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ABSTRACT. The prolyl isomerase cyclophilin A (CypA) is required for efficient HIV-1 replication and is
incorporated into virions through a binding interaction at the-Gyc’?2 bond located within the capsid
domain of the HIV-1 Gag precursor polyprotein {®. It has recently been shown that CypA efficiently
catalyzes the cis/trans isomerization of GBrc???within the isolated N-terminal domain of capsid ()A

To address the proposal that CypA interacts with-@ko sequences in the C-terminal domain of a
mature capsid, the interaction between CypA and the natively folded, full-length capsid protéir) (CA
has been investigated here using nuclear magnetic resonance spectroscopy. In addition, a fragment of the
P1929 protein encoding the full-matrix protein and the N-terminal domain of capsid (MAYG¥as been

used to probe the catalytic interaction between CypA and an immature form of the capsid. The results
discussed herein strongly suggest that-@c?22 located within the N-terminal domain of the capsid is

the preferential site for CypA binding and catalysis and that catalysis of Big??? is unaffected by
maturational processing at the N-terminus of the capsid.

Efficient human immunodeficiency virus type 1 (HIV31)  a binding interaction within the capsid (CA) domain of the
replication requires the cellular host factor human cyclophilin HIV-1 Gag precursor polyprotein (P (1, 3). P¥3encodes
A (CypA) (1—3); however, neither the precise role of CypA the matrix (MA), CA, and nucleocapsid (NC) structural
in HIV-1 replication nor the normal biological function of proteins and the p1, p2, and p6 peptides (Figure 1), which
CypA is known. CypA is classified as a peptidyl prolyl are liberated from P# by the HIV-1 protease through a
isomerase (PPlase},(5), which is an enzyme that catalyzes process termed maturation during virion budding. MA
the cis/trans isomerization of prolyl peptide bonds. PPlasesremains associated with the virion membrane, and CA forms
are ubiquitous proteins, expressed in all cellular compart- a conical core structure surrounding the NC/viral RNA
ments and within all organisms and are represented by threegenome complex9). Proper CA core assembly and dis-
distinct classes: cyclophilins, FKBPs (FK506 binding pro- assembly is imperative for effective release of the viral RNA
teins), and parvulins. Since their discovery, PPlases havegenome into the host cell, and it has been suggested that
been implicated as folding catalysts and cellular chaperonescypa might be involved in CA core assembly and/or
(6, 7). Recently, native state prolyl cis/trans isomerization gisassemblyX0, 11). The cryo-EM structural model of the
has been proposed to modulate protein function. According assembled CA core predicts that the N-terminal domains of
to this hypothesis, cis/trans isomerization within a natively sjx cA molecules form an array of hexameric rings tethered
folded substrate protein induces a conformational switch that 1 heighboring rings via dimerization through the C-terminal
controls cellular processes involved in cell cycle regulation, gomain @2). This configuration is supported by recent
cancer, and Alzheimer's diseas®).( hydrogen/deuterium exchange experiments in conjunction
_ During the HIV-1 replication cycle, CypA from the i high-resolution mass spectrometr3[. For un-
infected host cell is packaged into budding virions through ,ssempled CA molecules in solution, the C-terminal domain
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A the G221-P222 sequence (Figure 123). On the basis of

MA-CAN this observation, the authors propose that CypA binds 6221

F - i P222 in the context of P¥during CypA incorporation and

MA CA p2| NC |p1| p6 | that the process of_maturati_on creates additional h.igh affinity
T Gly—Pro-binding sites within the C-terminal domain of CA.

! 1?2 2:?3 3:63 The authors suggest that CypA may facilitate CA core
caN CAC disassembly by directly binding the G28B289 and/or
y L 1 G355-P356 sequences and disrupting C-terminal domain
CA dimerization. In fact, several reports suggest maturation-
B dependent conformational changes within CA alter the
133  PIVONLQGOM VHQAISPRTL  NAWVKVVEEK interaction between CypA and CA. Two independent groups
report that CypA has a higher binding affinity for the G221
163 AFSPEVIPMF  SALSEGATPQ  DLNTMLNTVG P222 sequence in the context of immatur&®Rhan in the
I context of mature CAZ4, 25). To date, the only structural
N | 193 GHOAAMOMIK  ETINEEAAEW information available for immature CA is the nuclear
CA 222 magnetic resonance (NMR) solution structure of the N-
223 J{TAPGOMREPR — GSDIAGTTST — TOEOTGWMTH terminal domain of CA fused to the matrix domain (MA-
* CAN; Figure 1), where a flexible linker connects the N
253 NPPIPVGETY KRWITLGLNK  IVRMYS terminus of CA' to MA (26). A comparison of the isolated
CAN structure 15) with the MA-CAN structure 26) reveals
279  PTSIL a several-angstrom shift in the CypA binding loop, which
- may represent a maturation-dependent conformational change
284 DFROGBRESF —RDYVDRFYRT —TRAEQASQEV that could potentially alter the CA/CypA interaction. In
* 289 addition, chemical modification studies demonstrated that
cAC | 314  KNWMTETLLV  ONANPDCKTI  LKALGPGATL CypA binding at the N—termingl_QZZﬂPZZZ sequence in_
33 —_— mature CA alters the accessibility of C-terminal domain
344  EHMNTACOGY — GGEGHRARVL cysteine residues to the fluorescein maleimide prd, (

356 an observation that offers an alternative model, where CypA
Fiure 1 Modular structure of the HIV-1 B and the amino binding at G221-P222 allosterically induces conformational

acid sequence of the CA domain. (A)¥frencodes the MA, CA, changes in the C-terminal domaig}( 27).
and NC proteins, as well as several smaller peptides (p1, p2, and To directly address the question of differential CypA

p6). The constructs used in this paper are indicated-CBAN, i ; ; _ ;
and MA-CAN. (B) Amino acid sequence for the EAconstruct binding and catalysis of CA during HIV-1 maturation, the

used in the present paper . The three peptidesi|jlinvestigated interaction between CypA and full-length CA containing both
in a previous peptide study are box@3) and the asterisks indicate  the N- and C-terminal domains (denoted by"€for clarity)
differences in the CA amino acid sequence from the aforemen- and MA-CAN (Figure 1) has been investigated here using

tioned studies. The CypA G22P222-binding site located within MR spectroscopy. First, quantitative 2Bi-15N hetero-
the N-terminal domain3) and the proposed C-terminal domain | : h ’ d
CypA-binding sequences G28®289 and G355P356 @3) are nuclear NMR (Z2Z) exchange spectroscof§,(29) was use

in bold. The M317 residue at the C-terminal domain dimer interface to measure CypA catalysis of G22P222 within CA',
is labeled with an arrow. CAFL, and MA-CA to determine (i) whether CypA catalysis
at G221P222 is altered in the presence of the C-terminal
cleaved, mature CA protein. Mutagenesis of either G221 or 40main, (ii) whether CypA binds and/or catalyzes additional
P222 or addition of the CypA inhibitor cyclosporin A (CsA) ~ Sites within the CA C-terminal domain, and (iii) whether
disrupt binding of CypA to P# and reduce incorporation CypA.cataIyS|s gt G221P222 is altered when.the N-terminal
of CypA into virions, resulting in diminished HIV-1 replica- domain of CA is fused to the MA domain (MA-Ch.
tion and infectivity (, 3). The crystal structure of CypA  Second, NMR chemical shift mapping has been employed
bound to the isolated N-terminal domain of CA (t)A as a direct method to further address whether CypA binds
representing a mature form of CA, reveals that CypA to the proposed GlyPro sequences2g) within the C-
specifically binds to G224P222 (L8). Furthermore, CypA  terminal domain of CA, or whether CypA binding at G221
was shown to catalyze the cis/trans isomerization of G221 P222 allosterically alters the conformation of the C-terminal
P222 in the context of natively folded C'A19). However, domain. The results of these experiments reveal that CypA
direct investigation of the CypA interactions with the full- binding and catalysis at G22P222 is the same in CA
length CA protein containing both N- and C-terminal CAF:, and MA-CAYN. Furthermore, neither CypA catalysis
domains at an atomic resolution has been problematic nor direct CypA binding of the C-terminal domain Gly
because CA forms a complex mixture of oligomers in vitro Pro sequences could be detected for either‘@hathe CA™
(20, 21) and the C-terminal domain in the crystal structure M317A mutant. The results discussed herein strongly support
of CA is disordered22). that G221-P222 is the preferential CypA-binding site within
Recently, CypA was reported to bind peptides derived CA. In addition, the interaction of CypA at G22P222
from the C-terminal domain of CA containing the G288  within the N-terminal domain of CA is not altered when
P289 and G355P356 sequences with higher affinities than either the CA C-terminal domain or the MA domain is fused
a peptide derived from the N-terminal domain containing to the N-terminal domain of CA.
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EXPERIMENTAL PROCEDURES

Protein ExpressionNonisotopically labeled CypA and
uniformly >N-labeled CA' (133-278) were expressed in
BL21 (DE3)Escherichia colicells and purified as described
previously @9). The coupled chymotrypsin assay with the
succinyl-Ala-Phe-Pro-Php-nitroanilide peptide was used to
assay CypA for activity as describe80j. 1°N-labeled CA-
(133-363) and">N-labeled MA-CAY (1—283) were generous
gifts from M. Summers, University of Maryland College
Park. The CA- M317A plasmid was provided by W.
Sundquist, University of Utah, and the EAVI317A protein
was purified as described d). Selective labeling of Gly
residues in CA- M317A was accomplished by protein
overexpression in BL21 (DEJ. coli cells in M9 minimal
media supplemented with 0.15 g/L'%:*>N-Gly (2-1°C,
99%; 5N, 98% Gly purchased from Cambridge Isotope
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peaks have identical intensities in a 2D exchange spectrum
(35), the intensity for the MA-CA cis exchange peak as a

Laboratories, Inc.) and unlabeled amino acids as describedfunction of r,, was substituted fok. in eq 1b. In eq 1a and
1). SDS-PAGE lysi h ity of
(31). SDS-PAGE analysis was used to assess the purity o 1 (t) = LO)(—(A, — ay) e(—Az,) +

all protein preparations.

NMR Sample Preparation and Data Collectigxil NMR
samples were prepared in 50 mM JR#O, at pH 6.5, 1
mM TCEP, or 1 mM dithiothreitol containing 10%,D, with
the exception of MA-CA samples, which contained 300 mM
NaCl for protein stability. The 2BH-°N heteronuclear (ZZ2)

(41— &) eAr)/( 4, — 49)] (1a)

li(Tm) = 1(0)[(ap1 €(—4171) —8p1 €(—A,7)/ (4, — 4))]
(1b)
b, Iy is the intensity of the G224nsauto peak andk is the

exchangeZ8), transverse relaxation optimized spectroscopy intensity of the trans exchange peak at mixing tirmel(0)
(TROSY)—heteronuclear single quantum coherence (HSQC) is the intensity of the trans peak@t = 0. 11, = Yo{ (a11 +
(32), 3D 15N-edited nuclear Overhauser effect spectroscopy az2) % [(a11 — a22)? + dkcked Y%, @11 = Rut + Kie, @21 = — kK,
(NOESY)-HSQC (100-ms mixing time), and 3BN-edited andag; = Ric + ke RicandRy; are the longitudinal relaxation
TOCSY—-HSQC (60-ms mixing time) spectra were collected rates for the cis and trans conformations of G221, respec-
either on a Varian INOVA 600 or 500 MHz spectrometer at tively, which can be simplified t&; in the analysis because
25 °C. NMR spectra were processed with NMRPi33)( Ric andRy; were determined to be identical in an independent
and analyzed with ANSIG 34). The backbone amide longitudinal relaxation experiment for ¢Xdata not shown).
assignments for CA(15) and MA-CAN (26) were provided The rate of CypA-catalyzed chemical exchangs)(under
by M. Summers. NMR samples for the ZBI-*>N hetero- conditions where CypA is present in substoichiometric
nuclear (ZZ) exchange spectroscopy measurements wereoncentrations is the sum of the individual rate constants in
prepared with a 12-fold excess of substrate over CypA assteps 24 in Scheme 1 as shown in eq 2. The populations
follows: 430uM CAN/35uM CypA, 200uM CAFY/17 uM )
CypA, 200 /,tlbl\tﬂ CAN M31M7A/17 uM Cyp/fA, and 560ZM Kex = (Ko [CYPA] + kit + Kopr) +
MA-CAN/50 uM CypA. Exchange spectra were collected (kton[CypA] + ko + Ky (2
with mixing times ¢,) ranging from 0 to 800 ms. The
binding interaction between unlabeled CypA afid-labeled ~ Of G221 in the cis and trans conformation, denotedpby
CAFL and CAL M317A was analyzed withH-15N TROSY— and p;, respectively, were determined from the relative
HSQC spectra for samples containing 200 CAFL/400uM intensities of the G224ns (0.86) and G22Js (0.14) reso-
nances in an HSQC spectrum of CAL5), CA™, and MA-
CAN (26). The equilibrium constanig) for the cis and trans

CypA and 200uM CAF- M317A/400 uM CypA, respec-
tively.

2D H-15N Heteronuclear (ZZ) NMR Exchange Analysis. conformations is shown in eq 3. From eq 3, the individual
The 2D!H-*N heteronuclear (ZZ) NMR exchange experi- Keq= PP, = kyfk = 0.86/0.14 (3)
ments were used to measure the rate of CypA-catalyzed cis/

trans isomerizationkg,) of G221—P222 within CAY, CAF.,
and MA-CAN as illustrated in Scheme 1.

rate constantk andk, are simplified to 0.8&.x and 0.14,,
respectively, in egs 1a and b. Fitting the exchange curves

Because proline residues lack a backbone amide moiety,With €gs la and b results in the rate of CypA-catalyzed

CypA-catalyzed cis/trans isomerization of G22R222 was

G221-P222 cis/trans isomerizatiok.) and the longitudinal

measured from exchange curves for the G221 amide relaxation rate ;) for G221. Error bars for the exchange

resonance. The low percentage of the GR2alto peak and

experiments were determined from the signal/noise ratio for

spectral overlap limited analysis of the exchange spectra toth® €xchange spectra, and standard deviations were deter-
the trans auto peak and the trans exchange peak of G22fnined from the fitting procedure in Microcal Origin 6.0
for CAN and CA™, and therefore the exchange curves were Professional software.

fit as a function ofry, to eqs 1a and b, which are simplified
versions of previously published equatio@8,(29). For MA-

RESULTS

CAN, the cis exchange peak is better resolved than the trans CypA Catalyzes G221P222 withinCAN, CAT-, and MA-

exchange peak. Because the ¢ig &nd transl(;) exchange

CAY with the Same EfficiencyCypA-catalyzed cis/trans
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FIGURE 2: CypA catalyzes cis/trans isomerization of G2F1222 5 Exchange Peaks
within the N-terminal domain of C® CAFL, and MA-CAN. In the = - 1~ —z—
absence of CypA, cis/trans isomerization of G2PR22 is slow 0.0 00 02 o4 06 08
such that exchange peaks are not observed fot @4 CAF- (C), ' - ) '
and MA-CAN (E) in the 2D !H-15N heteronuclear (ZZ) NMR Mixing Time  (ms)
exchange spectrun@, 29). Addition of substoichiometric con- N
centrations of CypA (12:1 CA/CypA) accelerates the rate of G221 _
P222 cis/trans isomerization, as evidenced by the appearance of C MA CA / CypA
exchange peaks (boxed) corresponding to the G22id G22%ans 1.04
auto peaks in the exchange spectrum ofN\GR), CAF- (D), and =
MA-CAN (F). Dashed lines connecting the exchange peaks to the =°0s.
G22%;s and G22%ansauto peaks are included for clarityy, is 165 ;
ms for all spectra (AF). B 6. Auto Peaks
[7]
isomerization of the G221P222 bond within CA was £
previously detected with 20H-15N heteronuclear (ZZ) 8 041
exchange spectroscop¥9). The same technique has been T
employed here to investigate the enzymatic action by CypA £ 021 Exchange Peaks
at the G221-P222 peptide bond within differently matured z 00 LT © & z

forms of CA. NMR exchange spectroscopy identifies con- 00 02
formational exchange processes that occur with rates of

chemical exchange between 0.1 and 100(36, 37). In the . I . . _

. . s . Ficure 3: Quantification of CypA-catalyzed cis/trans isomerization
absence of CypA, cis/trans isomerization of G2PP22 is (key) Of G221—P222 in CAY (A), CAFL (B), and MA-CA\ (C). Data
sufficiently slow ke < 0.1 s) (38), such that exchange points for the auto and exchange peaks were obtained from the
peaks are not observed in the 2D exchange spectrum fomormalized intensities of the respective peaks in a series 6H2D
CAN, CAFL, or MA-CAN (parts A, C, and E of Figure 2). 15N heteronuclear (ZZ) NMR exchange spectra collected with

e . ranging from O to 800 ms (AC). The auto and exchange peaks
Add'“o.” of catalytlc amognts of Cy.pA accelerates G221 ._were fitted to eqs 1a and B 29) (see the Materials and Methods)
P222 cis/trans isomerization, resulting in exchange peaks iNyje|ding akey of 6.6+ 2.4 s for CAN (A), 7.1+ 1.6 5 for CAFt

the 2D exchange spectrum corresponding to the @221d (B), and 10.6+ 2.5 s’ for MA-CAN (C). Results of the quantitative
G22%;ansresonances for CA CA™L, and MA-CAYN (parts B, analysi§ indicate. that CypA catalyzes G2#H222 .Within .the
D, and F of Figure 2). The presence of exchange peaksN-terminal domain of CA, CA™, and MA-CAY with similar
. . - catalytic efficiencies.

provides direct evidence that CypA catalyzes G2P222
cis/trans isomerization in CA CAFL, and MA-CAN. a function of 7, because of the conformational exchange

To quantify the catalytic efficiency for CypA catalysis of process (cis/trans isomerization) but eventually decreases
G221-P222 within CA, CA™, and MA-CAV, the intensity because of longitudinal relaxatiof), whereas the auto-
of the exchange peaks between the G22Ind G22%ans peak exchange curve decreases biexponentially because of
resonances and the G22% auto resonance peaks were both the conformational exchange process Rniklaxation
measured as a function of the mixing timg) (28, 29) and (Figure 3) B9). The fitting procedure results inka, of 6.6
fit to eqs 1la and b (see the Materials and Methods). The + 2.4 s* andR; of 1.31 &+ 0.09 s for CypA-catalyzed
resulting build-up curve for the exchange peak increases ascis/trans isomerization in CA(Figure 3A), where thé.y is

0.4 0.6 0.8
Mixing Time t (ms)
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in good agreement with & of 10 & 5 s determined A =
previously from 30'**N-edited NOESY-HSQC spectroscopy - ‘33%

(19). Quantification of CypA catalysis using 2EH-'5N 1084 - - -
heteronuclear NMR (ZZ) exchange spectroscopy is advanta-»g oo = JoTe B .
geous over 30°N-edited NOESY-HSQC spectroscopy in & 352 o o, o, i
that (i) the spectral resolution is improved, (ii) the acquisition & -* - - g%* S

. R . . .. = _ & -
time is substantially decreased such that a series of mixing5 '"® - Gssf@_.\a__ '

times m) can be measured, and (iii) exchange peaks § Pary-) = e
corresponding to resonances with small chemical-shift dif- € ot e 'f'i:”"i—. - e
ferences in théH dimension can be detected because of the £ 122- = .-g,pa}‘:’%.s‘f o
absence of a diagonal. Fitting the exchange and auto peak= RS R "gg;}'”;? <o
curves for CA resulted in &ey of 7.1+ 1.6 s andR; of 2 3 o e
0.98 + 0.04 s (Figure 3B) and for MA-CA' in a key of 1204 : . M .
10.6+ 2.5 st andR; of 1.16+ 0.06 s (Figure 3C). The s * t

similar rate constants of exchange indicate that the matura- - -
tion-dependent conformational change in the N-terminal 0s o A - s

domain of CA resulting from fusion to the MA domaifg)
does not significantly affect the efficiency of CypA-catalyzed
cis/trans isomerization of G229P222. Furthermore, CypA
catalysis at G222P222 in the N-terminal domain is un-
affected by the presence of the C-terminal domain. If
maturation-dependent, high-affinity CypA-binding sites were & 108
present in the C-terminal domain, the catalytic efficiency of @
CypA for G221-P222 in CA" is expected to decrease
because of the competitive binding and/or catalysis at these€ 112+
additional sites. However, the fact that CypA-catalyked
is similar for CA' and CA™ and that exchange peaks are =z 445
not observed for additional GlyPro sequences within the ~

1H Chemical Shift (ppm)

106 B CA1CypA 12 GS?@ C cAYcypA 121 _

hift (ppm)

cal

G221trans

Ch

]
G &%}? Aq“l?z’!:' =

C-terminal domain (Figure 4C) suggests that CypA prefer- 9.0 . 84 78 90 84 78
entially binds and catalyzes the G22R222 bond located 1H Chemical Shift (ppm)
in the N-terminal domain of CA. FIGURE 4: CypA binding and catalysis of GA (A) Comparison

Binding of CypA to CA. NMR chemical shift mapping  of the*H-!N TROSY—HSQC spectrum for CA (black) with the
is an effective technique used to investigate protgirotein ~ spectrum for CA" (red) reveals that the majority of N-terminal

interactions 40) and is used here to further address the [SSonances have entcal chemical st n both specta, Al
ppSSIbIIIty that CypA binds t_he CA C'term'n_al doma”_] with the respective sequence assignment, and duplicate resonances
directly or alters the conformation of the C-terminal domain garising from Gly-Pro bond heterogeneity are labeled with an

allosterically. In a 20MH->°N TROSY—HSQC spectrum, the  asterisk. Additional non-Gly C-terminal resonances observed only
N-terminal domain resonances are very similar for\G#d for CA™- (red) are labeled with blue arrows. (B) Addition of 400
CAFL (Figure 4A), indicating that the overall structure of #M unlabeled CypA to 20QuM **N-labeled CA* (green) does

. L A not alter the chemical shifts for any of the C-terminal domain Gly
the N-terminal domain is not significantly altered when fused o o . C (labeled as described under A), as compared to the

to the C-terminal domain. As expected, chemical shift spectrum of CA- alone (red). (C) Addition of catalytic concentra-
changes in the 2BH-1N TROSY—-HSQC of CA! relative tions of CypA (200uM CAFL/17 uM CypA) results in exchange

to CA™L are observed predominantly for residues that are peaks corresponding exclusively to the Gg2and G22%ans auto
near the linker region (residues 27983) adjoining the N- ~ Peaks in the 2D!H-N heteronuclear (ZZ) NMR exchange

~ . : : P spectrum acquired with &, of 165 ms (dashed lines connect
and C-terminal domaind) (Figures 1 and 4A). Additional exchange and auto peaks), whereas the exchange peaks are not

amide resonances present in the"C#pectrum that are Not  pqerved for the C-terminal domain Gly resonances (labeled as
present in the spectrum of the N-terminal domain were described under A, except sequence assignments are omitted for
assigned to the C-terminal domain by process of elimination. clarity).

Only 17 of the expected 75 C-terminal domain amide

resonances are observable in &SN TROSY-HSQC distinct rotational correlation timegd, as in the case for
spectrum (Figure 4A) because of severe line broadening. ThisMA-CAN (26).

line broadening observed for C-terminal resonances is 10 directly address the proposed model of CypA binding
consistent with the reversible self-association between CA to C-terminal Gly-Pro sequences2g), assignments were
molecules in solution as a consequence of intermolecularfocused to the seven Gly residues within the C-terminal
dimerization or oligomerizationl6, 22). In fact, the line- ~ domain, four of which are GlyPro sequences (Figure 1).
broadening effects for CA are concentration-dependent The 3D NMR experiments (described in detail in the next
(data not shown), and markedly improved spectra were paragraph) were used to assign six of the seven C-terminal
obtained for NMR samples with relatively low CA Gly resonances, which are observed in the Gly region of
concentrations (0.20 mM; Figure 5A). The N-terminal the CA™H-1>N TROSY—HSQC spectrum but not present
domain resonances in CAare not line-broadened to the in the spectrum for CA (Figure 4A). Because the Gly
same extent as the C-terminal domain resonances, presumresidues are located within flexible regions of the protein
ably because the flexible linker connecting the N- and (16), they are detected in the spectrum, whereas many other
C-terminal domains enables both domains to tumble with C-terminal resonances are not observable. None of the
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Ficure 5: CypA binding and catalysis of the €AM317A mutant that exhibits reduced self-association. (A) Additional resonances observed

in the CA- M317A (blue)H-1°N TROSY—HSQC spectrum resonances that are not observed for @WA (red) because of self-association

are labeled with black arrows. All seven C-terminal domain Gly resonances are observedfdvI8EVA, which are boxed and labeled

with the respective sequence assignment. Duplicate resonances arising froRr&lyond heterogeneity are labeled with an asterisk. (B)
1H-15N TROSY—HSQC spectrum of selectively labeled'%,'°N-Gly CAF- M317A is shown with C-terminal domain Gly resonances
labeled as described under A. (C) Addition of catalytic concentrations of CypA«{RDCAF- M317A/17 uM CypA) results in exchange

peaks corresponding exclusively to the Gg2and G22%..s auto peaks in the 2BH-5N heteronuclear (ZZ) NMR exchange spectrum
acquired with ary, of 165 ms, whereas exchange peaks are not detected for the C-terminal domain Gly resonances (labeled as described
under A, except sequence assignments are omitted for clarity). (D) Addition ofi¥0Onlabeled CypA to 20«M *5N-labeled CA*-

M317A results in the chemical-shift perturbation of N-terminal domain resonances it TROSY—HSQC spectrum (orange) that

are expected to shift upon interaction with Cyp29), including the labeled residues L215, A220, A224, Q227, R229, E230, and S234
within or flanking the CypA-binding sequence in CAS§). Conversely, the chemical shifts for the C-terminal domain Gly resonances
(boxed) are the same in the presence of excess CypA (orange) as in the absence of CypA (blue), indicating that CypA does not bind to
these C-terminal domain Gly resonances.

C-terminal Gly resonances change in chemical shift in the form (19), a titration pattern that is consistent with a tight-
15N TROSY—HSQC spectrum upon addition of molar excess binding interaction between CypA and CAKy = 16 + 4

of CypA to CA™ (1:2 CATY/CypA) (Figure 4B), nor are there M) (14). Similarly, at lower concentrations of CypA,
exchange peaks corresponding to these resonances in the 2N-terminal domain resonances in €Abroaden and dis-
1H-15N heteronuclear NMR (ZZ) exchange spectrum upon appear (data not shown), consistent with earlier findings that
addition of catalytic concentrations of CypA (12:1 BA the relatively tight-binding interaction between CypA and
CypA) (Figure 4C), indicating that CypA does not bind or G221-P222 is maintained for CA (14, 41).

catalyze these additional C-terminal domain resonances. CypA Binding and Catalysis of CAM317A.To diminish
Conversely, addition of CypA in molar excess of @A  the line broadening caused by &#self-association, which
induces chemical shift changes for many N-terminal domain precluded observing many of the @Aresonances in the
resonances, as seen previously foNGA9). The N-terminal CAFYCypA complex, the CA- M317A mutant with reduced
domain resonances in CAwere found to broaden and self-association properties was investigated, allowing for a
disappear at low concentrations of CypA and then reappearmore complete analysis of the EACypA complex. The
at a new chemical-shift location representing the CypA bound point mutation M317A located at the C-terminal domain
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dimer interface has been shown to disrupt dimerization solvent-protected upon CA WT self-association 13),
in vitro and produce noninfectious HIV-1 virions in vivo indicating that this region is affected by self-association.

(16). An investigation of potential CypA-binding sites within
The 'H-1°N TROSY—-HSQC spectrum for CA& M317A the C-terminal domain was pursued with €AM317A,
exhibits an overall improved spectral resolution, whegl because (i) all seven C-terminal domain Gly resonances

additional C-terminal domain resonances are observed thatincluding the proposed CypA-binding sequences GA3839
are absent from the CA WT spectrum (Figure 5A). It is  and G355-P356 and (ii) many other C-terminal CA domain
noted that still only half of the expected 75 C-terminal amide resonances can be observed &N TROSY—
domain amide resonances are detected, indicating thatHSQC spectrum. Addition of catalytic concentrations of
residual self-association of CA M317A prohibits the CypA (12:1 CA* M317A/CypA) results in exchange peaks
complete alleviation of the line-broadening effect§)( As corresponding to the G221 cis and trans resonances in a 2D
observed for CA- WT, line broadening for CA M317A IH-1N heteronuclear NMR (ZZ) exchange spectrum, whereas
is concentration-dependent (data not shown), and improvedexchange peaks for the C-terminal Gly resonances are not
spectral resolution of the CA resonances is obtained with observed (Figure 5C). Furthermore, addition of a molar
relatively low CA™- M317A concentrations (0.20 mM; Figure — excess of CypA to CA M317A (1:2 CA™- M317A/CypA)
5A). does not induce chemical-shift changes for the C-terminal
The seventh C-terminal domain Gly resonance that was Gly resonances (Figure 5D). At lower concentrations of
missing in the CA- WT spectrum could be detected in the CypA, N-terminal domain resonances in CAM317A
spectrum of CA- M317A (Figure 1B), and the remaining broaden and disappear, indicating that the M317A mutation
six Gly are located at the same chemical-shift locations as does not alter the tight-binding interaction between CypA
in CAF- WT (Figure 5A). The 3D!*N-edited NOESY- and G221+P222 relative to CA- (data not shown). The
HSQC and 30°N-edited TOCSY-HSQC experiments were  overall improved spectral quality allowed for the detection
performed for uniformly**N-labeled and selectively labeled of many CA M317A amide resonances in complex with
2-13C 15N-Gly CAFL- M317A to sequentially assign all seven CypA (Figure 5D). Importantly, N-terminal domain reso-
Gly resonances. In thiéd-5SN TROSY—HSQC spectrum of ~ nances that are expected to shift upon interaction with CypA
2-13C 1N-Gly-labeled CA- M317A (Figure 5B), all seven  (19), including R214, L215, H216, A220, A224, Q227, R229,
C-terminal domain Gly resonances are observed, as well asE230, and S234 located within or flanking the CypA-binding
several N-terminal Gly and Ser resonances, where detectiorloop (18), are shifted in théH->"N TROSY—HSQC spectrum
of Ser resonances is a general consequence of isotopido the same chemical-shift location as CypA bound td'CA
“scrambling” 31). All seven C-terminal domain Gly reso- (19) (parts A and B of Figure 6), whereas the C-terminal
nances have a strong nuclear Overhauser enhancemeriiomain resonances are largely unaffected by CypA binding
(NOE) signal at a chemical shift (4-@+.2 ppm) correspond-  (Figures 5D and 6B). Therefore, the results obtained for
ing to the Glya proton in the 30"°N-edited NOESY-HSQC CypA catalysis and binding of CA M317A substantiate
spectrum. In contrast, NOE patterns consistent with Ser the findings for CA~ WT discussed above, in that CypA
resonances were not detected, ruling out the possibility thatpreferentially binds and catalyzes the G2H222 bond
these signals are a result of isotopic “scrambling” of the located within the N-terminal domain of CA, with no
2-13C I5N-Gly label. The C-terminal sequence specific as- indication of an allosteric effect on the C-terminal domain.
signments shown in Figures 4 and 5 were obtained by typical It should be noted that for the CACA™ M317A, and MA-
inter-residual patterns to succeeding and preceding residuesCAN constructs studied here, the CypA-binding region within
For G338 and G355, the existence of a major and minor the N-terminal domain undergoes the most significant
(denoted by an asterisk) conformation is most likely due to chemical-shift changes upon CypA binding and that the
cis/trans isomerization of the G33®339 and G355P356 magnitude of these changes is similar for these constructs
peptide bonds, respectively (Figures 4 and 5). Interestingly, (Figure 6), further indicating that the interaction between
the relative peak intensities of the major and minor reso- CypA and the G223P222 bond is similar for CH CAF-
nances of G338 and G355 are inverted in &SN M317A, and MA-CA.
TROSY—HSQC spectrum for CA& WT (Figure 4) compared
to that for CA- M317A (Figure 5). The low-intensity peaks DISCUSSION
near G340/G352 and G357 (denoted by an asterisk) are the G221-P222 Is the Predominant CypA-Binding Site within
putative minor conformations of G340 and G357, respec- CA.It has been proposed that the interaction between CypA
tively, and are weaker in intensity in the €AM317A and CA at G221 P222 is necessary only to incorporate
spectrum (Figure 4) relative to the CAWT spectrum CypA and that virion rearrangement during the maturation
(Figure 5). The altered relative intensities of the minor and process creates additional CypA-binding sites within the
major conformations of these C-terminal domain Gly reso- C-terminal domain of CA Z3). In support of this model,
nances may reflect a shift in the cis/trans equilibrium for peptide studies with chymotryptic fragments of matureéCA
the respective prolyl bonds as a result of the M317A mutation identified two high-affinity CypA-binding sites at G288
and/or a result of the reduced €Aself-association. In  P289 and G355P356 within the C-terminal domain (Figure
addition, diminished self-association of &AVI317A relative 1B) (23). In contrast to these indirect peptide studies, the
to CAF- WT (16) may explain why the G288 resonance is NMR experiments reported herein permit investigation of
observed for CA- M317A but not for CA- WT (Figure the CypA interaction with native CA at an atomic resolu-
5A). Our results are in agreement with recent amide tion. The fact that none of the C-terminal domain Gly
hydrogen/deuterium exchange experiments, which showedresonances change in chemical shift upon addition of molar-
that the N- and C-terminal domains near G288 become excess concentrations of CypA is direct evidence that CypA
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uM CAFL which represents the CypA and €Aconcentra-
tions that are~40- and~20-fold above th&q for the CypA/
CA-binding interaction, respectivelyi4), it is expected that
an alternative C-terminal domain CypA-binding site would
1204 be detected by these experiments if it exists. Furthermore,
addition of substoichiometric concentrations of CypA at a
CypA/CA"™ ratio that is similar to what is detected in HIV-1
virions (3) results in CypA catalysis of the N-terminal domain
G221-P222 sequence with the same efficiency as foNCA
but not for the C-terminal domain GhkPro sequences
(Figures 4C and 5D). The conflicting results between this
150 210 270 paper and the previous repo@3j are most likely due to
—cAN__, the fact that CypA binding of C-terminal sequences could
(residue number) only be explicitly shown for peptide fragments, whereas here
the natively folded CA- protein is examined. It is not
B CAFL M317A surprising that CypA _binds peptides Il and III_in _Figure 1B,

) CypA binding because CypA exhibits broad substrate specificity for-Xaa

N 1504 — Pro bonds, where Xaa can be any amino aéf).(However,
the fact that the CypA-catalyzed rates of chemical exchange
(key) for native CAY (6.6 + 2.4 s*) and CA* (7.1+ 1.6
s 1) are the same strongly suggests that there is no competi-
tive binding of CypA at any additional sequences within the
C-terminal domain.

A second model proposes that CypA binding at G221
P222 in the N-terminal domain induces a conformational
change within the C-terminal domai@). In fact, there is
AN c evidence that interactions between the N- and C-terminal

——CA"—« CA= domains of CA" exist for assembled CA structureks3(17).

(residue number) The fact that only the N-terminal domain resonances shift

N upon addition of CypA indicates that interactions between
MA-CA o the N- and C-terminal domains are not mediated by CypA
CypA binding (Figure 5C) for unassembled CA molecules, although these
experiments do not rule out the possibility that CypA binding
allosterically alters the C-terminal domain in the context of
assembled CA-core molecules.

Is G221-P222 the functional site for CypA in HIV-1
replication? Several observations indicate that the type Il turn
formed by residues 224227 within the CypA-binding
sequence determine whether CypA is required for HIV-1
replication. Transfer of the HIV-1 CypA-binding sequence
150 210 270 (217-225) into the corresponding site within the related
«MA—>——CAN__, simian immunodeficiency virus (SIVmac) vector results in

(residue number) CypA-dependent replication in human cells, whereas SIV
FIGURE 6: Comparison of chemical-shift changesAQH)? + normally does not require CypA for replication. Exclusion
(AG¥™N)3Y2) in Hz for CAN, CAF- M317A, and MA-CAY upon of the type Il turn residues in this hybrid experiment still
CypA binding. The CypA-binding site (residues 21225) within enables CypA incorporation but requires the CypA inhibitor

CAN is indicated, and a negative bar value is used to denote Pro ; ; St i
residues and residues that could not be unambiguously assigned incyclosporln A for viral replication 43). In addition, the

the CypA-bound state. The largest chemical-shift changes upon/*224E and G226D mutations within the HIV-1 capsid type
CypA binding occur in the CypA-binding area in GAA) as Il turn still allow for CypA incorporation, although this
previously characterized §). Location and magnitude of chemical-  interaction is no longer required for replicatiod4( 45).

shift changes are almost identical upon CypA binding to"€A  These observations indicate that residues in the immediate

x%ln?%s( ?gr%g?eggéiﬁégs)ovr{gzcgos ﬂgg'iiﬁti(&,?gb??gig?ﬁ Rift vicinity of G221—P222 comprise the functional site for CypA
d during HIV-1 replication and effectively dictate whether

resonances in MA-CH (C). Signal overlap and line broadening . “ Ve
precluded the unambiguous assignment of many residues fa CA CypA is necessary for efficient replication.
M317A and MA-CAY. Resonances for CAor MA are therefore Maturation-Dependent Alterations for CypA Binding at
E}Ic:tt?]%t""cighu%r%iér%rgaﬁziigtgU”Slll;“:ssr%n';%iodnoa?]g?ir?:rgggiisg 10G221-P222. Several reports have addressed an alteration
: ; Pt of the CypA/CA interaction as a result of maturation-induced
chemical shift upon CypA binding (data not shown). conformational changes in CAR4—27). The recent NMR
exhibits a strong preference for G22R222 within the solution structure of MA-CA (26) confirmed previous
N-terminal domain over any GiyPro site within the predictions 15, 46) that maturational refolding within the
C-terminal domain. Because the binding experiments de- N-terminal domain involves the formation of a 13-residue
scribed herein were performed with 40 CypA and 200 S-hairpin structure that is stabilized by a salt bridge formed
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between P133 at the N terminus and the side-chain carboxyl 9.

moiety of D183. Disruption of thg-hairpin structure results
in noninfectious virions 46) that have altered CA core
assembly properties46, 47), indicating that proteolytic

processing and subsequent maturational refolding of the
N-terminal domain are biologically relevant processes in

HIV-1 replication. Comparison of the CA(15) and MA-

CAN (26) NMR solution structures reveals that the formation

of the 8 hairpin is accompanied by-a3-A structural change

in the CypA-binding loop, which may potentially affect the

CypAJ/CA interaction. The results of the 211-15N hetero-

nuclear NMR (ZZ) exchange experiments described herein

demonstrate that CypA catalyzes cis/trans isomerizakigh (
of G221-P222 in native CA (6.6 &+ 2.4 s'*) and MA-CAN
(10.6 £ 2.5 s1) with similar efficiencies, indicating that

maturational refolding of the CA N-terminal domain does
not significantly alter the CypA/CA interaction. These results,
however, do not rule out the possibility that other maturation-

dependent conformational changes in CA alter the CypA/

CA interaction. The process of maturation entails proteolytic

cleavage at the junction adjoining the N terminus ofF€EA

to MA, as well as at the junction adjoining the C terminus
of CA™- to p2 and the NC domain (Figure 1). Studies with

a truncated P construct containing only CA, p2, and
NC revealed that CypA binds G22P222 with a greater
affinity when there is dimerization of the NC domai2g].
The NC domain is largely responsible for¥®rassociation
and oligomerization 48, 49), which is thought to be
important for efficient packaging of P¥¢ during viral

assembly. Hence, it is conceivable that a stronger interaction 19.

between CypA and G224P222 in P¥9relative to G221
P222 in immature CA facilitates CypA incorporation into
virions. Additional experiments with different®¥constructs
are necessary to address how these maturation steps affect
CypA binding and/or catalysis.
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