
within the X-ray crystal structure was used. Correla-
tion times calculated using an isotropic model were
11.8 and 14.1 ns for Ig1 and Ig2, respectively, and for
an anisotropic model, the correlation time for Igl
was found to increase slightly to 12.6 ns while the
correlation time for Ig2 was the same as that of the
isotropic model. Thus, regardless of rotational
anisotropy, the major finding from these relaxation
experiments is that the tumbling times of the two
CD147 Ig-like domains in solution differ by at least
1.5 ns. Consistent with these findings, no chemical
shift changes were observed upon a titration of '>N-
CD147°* % with stoichiometric amounts of
CD147%*'® (Fig. S4), thereby proving that these
two domains do not interact as separate entities
even weakly (i.e., K4~1.0 mM). Moreover, no
concentration-dependent chemical shift changes
are observed for CD147*27%%° that would be
expected to occur if there was even a weaker self-
association (i.e.,, Kq>1 mM). Finally, the R2/R1-
derived correlation times for each domain and the
observed linewidths are completely consistent with
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Fig. 3. NMR solution studies reveal that the CD147 Ig-like domains do not self-associate or interact with each other.
The extracellular regions of the two major CD147 isoforms, (a) isoform 2 (CD147%72%%) and (b) isoform 3 (CD147742%),
were characterized using NMR solution studies. The particular regions under study are shown using the X-ray crystal
structure (Protein Data Bank accession code: 3B5H) with the corresponding '’N-HSQC spectra and NMR relaxation data.
Specifically, amide R1 (red dots) and R2 (black bars) relaxation rates were obtained for both CD147 constructs and used to
calculate the correlation times. The extracted correlation times are shown adjacent to each Ig-like domain, Igl (blue) and
Ig2 (green). Secondary-structure propensities are shown on top of each plot as calculated from our chemical shift
assignments with the program TALOS.**> All data were collected at 25 °C and 900 MHz.
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monomeric proteins. Thus, the NMR solution data
are consistent with the aforementioned native gels
that also indicate that CD147 homophilic interac-
tions do not occur through the extracellular region in
the absence of another mediator.

Our NMR studies also offer important insight into
residues 94-101 that comprise the N-terminal
portion of the extracellular region of CD147 iso-
form3 (i.e., CD147°*2%). Namely, both resonance-
based secondary-structure propensities and relaxa-
tion rates indicate that residues 94-101 form a p-
strand only in the context of Igl but are disordered
within the context of this shorter CD147 isoform 3
that only comprises Ig2 (Fig. 3b). With the use of our
resonance assignments for this CD147 construct, no
secondary-structure propensities were predicted by
TALOS and the corresponding low R2 rates and
high R1 rates are consistent with disordered
residues (Fig. 3b, bottom).

Identification and initial characterization of the
CypA target site of CD147

We have discovered that a region within CD147
exists in an inherent cis/trans equilibrium dictated
by a central proline residue and that CypA both
enhances the rate of this interconversion and likely
alters the cis:trans ratio upon complex formation.

@ Ser99
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(b)
131.0 _
E Trp121NE1
2
mZ
98 97
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Moreover, this preexisting equilibrium may be a
general phenomenon for biological substrates of
cyclophilins since an unusually high cis content has
also been observed for other CypA protein
substrates.'”?*%” Several previous studies have
suggested that CypA could target both CD147
Pro180%* and Pro211,% yet cyclophilin binding to
CD147 has only been investigated within the context
of peptides.**”” Thus, we now provide the first
direct evidence that shows that CypA exclusively
targets CD147 Pro211, and not Pro180, in the context
of the fully folded protein. Furthermore, CypA
catalyzes peptidyl—prolyl isomerization of only this
single Pro211 site. Our determination of the CD147
resonance assignments allows for the characteriza-
tion in solution of this receptor with its enzyme
ligand CypA that has itself previously been assigned
in solution both free* and in the context of several
substrates.**’

NMR titration experiments were first conducted
using ""N-CypA with unlabeled CD147, and chemi-
cal shift changes were only observed for extracellular
recombinant CD147 constructs that included the
membrane-proximal region of CD147 residues 206—
214. No interactions between CypA and the Ig-like
domains of CD147 were detected using either
CD147°4 2% or CD147%* 2% (data not shown),
while identical chemical shift changes were observed

Phe60 Ser99

Fig. 4. CypA specifically engages CD147 throu%}]14its active site. (a) "N-TROSY-HSQC spectra of 0.5 mM free '°N-

CypA (black) and in the presence of 1 mM CD147%*"

(red) indicate that only the chemical environment of CypA active-

site residues such as Ser99 and Phe60 are perturbed by the interaction. (b) Within these same spectra, >N-CypA Trp121N¢!
that is located in the short 3,10—a-helix adjacent to the active site also exhibits chemical shift perturbation in the presence
of CD147%* ', (c) Two views of the CypA residues that exhibit chemical shift perturbations upon addition of CD147%* '*
are shown, along with a cartoon extension of the Ig-like domains that contain the targeted Pro211. Residues are colored
(red) onto our previously determined X-ray crystal structure of CypA (Protein Data Bank accession code: 1ZKT) if their

respective chemical shift differences were greater than 0.06 ppm as defined by (5Av1H)2 + (Av15N)2. Titrations were

conducted at 25 °C and at 900 MHz.
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for two constructs containing residues 206-214,
CD147°* 2" and CD147%*7 ™ (Fig. 4a). These
CD147 residues are predicted to lie at the surface of
the extracellular TM region, and some of these
residues may even lie within the membrane itself.
However, both extracellular cyclophilin ligands of
CD147, CypA and CypB, are known to readily
traverse the membrane.?’ Upon titration of these
latter CD147 comprising residues 206-214 to "’N-
CypA, both CypA amide residues (Fig. 4a) and the
single CypA indole of Trp121 (Fig. 4b) were found to
exhibit chemical shift changes that were all localized
to the CypA active site (Fig. 4c, left). Thus, CypA
specifically engages CD147 within residues 206-214
through its active site and there is only a single
potential targeted residue, Pro211, within this region
(Fig. 4c, right). Furthermore, only a single set of
CypA resonances was observed during such titra-
tions, indicating that exchange between the free and
bound states is fast on the NMR chemical shift
timescale and the affinity of these two proteins is
relatively weak. Also in support of such a weak
affinity of the CypA/CD147 complex, the measured
chemical shift changes were linear over the titration
range employed, indicating our inability to fully
saturate all CypA binding sites (CD147 constructs
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were not stable beyond 1-2 mM). Our data therefore
imply that the binding affinity of CypA/CD147 is
weaker than the highest CD147 concentration used
(i.e., Kg4>1 mM since 1 mM was our final titration
point) and is consistent with the relatively weak
affinity cyclophilins have for most of their sub-
strates.”’ Such weak affinity also explains the failure
of previous pull-down experiments.** Thus, CypA
targets CD147 within residues 207-214 specifically
but with relatively weak affinity.

While the relative weak affinity of CypA for
CD147 residues 206—214 does not allow for saturat-
ing concentrations necessary to accurately deter-
mine their binding affinity, we have used a peptide
representing this region of interest as an alternative
method. Specifically, we have estimated the affinity
of CypA to CD147 residues 206—214 using a peptide,
herein called the CD147'°™" (sequence of 205-
HLAALWPFLG-214), which corresponds to the
CypA target site on CD147. The use of a representa-
tive peptide for this CD147 target site was war-
ranted based on both R1 and R2 measurements,
since this membrane-proximal region is highly fle-
xible on the fast timescale (Fig. S5). In accord with
previous studies that have suggested that the
CypA/CD147 interaction is of relative weak affinity,

Met100 (c)
Trp121Ne1

0.4

CypA Chemical
Shift Difference (ppm)

CypA Residue Number

Fig. 5. Quantifying the binding interaction between CypA and CD147. (a) Binding isotherms are shown for both '°N-
CypA active-site amides and the single indole of the active-site Trp121 upon addition of a peptide that corresponds to

CD147 residues 205-214, the CD147*

M A Kq of 4.2+0.2 mM was extracted from these fits. (b) Chemical shift changes of

>N-CypA are compared upon titration of CD147%*2* (1 mM, red) and the CD147'%™" peptide (8 mM, black). (c) CypA
chemical shift changes with the CD147'%™" peptide are relegated to the active site as they are with the larger CD147
constructs. All chemical shift changes were calculated as in Fig. 4. Experiments were collected at 25 °C and at 900 MHz.
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a Ky of 4.2+0.2 mM was calculated from the binding
isotherms between '"N-CypA and the CD147'0™
(Fig. 5a). Many more residues exhibit chemical shift
changes using this peptide due to our ability to
titrate to saturating conditions (Fig. 5b) and, as
expected, these perturbations are still confined to the
active site, confirming CypA specificity for this
peptide (Fig. 5c).

Upon reversing the labeling scheme to monitor
CypA-induced changes to "”N-CD147%* ', two sets
of resonances were found for residues 207-214 cor-
responding to an inherent cis/trans conformational
exchange of Pro211 (Fig. 6a and b, black spectra).
Strikingly, a similar preexisting conformational
equilibrium has been observed for the two CypA
substrates studied to date, the HIV-1 capsid (HIV-1
CA)**?7 and Itk." In CD147, the mutation of this
proline to an alanine, that is, CD147P211A, probed in

(a)

the context of either CD147%*'* or CD1477* 2™,
resulted in only a single set of resonances (Fig. S6),
confirming that proline isomerization is the under-
lying cause of this inherent conformational hetero-
geneity. Many of the resonances within CD1472114
also overlapped with those resonances correspond-
ing to the major conformation observed in the
wild-type receptor, simultaneously confirming that
the trans conformer dominates in the wild-type
receptor and allowing us to assign the cis
resonances. From the relative peak intensities in
wild-type CD147, a cis:trans ratio of 33%:67% was
calculated (i.e., 33% of CD147 Pro211 molecules
are in the cis conformation), which is about twice
the cis content as that of the HIV-1 CA* and
very similar to that of Itk.”" Thus, all three CypA
protein substrates that have now been studied
at the molecular level, that is, the HIV-1 CA, Itk,

(b)
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Fig. 6. CD147 is a substrate of CypA. (a) ""N-TROSY-HSQC spectra of 0.5 mM free '"N-CD1477**!* (black) and in
the presence of both 100 pM CypA (blue) and 1 mM CypA (red) show that upon titration of the enzyme, CD147 Gly214
amide cis and trans resonances converge. Thus, relative to the CypA-bound chemical shift difference between the CD147
Gly214 cis and trans conformations, the CypA induced conformational exchange rate is fast. (b) Several of the CypA-
targeted CD147 residues, such as CD147 Leu213, exhibit severe linebroadening in the presence of substoichiometric
concentrations of the enzyme and disappear under stoichiometric concentrations. Thus, relative to the CypA-bound
chemical shift differences, the CypA-induced conformational exchange is on the intermediate timescale. (c) Using
0.5 mM '°N-CD147°* ?'*, ZZ-exchange cross peaks are observed for residues 207-214 in the presence of catalytic
concentrations of CypA. Shown here is the corresponding spectrum of the CD147 Phe212 amide with 0.05 mM CypA
and a mixing time of 0 ms (dark blue) and 300 ms (red). (d) 3D-NOESY-HSQC of 0.5 mM I5N-CD147%4 2™ and 0.01 mM
CypA utilizing a 150-ms mixing time also identifies exchange peaks for CD147 residues 207214 as shown for Phe212.
In the absence of CypA, no such cross peaks are observed for either ZZ-exchange or within 3D-NOESY-HSQC
experiments, indicating a much slower uncatalyzed exchange between CD147 cis and trans conformations (data not
shown). All experiments were conducted at 25 °C. Titrations were acquired at 900 MHz, and both ZZ-exchange and 3D-
NOESY-experiments were acquired at 720 MHz.
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and CD147, exhibit this intrinsic conformational
equilibrium of the targeted proline with an unu-
sually high cis content. Moreover, it is likely that
enzyme-mediated catalysis alters these equilibriums
(upon complex formation) as described below (see
Discussion).

Evidence for CypA-mediated catalysis of CD147
was initially provided by a spectral comparison of
free PN-CD147°*2'* to that titrated with stoichio-
metric concentrations of unlabeled CypA (Fig. 6a
and b). The fact that two distinct sets of resonances
are observed for free "N-CD147 residues 207214
means that the intrinsic rate of peptidyl-prolyl
isomerization is slow on the NMR timescale
(<0.1 s 1. In contrast, upon addition of stoichio-

—_—
2
S

Mixing Time (s)

metric concentrations of CypA, amide resonances
within ""N-CD147 residues 207214 either converge
or are so severely linebroadened that they disappear
(Fig. 5a and b, respectively). This implies that in the
presence of CypA, CD147 undergoes a conforma-
tional exchange on both the fast and the intermedi-
ate NMR timescale. In other words, the intrinsic
interconversion of CD147 Pro211 is higher in the
presence of CypA, and therefore, the conformational
exchange of peptidyl-prolyl interconversion of
Pro211 is enhanced by CypA-mediated catalysis.
Those residues that converge undergo “fast
exchange” and those residues that disappear
undergo “intermediate exchange”. However, this
exchange is not simply relative to the bound
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Fig. 7. Quantifying the catalytic rate of exchange for CypA-mediated isomerization of CD147. The apparent catalytic
exchange rates in Table 1 were derived from ZZ-exchange experiments using [CD147°4#%1=0.5 mM and either (a)
[CypA]=0.01 mM or (b) [CypA]=0.05 mM. The ZZ-exchange data along with the corresponding fits and two sample
spectra from each experiment for CD147 TrleONS1 are shown. Intensities for each of the four resonances were fit
simultaneously to Egs. (1a), (1b), (1c), and (1d). Intensities were normalized to that of the highest intensity, that is, the

trans resonance, at no mixing time.
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chemical shift differences, since it also includes
exchange to the free states due to the weak affinity of
the complex. Finally, linebroadening of the active-site
N-CypA amide resonances is also observed above
with the addition of unlabeled CD147 constructs, yet
these do not completely disappear because it is the
CypA side chains that likely make direct contact with
the CD147 substrate.

Beyond the observed linebroadening of CD147
resonances in the presence of CypA, two additional
NMR experiments provided direct experimental
proof for CypA-mediated rate enhancement of
CD147 peptidyl-prolyl isomerization. The appear-
ance of exchange peaks between the corresponding
>N-CD147 cis and trans resonances was observed in
the presence of catalytic amounts of the enzyme for
both “ZZ-exchange” experiments (Fig. 6c) and
within standard 3D-nuclear Overhauser enhance-
ment spectroscopy (NOESY) experiments (Fig. 6d).
Such exchange peaks arise if the apparent rate of
catalysis allows for transfer of magnetization
between the two sampled states (i.e., cis and trans),
occurring within the time frame of the experiment
(i.e., the mixing times), and are only observed in the
presence of CypA. Thus, the appearance of exchange
peaks within both of these experiments indicates that
CypA increases the intrinsically slow exchange of
Pro211 and once again provides evidence that CD147
is a substrate of its CypA enzyme ligand.

Characterizing CypA-mediated catalysis
of CD147

ZZ-exchange was used to determine the apparent
catalytic exchange rate of CypA-mediated peptidyl—
prolyl isomerization of CD147 Pro211, providing a
quantitative analysis of the active CypA/CD147
complex (Fig. 7). Specifically, two ZZ-exchange
experiments were collected using identical concen-
trations of 0.5 mM !SN-CD14794-214 but with two
substoichiometric concentrations of the enzyme (i.e.,
catalytic concentrations) of 0.01 mM (Fig. 7a) and
0.05 mM (Fig. 7b) CypA. Under each condition, the
apparent exchange rate (k.), which is the sum of the
apparent cis — trans (i.e., ko) and trans—cis (i.e., ki)
catalytic rates, was determined to quantify the rate

Table 1. Apparent catalytic exchange rates of CypA-
mediated interconversion of CD147 residues 207-214
determined from ZZ-exchange

[CypAl kex 571 Fits used
0.01 mM 9.6+£3.5 24
0.05 mM 44.3+8.1 20

Identical concentrations of 0.5 mM '°N-CD147°*2'* were used
with the listed concentrations of CypA, and the apparent catalytic
exchange rates were derived from ZZ-exchange data using Egs.
(1a), (1b), (1c), and (1d) (see Materials and Methods). All four
non-overlapping peaks within ZZ-exchange spectra (both cis and
trans auto peaks and both exchange peaks) were fit simulta-
neouslxI for each amide within CD147 residues 207-214 and
Trp210 1 and the average of these with standard deviations are
reported here (see Supplementary Material, Tables S3 and S4 for
independently calculated parameters).

enhancement of CypA-mediated catalysis (Table 1).
Both the raw data and fits are shown for CD147
Trp210N¢! for all four peaks (i.e., both auto peaks
and both exchange peaks), which is adjacent to the
catalyzed CD147 Pro21l. A verification of our
sample preparations is shown by the fact that the
maximum cross-peak intensities occur appro-
ximately 5-fold apart and corresponds to the 5-fold
difference in enzyme concentrations (Fig. 7a and b
spectra shown in center). For example, we observe
maximum cross-peak intensities for CD147
exchange peaks at ~240 ms and ~48 ms for the
0.01 mM CypA sample and the 0.05 mM CypA
sample, respectively. These data along with all non-
overlapping amides within the CypA target site of
CD147 residues 207-214 were used to calculate the
apparent catalytic rate constants at each CypA
concentration as shown in Table 1 (and for the
residue-specific results, see Supplementary Mate-
rial, Tables S3 and S4). Using our quantitative
estimation of the Ky for the CypA/CD147 complex
derived from our model peptide substrate above,
0.2% and 1.1% complex relative to the free N-
CD147°*?" would exist for 0.01 and 0.05 mM
CypA, respectively (see Supplementary Material,
Section 2). Thus, extrapolating these apparent
exchange rates (Table 1) to the fully bound complex
gives approximately 40004800 s ' for CypA-
mediated interconversion of CD147 at 25 °C. While
this is only a rough approximation of the CypA-
mediated exchange rate, it is clear that CypA
provides a significant rate enhancement relative to
the uncatalyzed cis/trans exchange rate of peptid%flf
prolyl isomerization that is less than 0.1 s '.”
However, this rate enhancement is less than that in
our previous study of a model peptide substrate
measured at the same temperature.*’ A possible
explanation for this lower catalytic rate is that
CD147 has a bulky Trp residue preceding the
catalyzed CD147 Pro211 (i.e., CD147 Trp210-
Pro211) that likely slows the interconversion rate
relative to the model peptide substrates. In fact, in a
study conducted nearly two decades ago with
various amino acid substitutions preceding the
catalyzed Pro, the authors found that the Trp-Pro
sequence exhibited the slowest k. rate for human
CypA.” In conclusion, CypA catalysis serves to
increase the uncatalyzed rate of interconversion by
at least several orders of magnitude.

Discussion

The extracellular region of CD147 does not
self-associate

We have directly characterized the extracellular
regions of the two most dominant CD147 isoforms,
isoform 2 (CD147%% ) and isoform 3 (CD147°*
26%), using multiple solution techniques and have
shown that neither self-associate in the absence of a
mediator. Only single monomeric species were
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detected for all CD147 constructs that correspond to
these extracellular regions as confirmed by gel-
filtration analysis, native gel analysis, and multiple
NMR solution studies. In regard to the monomeric
species, secondary-structure predictions based on
our NMR resonance assignments are largely con-
sistent with the X-ray crystal structure of the
extracellular region of isoform 2, CD147%%7205,
thereby confirming that the solution structure of
the monomer is similar to that within the crystal. The
only noted difference is that resonances correspond-
ing to CD147 residues 151-159 are not observed in
solution, and thus, this region likely undergoes a
conformational exchange within the intermediate
timescale (relative to the chemical shift differences
between sampled conformations). Interestingly, this
same region contains one of the three potential
N-linked glycosylation sites (Asn152) and implies
that inherent flexibility may be important for func-
tion. However, there are likely no contacts between
the Ig-like domains and no preferred orientation
relative to each other as observed within the recently
solved X-ray crystal structure of CD147%*2%°.3* This
conclusion is drawn from several experiments
conducted here that indicate that the Ig-like domains
themselves do not interact. Specifically, native gel
analysis shows that both CD147 Ig1 and Ig2 domains
exhibit the same migration patterns when combined
as they do separately. Furthermore, in the context of
the larger CD147 isoform 2, NMR relaxation experi-
ments indicate that these domains exhibit very
different correlation times in solution and, therefore,
most likely tumble independently. No chemical shifts
are observed within >N-HSQC experiments upon
labeling one domain and titration of the other
domain, confirming that the Ig-like domains do not
interact as separate entities. Thus, our data provide
direct evidence of free rotation around the short
linker region between these two Ig-like domains (i.e.,
CD147 residues 103—105 that comprise the sequence
Gly-Pro-Pro, respectively). Finally, we have, for the
first time, characterized the solution properties of the
extracellular region of the second most abundant
CD147 isoform, isoform 3 (i.e., CD147°*2%%). Here,
we have found that the N-terminal residues 94-104
of isoform 3 are disordered as compared to the
formation of a p-strand in the context of the Igl
domain within the larger CD147 isoform 2.
Although the conclusions of several recent reports
have suggested that a fraction of recombinant CD147
self-associates in solution,'*** there has been no
direct proof that such an interaction occurs without
mediation by another molecule in vivo (i.e., co-
receptors or small molecules). In fact, much of these
prior data are in agreement with our findings in this
study. For example, there is a major contradiction
between the data and the conclusions found within
the recently published X-ray crystal structure of
CD1472272953% Namely, these authors have sug-
gested that the four interaction surfaces observed in
the crystal give rise to highly favorable interactions
with computationally calculated AG values ranging
from —16 to —20 kcal/mol (i.e., subnanomolar Ky4

affinities). However, these same authors experimen-
tally show that at mg/ml concentrations of CD147,
only a small fraction forms dimers on a native gel,
which should all be oligomers if any of their four
calculated crystal contacts were truly of submicro-
molar affinity. Another contradiction in the literature
is that the observed dimeric interactions of the
extracellular region observed within native gels are
abrogated in the presence of reducing agents,
prompting some to conclude that this is due to
protein unfolding caused by disulfide reduction.'*
However, a similar phenomenon is also observed
within denaturing gels, suggesting that the dimers
observed are simply intermolecular disulfides
formed as a by-product of recombinant protein
purification. Moreover, analogous to our findings,
other groups have had difficulty in measuring CD147
self-association through its Igl and Ig2 domains.”
Thus, CD147 oligomerization may be a far more
complicated process than previously thought and
likely involves mediation by other molecules such as
a co-receptor to induce signaling (Fig. 8a).

While the current focus of our laboratory is to
identify mediators of CD147 homophilic interac-
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Fig. 8. Models for both the cyclophilin-independent
and cyclophilin-dependent mechanisms of CD147 activity.
(a) Based on our findings here that have shown that the
extracellular region of CD147 does not self-associate,
CD147 homophilic interactions are likely mediated by
other molecules that potentially include TM proteins (i.e.,
co-receptors). (b) The direct observation of CypA-
mediated isomerization of Pro211 suggests a mechanism
whereby CypA may alter the inherent cis:trans equili-
brium of CD147 Pro211. The inherent cis:trans ratio of
CD147 Pro211 was calculated from the relative I?eak
intensities of the amides of residues 207-214 within '°N-
HSQC spectra, and the cis:trans ratio in the active complex
is based on previous studies with a model peptide
substrate.” Colors are as defined in Fig. 1.
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tions, it is important to begin addressing likely
candidates since CD147 is a high profile player in
the progression of many diseases. CD147 oligomer-
ization in cell culture and in vivo may be modulated
by small molecules as shown, for example, for
cadherin dimerization that is modulated by
calcium® or fibroblast growth factor receptor
interactions that are mediated by heparins.”” Thus
far, we have not been able to identify such small-
molecule interactions that affect CD147 self-associa-
tion (data not shown), yet many other potential
candidates that regulate CD147 homophilic interac-
tions include membrane proteins such as mono-
carboxylate transporters (MCTs), syndecans, and
integrins.”> For example, an elegant fluorescent
energy transfer study has revealed a 2:1 interaction
between MCT-1 and CD147.%® However, MCT-1 is
predicted to have only short extracellular loops;
thus, this TM protein seems an unlikely candidate
for mediating homophilic interactions between cells.
We have recombinantly expressed the entire extra-
cellular region of syndecan-1, a well-known heparan
sulfate proteoglycan that has recently been shown to
co-localize with CD147 in cell lysates."” While we
have discovered that syndecan-1 is primarily an
unfolded protein, as expected from its primary
sequence (i.e., within its 283 residues, there are 33
threonines, 30 glycines, and 25 prolines), it does not
interact with the extracellular region of CD147 (Fig.
S7). This may suggest that specifically attached
glycans or the TM domains of CD147 and syndecan-
1 modulate their interactions, and thus, probing
such interactions biophysically awaits mammalian
expression systems that produce full-length glyco-
proteins with relatively high yields.

CypA-mediated catalysis of CD147 likely
represents a novel mode of intracellular signaling

While extracellular cyclophilins stimulate several
intracellular signaling events through their CD147
receptor, the underlying mechanism has remained
unclear. A direct interaction between cyclophilins
and CD147 has been shown to occur both through
yeast two-hybrid assays®* and through the use of
specific antibodies that block these cyclophilin/
CD147 interactions.?® Here, we have initiated studies
that have allowed us to directly monitor the CypA/
CD147 interaction in aqueous buffer during catalysis.
Such studies are made possible due to the reversible
nature of the cyclophilin-mediated reaction and serve
as an important first step in understanding the link
between peptidyl-prolyl isomerization on the out-
side of the cell and intracellular signaling. While both
CypA and CypB have been shown to serve as the
extracellular ligands of CD147, CypA is a more
abundant protein and, thus, has been the focus of our
studies here. Moreover, although NMR is a powerful
technique that can reveal the atomic resolution details
of molecular interactions, it is particularly useful in
probing cyclophilin interactions that are of moderate
to weak affinity.”’ Many weak but biologically
important interactions occur in nature, which include

adhesion proteins that exhibit micromolar affinities™
and alcohols that exhibit millimolar affinities.®® Thus,
the high sensitivity of NMR to detect weak interac-
tions was the initial impetus behind employing NMR
methods to study the CypA/CD147 interactions at
atomic resolution in solution.

Using NMR solution studies, we have shown that
CypA both binds and catalyzes CD147 Pro211, a site
predicted to lie on the outside of the cell and
adjacent to the TM region of the receptor. Interest-
ingly, this membrane-proximal region of CD147
residues 207-214 already exists in its free form in a
cis:trans equilibrium characterized by an unusually
high cis content of 33% (Fig. 8b, left). However, this
uncatalyzed cis/trans isomerization is very slow, as
evidenced by our observation of both sampled cis
and frans resonances for all residues within this
region of CD147. Upon addition of stoichiometric
concentrations of CypA, '"N-HSQC spectra col-
lected on the active CypA/CD147 complex showed
both the collapse of several cis and trans resonances
and severe linebroadening for others, suggesting
that a conformational exchange event occurs within
the active CypA/CD147 complex (i.e., catalysis).
Further proof of catalysis came from several NMR
experiments collected under substoichiometric con-
ditions, which unambiguously confirmed that
CypA catalyzes CD147 Pro211. Namely, the appear-
ance of exchange peaks in the both ZZ-exchange and
3D-NOESY experiments verifies a CypA-induced
rate enhancement of the inherently slow cis/trans
equilibrium of CD147 residues 207-214 and, there-
fore, provides direct evidence of CypA-mediated
catalysis of its CD147 receptor. A quantitative
analysis of our ZZ-exchange data reveals that the
catalysis may be only slightly slower than that of
nonnatural substrates previously studied, a finding
reflective of the bulky CD147 Trp210 residue
preceding the targeted Pro211.

Our confirmation that CD147 is a substrate of its
CypA enzyme ligand along with several previous
reports suggests an underlying mechanism for
CypA-mediated signaling through the CD147 recep-
tor (Fig. 8b, right). Specifically, this interaction likely
encompasses a “conformational switch” responsible
for regulating downstream signaling, whereby the
relative cis:trans ratio of free CD147 Pro211 is
increased by way of its CypA interaction. Both
crystallography and NMR studies support such a
model. For example, co-crystal complexes of CypA
with various substrates are largely found in the cis
conformation,®"®* indicating that the relative affi-
nity for the cis conformer is higher than that of the
trans conformer. Based on such evidence, the
trans — cis catalytic rate of CypA has been proposed
to be higher than the cis — trans catalytic rate,°? and
thus, the relative cis population of CD147 within the
catalyzed enzyme complex would be higher than
that in the free state of CD147. Previous NMR
studies that measured linebroadening of a model
peptide substrate in the context of substoichiometric
amounts of CypA have suggested that the relative
cis population on the enzyme is higher than that of
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the trans population.55 Finally, previous NMR
studies that measured CypA dynamics with satur-
ating concentrations of the same model peptide
were also c0n51stent with a higher bound cis
population.®® Thus, for CD147, this would culmi-
nate in a reversal of the relative cis:trans populations
upon CypA catalysis (Fig. 8b). Interestingly, a
similar conformational switch mediated by CypA
within the inside of the cell has also been proposed
to regulate 81gnahng ? Specifically, the SH2 domain
of Itk also exists in an inherently slow interconvert-
ing cis/trans equilibrium dictated by a central
proline residue and it is the trans conformation
that binds a phosphotyrosine target peptide
approximately 4-fold tighter than the cis conforma-
tion. Since this proline residue of Itk is also a
substrate target of CypA, it seems possible that
intracellular CypA mediates a similar regulatory
phenomenon that we have proposed for CD147. In
conclusion, CypA catalysis may regulate a confor-
mational switch both inside and outside of the cell
by way of increasing the relative cis:trans ratio of its
substrates in the bound complexes (Fig. 8b).

By characterizing the active CypA/CD147 com-
plex here, our studies represent an important step in
unraveling the details of peptidyl-prolyl isomeriza-
tion and the signaling events that follow, yet future
work must now address these downstream interac-
tions. Owing to the complex nature of CD147
interactions and its association with multi-protein
complexes, at this point, we can only speculate as to
how CypA-mediated catalysis may regulate intra-
cellular signaling. For example, while it is clear that
cyclophilin/CD147 interactions promote intracellu-
lar signaling events, recent data suggest that the
intracellular C-terminal reglon of CD147 is not
important for signaling.”* Thus, analogous to the
case of Itk where the conformation of a proline
residue dictates its affinity for other proteins, the
conformation of CD147 Pro211 may also dictate its
affinity for a signaling-competent complex. Unfortu-
nately, identifying such a complex (or complexes) is
required to further address both the dynamic and
structural changes that ensue upon CypA-mediated
catalysis. Finally, although the CD147 Pro211 target
site of CypA is predicted to lie outside of the TM and
we have found that the inherent cis:frans equilibrium
of CD147 is maintained in several different solvents
(data not shown), we do not yet know how other
protein interactions may alter this equilibrium. Thus,
it will be critical to re-evaluate this equilibrium in the
context of other protein interactions that will be
identified in the future and then address how CypA-
mediated catalysis alters such interactions.

Materials and Methods

Protein expression, refolding, and purification

In general, unlabeled proteins were produced in LB
broth while labeled proteins were produced in M9 minimal
media supplemented with required combinations of *>N-

ammonium chloride, 13C-glucose, and 99% D,O for NMR
studies. All proteins were expressed in BL21 (DE3) cells,
grown at 37 °C, and protein expression was induced using
0.1 mM isopropyl p,D-thiogalactopyranoside at an optical
density of approxunately 0.6 (600 nm). CypA was purified
as previously described*”®® while both CD147 and the
extracellular region of syndecan-1 were purified as
described below. Unless otherwise noted, all columns
and resins were used on an AKTA FPLC purchased from
GE Healthcare.

For CD147, all constructs were PCR-amplified from the
previously described vectors** and ligated into the pET15b
vector (EMD Biosciences, Inc., San Diego, CA) using Ndel
and BamHI. All primers contained the appropriate
restriction sites with six base-pair overhangs for cleavage
prior to ligation. All CD147 proteins were refolded at 4 °C
as follows. For a typical 2-L growth, cells were lysed via
sonication in 35 ml of 100 mM Tris, pH 7.5, 0.5 M NaCl, and
1 mM ethylenediaminetetraacetic acid, centrifuged at
12,000g in a Sorvall SS5-34 rotor (Sorvall, Asheville, NC),
and the insoluble fraction was collected. The insoluble
fraction was sonicated to homogeneity in 35 ml of dena-
turation buffer (5 M guanidine, 100 mM Tris, pH 7.5,
100 mM NaCl, and 2-mercaptoethanol), centrifuged again,
and dialyzed into refolding buffer (1 M arginine, 100 mM
Tris, pH 7.5, and 100 mM NaCl) for 48 h. Samples were
subsequently dialyzed into 100 mM Tris, pH 7.5, and
300 mM NaCl for at least 12 h and centrifuged to remove
any precipitation. The soluble refolded proteins were then
further dialyzed into 50 mM NaPO,, pH 7.5, 0.5 M NaCl,
and 10 mM imidazole for purification via Ni Sepharose
equilibrated in the same buffer and eluted in the same
buffer supplemented with 0.4 M imidazole. Eluted
proteins were cleaved overnight with thrombin; purified
via a pre-packed S-100 size-exclusion column equilibrated
with 50 mM NaPO,, pH 6.5, 150 mM NaCl, and 50 mM
imidazole; and then applied to a 1-ml benzamidine
column in the same buffer to remove residual thrombin.

For syndecan-1, the extracellular region that corre-
sponds to residues 23-251 was PCR-amplified from the
commercially available plasmid (Open Biosystems,
Huntsville, AL) and ligated into the pET15b vector
(EMD Biosciences, Inc.) using Ndel and BamHI sites.
Primers contained the appropriate restriction sites for
cleavage prior to ligation. While there was no measurable
expression of this pET15b-syndecan-1 from this con-
structed vector, subsequent insertion of streptococcal
protein G (GB1) led to high protein expression. This was
accomplished by PCR amplification of the 56-residue GB1
encoding region (vector described below) with Ndel
restriction sites both 5’ and 3’ and subsequent insertion
into the single Ndel-digested pET15b—syndecan-1 plas-
mid. Upon confirming that the GB1 sequence was inserted
correctly, all further syndecan-1 purifications utilized this
pET15b-GB1-syndecan-1 fusion that was entirely found
in the soluble expressed fraction both before and after
thrombin cleavage that released syndecan-1 residues 23—
251 (with an N-terminal Gly-Ser). For a typical 2-L growth,
cell pellets were lysed with 35 ml of 50 mM NaPO,, pH7.5,
0.5 M NaCl, and 10 mM imidazole and applied directly to
a Ni Sepharose column in the same buffer. All subsequent
purification steps were identical with that of the CD147
proteins described above.

Peptide expression and purification

A novel protocol for recombinant peptide production
was employed to produce a pepftlde corresponding to
CD147 residues 205-214, CD147'"". Unless otherwise
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noted, all columns and resins were used on an AKTA
FPLC purchased from GE Healthcare. Using standard PCR
amplification, we constructed a PCR product with a
6xHis, a thrombin site, and then the sequence of CD147
205-214 (HLAALWPFLG). A 5’ BamHI site and a 3’ EcoRI
site were also included, and the PCR product was digested
with the appropriate enzymes. Ligation of this PCR
product into the pET30b vector that encoded GB1 (a kind
gift from Gerhard Wagner, Harvard University) produced
a vector encoding GB1 followed by our peptide of interest.
This GB1—-peptide fusion protein was expressed in BL21
(DE3) cells in LB broth supplemented with kanamyecin.
Cells were lysed in 50 mM NaPOy,, pH 7.5, 0.5 M NaCl, and
10 mM imidazole and then purified via a Ni Sepharose
column equilibrated in the same buffer. The peptide was
cleaved from this purified fusion with thrombin at room
temperature for 12 h, leaving an N-terminal Gly-Ser
followed by the CD147 residues 205-214 and then
reapplied to Ni Sepharose resin in a gravity flow column.
The pH of the eluted sample was decreased to 2 with
trifluoroacetic acid (TFA) and then applied to a reversed-
phase column (Agilent, Zorbax SB300, 9.6 mmx25 cm)
using an HPLC (Agilent Technologies, Inc., Santa Clara,
CA) equilibrated in 0.2% TFA/water and 0.18% TFA/
acetonitrile solvent system. Finally, fractions containing
the peptide were verified by analytical HPLC (Agilent,
Zorbax SB300, 4.6 mmx15 cm) and mass spectrometry,
pooled, and lyophilized for further use.

Analytical size-exclusion chromatography,
gel electrophoresis, and Western blot analysis

Approximately 1 mg of the indicated CD147 purified
proteins was applied to an analytical Superose-12 column
(column volume, ~24 ml) that was equilibrated in the
same buffer utilized for most NMR experiments (50 mM
NaPO,, pH 6.5, 150 mM NaCl, and 50 mM imidazole).
Protein samples for SDS-PAGE contained 10 pul of 0.02 mM
protein either with or without DTT, and the same con-
centrations of protein were used for native PAGE analysis.
For Western blot analysis, SDS-PAGE gel electrophoresis
of 10 ul of 0.02 mM recombinant CD147** **> was per-
formed in the absence and presence of 1 mM DTT and then
boiled for 5 min. The gel was transferred to an Immobilon
PVDF membrane and blotted with 1:1000 Human Mono-
clonal EMMPRIN (R&D Systems, Minneapolis, MN)
followed by 1:3000 anti-mouse horseradish peroxidase
(Cell Signaling Technology, Danvers, MA). Protein band
detection was performed with the ECL Chemilumines-
cence Detection Kit (Perkin Elmer, Waltham, MA) at three
different exposure times (10, 30, and 60 s).

NMR sample preparation, spectroscopy,
and data analysis

All NMR spectra were collected at 25 °C on a Varian
600 -, 720- , 800-, or 900-MHz spectrometer in 50 mM
NaPO,, pH 6.5, 150 mM NaCl, and 50 mM imidazole
supplemented with 7% D,O. There were only modest
changes to the resonance positions with imidazole present
(data not shown), yet imidazole did increase the lifetime of
each sample slightly and, thus, was maintained in all
samples. Samples utilized for assignment purposes con-
tained 0.5-1 mM protein, while all samples utilized for
titration purposes contained 0.5 mM protein with the
indicated final concentration of the titrant. All spectra
were processed using NMRPipe software® and analyzed

using CCPNmr software.’® Unless otherwise noted, all
pulse sequences were obtained from standard Varian
Biopack libraries. Transverse relaxation optimized spec-
troscopy (i.e., TROSY-based) HSQC experiments were
used only when noted.

The backbone assignments of several CD147 constructs
that included CD147**7* and CD147"*72% as well as
constructs containing the C fA target of CD147 Pro211,
CD147%*72" and CD1477*2!* were determined. Standard
multidimensional NMR experiments that included an
HNCACB and CBCA(CO)NH for each construct were
used, while both a 3D-?’N-NOESY and a 3D-’N-TOCSY
(total correlated spectroscopy) were useful in confirming
each spin system.®” Our resonance assignments that were
stored within the CCPNmr database were used to calculate
secondal;y-structure propensities using the program
TALOS.*

For relaxation experiments, standard R1 and R2 relaxa-
tion experiments were applied with recycle delays of 2.5 s
at 900 MHz. Relaxation delays for R1 experiments were
0.01,0.1,0.3,0.5,0.7,0.9, and 1 s, and relaxation delays for
R2 experiments were 10, 30, 50, 70, and 90 ms. While
compensating pulses prior to the recycle delay were
utilized for R2 measurements to account for potential
sample heating, all relaxation experiments were arrayed
within a single experiment to also account for any potential
field inhomogeneities. Correlation times for each amide
were calculated using R2/R1 ratios as described in Larsson
et al.** and correlation times for each domain using all R2/
R1 ratios within one standard deviation of the mean.
Correlation times for each domain were calculated using
FAST-Modelfree employed Modelfree version 4.*° Since
calculations using Modelfree have recently been shown to
become trapped in local minima,®® a range in initial
correlation times from 11 to 18 ns was used with 1-ns
increments. While most calculations converged to the
reported values and local minima were readily excluded
due to large chi-squared values. In-house scripts that
combined both NMRPipe and Gnuplot software were used
to fit all relaxation rates using peak heights.

For ZZ-exchange experiments, the pulse scheme of
Farrow et al. was employed with a selective adiabatic
CHIRP pulse applied in the center of the mixing period for
water suppression.”” Two data sets were collected at
720 MHz on two samples with either 0.01 or 0.05 mM
CypA and both containing 0.5 mM '"N-CD1477*2'* at
25 °C and analyzed as previously described to calculate the
apparent cis/trans exchange rate (key) 267071 Briefly, 14
mixing times (7,,,) were acquired for each of these two data
sets ranging from 0 to 840 ms, and R1 relaxation rates used
in fitting these data, that is, R1 for cis (R1.) and R1 for trans
(R1y), were collected directly on these samples. Equations
(1a), (1b), (1c), and (1d) were used to simultaneously fit the
auto trans peak (Iy), the auto cis peak (I.), the trans— cis
exchange peak (Ii) and the cis — trans exchange peak (I),
respectively, as a function of 7,,,. [;(0) and I..(0) are the initial
intensities of the trans and cis auto peaks, respectively,
a11:R1t+ktC/ a22:R1C+kct, anq :7ktC/ and a12:7kct' Finally,
under these conditions, k.. and k. can be recast as a
function of their free Keq (Peis/ Pirans=0.33/0.67), and thus,
kic=0.33key and ke =0.67ke.

Iit(tm) = Lit(0) (— (A2 — a11)exp(—21Tm)
+ (/Ll — ﬂll)eXp(—)QTm))/()q — 22) (1a)

Icc(fm) = ICC(O)(_(;LZ - aZZ)eXp(_)ble)
+ (/1] — tZzz)CXp(fﬂ,z‘Em))/(),l — ]2) (1b)
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Itc(fm) = Itt(O) (a21exp(—ilrm) + 1121exp(—/1217m))/(/11 — )Q)
(1)

Ict(Tm) = ICC(O) ((1126Xp(—)»1 ‘Em) + alzeXp(—/Iz‘tm))/()q — )»2)
(1d)

GraphPad Prism version 4.0 (GraphPad Software Inc.,
San Diego, CA) was used to simultaneously fit all
resolvable peaks within CD147 residues 207-214. Both
Ala207 and Gly214 could not be used since their respective
trans and cis resonances exhibited little to no dispersion in
the nitrogen dimension.

Recombinant CD147 activity

Recombinant CD147%% 2% was added to differentiated
THP-1 cells at 50, 100, and 200 pg/ml final concentrations
for 8 h, and the amount of cytokine released from the cells
was measured by sandwich ELISA (ElisaTech, Aurora,
CO). THP-1 cells were cultured in RPMI (supplemented
with 10% fetal bovine serum) and stored at 37 °C and 5%
CO, at all times. Differentiation of THP-1 cells was
achieved by adding 100 nM phorbol-12-myristate-13-
acetate to 1 ml suspended cells in a 24-well cell culture
dish at 1 million cells/ml for 24 h, removing undiffer-
entiated cells by aspiration, washing with phosphate-
buffered saline, and then replacing the media. The cells
were then incubated with CD147, and cytokines secreted
into the media were measured by ELISA. ELISAs were
performed under the manufacturer's protocol (ElisaTech).
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