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1 | INTRODUCTION

HIV-1 reverse transcriptase (RT) is a heterodimer com-
posed of p66 and p51 subunits (p66/p51)."* The p51 sub-
unit is generated upon proteolytic removal of the
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Abstract

HIV-1 reverse transcriptase (RT) is a heterodimer comprised p66 and p51 sub-
units (p66/p51). Several single amino acid substitutions in RT, including
L289K, decrease p66/p51 dimer affinity, and reduce enzymatic functioning.
Here, small-angle X-ray scattering (SAXS) with proton paramagnetic relaxa-
tion enhancement (PRE), g site-specific NMR, and size exclusion chromatog-
raphy (SEC) were performed for the p66 monomer with the L289K mutation,
P661.230x- NMR and SAXS experiments clearly elucidated that the thumb and
RNH domains in the monomer do not rigidly interact with each other but are
spatially close to the RNH domain. Based on this structural model of the
monomer, p66;,g0x and p51 were predicted to form a heterodimer while p66
and p51,g0x not. We tested this hypothesis by SEC analysis of p66 and p51
containing L289K in different combinations and clearly demonstrated that
L289K substitution in the p51 subunit, but not in the p66 subunit, reduces
p66/p51 formation. Based on the derived monomer model and the importance
of the inter-subunit RNH-thumb domain interaction in p66/p51, validated by

SEC, the mechanism of p66 homodimer formation was discussed.
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ribonuclease H (RNH) domain from p66. The structure of
p66/p51 RT has been well studied,** primarily as a target
for drug development against HIV-1,>"® showing three
major contact areas between the two RT subunits; specifi-
cally, dimerization is mediated by interactions between

Abbreviations: dAMTSL, (1-acetyl-2,2,5,5-tetramethyl-D3-pyrroline-3-methyl) methane-thiosulfonate; MTSL, S-(1-oxyl-2,2,5,5-tetramethyl-
2,5-dihydro-1H-pyrrol-3-yl) methyl methanesulfonothioate; PRE, paramagnetic relaxation enhancement; RNH, ribonuclease H; RT, reverse
transcriptase; SAXS, small-angle X-ray scattering; SEC, size exclusion chromatography; tfmF, 4-trifluoromethyl phenylalanine.
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the fingers domain of p51 and the palm of p66, between
the connection domain of each subunit, and between the
p51 thumb and the RNH domain of p66.>* Single amino-
acid mutations in RT, particularly in the inter-subunit
interface, are known to significantly lower the dimeriza-
tion affinity, mostly by altering the dimer interface or
domain orientations.”® Attempts to understand the
mechanisms of p66/p51 heterodimer formation, which is
essential for RT function, have been made by several
groups.'*'*! However, our current understanding of
the heterodimer formation mechanism is limited due to a
lack of RT monomer structures.

Among the single amino acid substitutions in RT that
weaken heterodimer formation, L289K is known to sig-
nificantly impact RT dimerization and viral
replication,”** and is thus a suitable mutant protein to
study the monomer structure. Previously, size-exclusion
chromatography (SEC) studies of p66 and p51, with
either or both containing the L289K mutation, concluded
that L289K in the p66 subunit abrogates p66/p51 forma-
tion, as well as its homodimerization. The study also con-
cluded that L289K present in p51 subunit does not
abrogate p66/p51 formation; in this case, it is located in
the p66 and p51 dimerization interface of p66/p51.° Since
L289 in the p66 subunit does not interface with the p51
subunit in p66/p51, this SEC conclusion, if correct, is not
simply explained by mutation-induced dimer dissocia-
tion. To understand the p66;,50x structure, London's
group compared NMR spectra of L289K p66, p66;,59k,
with that of p51; their data indicate that the p51 domain
in p661,50k is similar to that of p51 monomer, that is, in a
closed conformation similar to that of the p51 subunit in
p66/p51.>> Based on a small angle X-ray scattering
(SAXS) study of p66;,30x, they suggested a model in
which the polymerase domain is in a p51-type conforma-
tion and linked to a variably positioned RNH
domain.?>** While these SAXS data indicate that a subset
of the individual RNH domain orientations are a better
fit than the ensemble of RNH positions, the orientation
of the RNH domain relative to the p51 domain was not
determined.”® Taken together, despite these previous
efforts, the conformational basis for why L289K dissoci-
ates RT dimer, that is, p66/p66 or p66/p51, is still
unknown.

Here, we extend our understanding of p66 monomer
by applying SAXS combined with proton paramagnetic
relaxation enhancement (PRE), site-specific '’F NMR
and SEC to characterize p66;,50x. Our PRE data clearly
demonstrate that the thumb domain in p66;,gsx mono-
mer is spatially close to the RNH domain and, when
combined with SAXS data, indicate the relative orienta-
tion of thumb and RNH domain in p66;,59x. The

observation was further verified with '°F NMR of RTs.
Since residue 289 is located near the RNH domain but is
exposed to solution in our model structure, our structural
model suggests that L289K affects the inter-subunit
thumb-RNH interaction during p66 homodimer forma-
tion, rather than inducing undesired interactions that
prevent dimerization. Indeed, our SEC experiment, with
validation by mass spectrometry experiments, clearly
indicates that the p51 L289K, which is located at the
dimer interface, disrupts p66/p51 formation more signifi-
cantly than that in the p66 subunit. Based on the mono-
mer structure model and the known p66/p51 structure,
we discuss the p66/p66 homodimer formation.
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2 | RESULTS
2.1 | Restricted orientation of the thumb

domain in p66; 530

We hypothesized two possible thumb domain orientations
in p66, based on the known p66/p51 structure (Figure 1a):
the thumb domain is oriented similar to that observed in
the p66 subunit of p66/p51 and interacts with the fingers
domain (Figure 1b), or the thumb domain is oriented simi-
lar to that in the p51 subunit in p66/p51 and interacts with
the RNH domain (Figure 1c). To investigate whether
P661 280k €xhibits one of these hypothesized structures or a
distinct relative domain orientation, we performed PRE
experiments by introducing a paramagnetic label at resi-
due 24 in the fingers domain (Figure 1b) or residue 435 in
the RNH domain (Figure 1c), to detect long-range distance
information to the thumb domain. Specifically, we intro-
duced a nitroxide spin label, S-(1-oxyl-2,2,5,5-tetramethyl-
2,5-dihydro-1H-pyrrol-3-yl) methyl methanesulfonothioate
(MTSL), or, as a control, a diamagnetic analogue,
(1-acetyl-2,2,5,5-tetramethyl-D3-pyrroline-3-methyl) meth
ane-thiosulfonate (AMTSL), by conjugation of the label to
Cys-substituted residues in p66y,50k, specifically W24C or
V435C.

Comparison of 'H-'>N' TROSY HSQC spectra of
P661289k/w2ac aNd P661 250k vazsc and those of MTSL-
and dMTSL-labeled proteins did not show significant dif-
ferences, verifying that the labeling does not alter the
protein structure (Figure S1A,B). Chemical shifts of the

FIGURE 1
structure, (b, ¢) two hypothesized thumb domain orientations based

(a) Location of residue L289 in the p66/p51 crystal

on the p66/p51 crystal structure, (d) PRE, defined as intensity ratio
of P7%/T% (Section 5), to thumb residues from the MTSL-labeled
W24C fingers domain relative to those from MTSL-labeled V435C
RNH domain. In (a), p66 subunit (light cyan) and p51 subunit
(light green), with L289 side chain in each subunit (yellow sticks),
are shown with ribbon presentation using PDB 1DLO.%® Panels

(b) and (c) show RT domains in the same orientation as that of
panel (a), in a way to have one p51 and one RNH to generate one
p66 monomer. In (b), the p66 subunit in p66/p51 structure is
shown with highlight of fingers domain residue 24 (red van der
Waal spheres). In (c), the p51 subunit in p66/p51 structure and the
RNH domain in p66 are shown with highlight of RNH domain
residue 435 (red van der Waal spheres). In (b) and (c), fingers-palm,
thumb, connection, and RNH domains are colored with purple,
green, cyan, and light orange, respectively. The circles indicate a
~20 A radius, at which proton PRE is sensitive (Note, since these
circles are drawn in two-dimensions, the distance is only
approximate). In (d), normalized PREs from residue 24 to thumb
residues are plotted on the Y-axis while PREs from residue 435 to
the same thumb residues are plotted on the X-axis
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thumb domain region in p66;,59x proteins were esti-
mated by superimposing the spectra of the isolated
thumb domain protein on to the spectrum of p66;,59k,
both recorded in the same buffer and the same experi-
mental conditions (Figure S2).° The intensity of back-
bone amides in the thumb domain of p66;,3sx changed
only when the MTSL was introduced to the RNH domain
but not the fingers domain (Figure 1d). This clear differ-
ence suggests that even though both the thumb and RNH
domains are mobile in p66y .39k the preferred relative ori-
entation of the two is that shown in Figure 1c, prompting
us to further study the p66;,59x structure in solution.

22 |
of p66

SAXS indicates a monomer size

SAXS curves for p66r,30x With a deletion of the C-
terminal four residues and lacking a terminal tag
sequence, p66; g0k, Were recorded at three different con-
centrations. We used this truncated construct based on a
crystal structure of p66/p51 that exhibits coordinates until
residue 556 (PDB 1DLO?®), with the expectation of a bet-
ter fit for the RNH domain in the SAXS envelop analysis.
No concentration-dependent anomaly was observed
among the three SAXS data sets, indicating that the pro-
tein is monomer and monodisperse in solution on the
basis of SAXS parameters (Figure S3A), consistent with
previous observations.” The radius of gyration obtained
by Guinier analysis, ~32 A, and the maximum size of a
protein, ~107 A, are at the lower end of those described
previously (Figure S3B, Table 1).>* The three data sets
were extrapolated to infinite dilution for further analysis.

2.3 | Relative RNH domain orientation
against thumb, elucidated by NMR PRE,
and SAXS experiments

To further verify the model in Figure 1c, as suggested by
our initial PRE experiments, and to better illuminate the
relative orientation between the thumb and RNH
domains, additional PRE experiments were performed by
introducing the MTSL tag at residue 280 or 291 in the
thumb domain, or at residue 435 or 534 in the RNH
domain in p66y .50k (Figure 2, S1B-S1D). Reduction of the
'H->’N TROSY-HSQC cross-peaks in the MTSL spectra
(red in Figure 2) but not in dMTSL spectra (green in
Figure 2) were seen, depending on the MTSL-labeled
sites. Mostly, when the MSTL labels were introduced to
S280C or E291C site in the thumb domain, thumb
domain signals, such as G262 and L296, exhibited
reduced signal intensities. When the spin labels were
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TABLE 1 SAXS-derived structural parameters for p66y goxir
Distance distribution
Guinier analysis analysis Molecular weight®
Concentration D) Porod Volume of Size &
(mg/ml) Ip R, (A) Ip R, () A) volume” correlation” Shape® MoW2°¢
1.0 0.029 31.72+0.63 0.029 32.07+ 043 107 67.3 62.6 79.2 71.5
2.0 0.058 31.95+040 0.058 32.04+0.31 108 66.4 61.9 67.0 72.1
4.3 0.13 3226 +£0.26 0.134 3256+ 0.12 107 65.6 59.1 70.1 72.8

“The theoretical molecular mass of L289Ktr monomer is 64.4 kDa.
Determined using primusqt from the ATSAS 2.8 software package.
“Determined using SAXS MoW?2.

NMR

MTSL/dMTSL site on L289K p66

signal $280C E291C V435C A534C
106.5 10 A 106.5 106.5 106.5
G262
107.0] s @’ “T 1070 107.0 13 A 107.0
8.05 7.95 7.85 8.05 7.95 7.85 8.05 7.95 7 8.05 7.95 7.85
110.5 110.5 110.5 110.5
o o o
15A 29A 32A
111.0 111.0. 111.0 111.0
1296 -+ @ - @
115 111.5 115 115
625 620 6.5 6.10 6.25 620 6.15 6.10 6.25 620 6.15 6.10 625 6.20 6.15 6.10
127.4 127.4 ) 127.4 127.4 12 A
F44O '12‘7.6'“@““"1‘2776" B 2 A = -~k _1276] %k
127.8 R 127.8 o 127.8 ° 127.8 K
21 A 29 A 14 A
9.40 9.35 9.30 9.40 9.35 9.30 9.40 9.35 9.30 9.40 9.35 9.30
124.8 124.8 124.8 124.8
. . . *
125.2 22 A 125.2 32 A | 1252 13_ _A__—+25.Z" 9 A
I Y N |
|495 125.6 125.6@ 125.6 @ 125.6
970 965 970 965 9.70 9.65 970 965

FIGURE 2

"H-">N TROSY-HSQC cross-peaks of selected residues, G262 and L296 in the thumb domain and F440 and 1495 in the RNH

domain, in p66y 30k monomers that were labeled with the MTSL (red) or dAMTSL (green) at S280C, E291C, V435C, and A534C sites. In each
panel, the horizontal and vertical scales are 'H (ppm) and >N (ppm), respectively. Asterisks indicate amides that experience chemical-shift

changes due to close proximity to the spin-labeled sites. Approximate distances from the amide proton to the Sy2 position of the labels,

obtained in the final model structure in Figure 3, are shown. Positions of the peaks in the entire spectrum are marked in Figure S2

introduced to V435C or A534C site in the RNH domain,
RNH domain signals, such as F440 and 1495, exhibited
decreased signals intensities (red in Figure 2). However,
inter-domain signal reductions were also observed. The
signal intensity of G262 was reduced by MTSL-labeling at
V435C or A534C, and a slight reduction of F440 and 1495
intensities by labeling at S280C or E291C site was
observed, demonstrating that PRE could be used as

domain distance constraints. Overall, over 40 distance
constraints were detected in each set of the PRE experi-
ments (Figure S4).

The distance constraints obtained from these PRE
data were then combined with the SAXS curve to better
determine relative RNH domain orientation against the
thumb domain with the fixed p51 subunit conformation.
Given the high degree of similarity between the p51



XI ET AL.

domain signals in p66;,50x and those of the p51
monomer,” we utilized the p51 subunit structure in
p66/p51, that is, the p51 closed conformation, in the
same manner as previously published,”® with the RNH
placed in a starting conformation and the relative thumb-
RNH orientation determined based on the obtained con-
straints. The back-calculated SAXS intensity, using the
best optimized structure, agreed with the experimental
data at the normalized x>, 0.35 (Figure 3b). The observed
and calculated PRE values of the lowest energy structure
showed reasonable agreement with the intra- and inter-
domain Q-factor at 0.108 and 0.119, respectively
(Figure 3c,d). Intra-domain and inter-domain distance
correlations between the observed PRE-derived and cal-
culated structures were 0.82 and 0.70, respectively.

Given that the structural elements are fixed in the
model calculation, the root-mean-square-deviation of the
coordinates may not be the best measure of model qual-
ity. For this reason, we visually present whether the
observed PRE reasonably reflects the structure in each
experiment (Figure 4). PRE effects from residue
280, which is located in a short a-helix of the thumb
domain, to the RNH domain (Figure 4a) were more pro-
nounced, compared to those from residue 291, which is

& ey WILEY-L 2o

located at the tip of the thumb domain (Figure 4b). Simi-
larly, PRE effects from residue 435, which is located at a
loop region in the RNH domain, to the thumb domain
(Figure 4c) were more pronounced, compared to those
from residue 534, which is located at a p-strand in the
RNH domain (Figure 4d). Thus, labeling location is rea-
sonably reflected to the PRE values. Also, consistency of
these PRE data confirms the signal assignments that were
qualitatively done based on chemical shift similarity
between those in isolated domains and in p66y >g0k-

2.4 | Characteristics of NMR chemical
shifts of "’F-probes in thumb and RNH
domains

The structure calculated using PRE and SAXS indicates
that a direct interaction between the thumb domain and
RNH domain does not occur, with the closest distance
between the two at ~10 A. The paramagnetic tag is very
unlikely to prevent a direct interaction of the two
domains because the PRE experiments were performed
using four sets of proteins labeled at different sites
(Figure 4) and show essentially similar NMR spectra

0.2 0.3 0.4 0.5

q (A7)

(d) Inter-domain

Expt distance (A)

10
Calculated distance (A)

FIGURE 3

— 30
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(a) Overview of the 10 energy-minimized structures of p66y 50k, Optimized with SAXS and NMR PRE data, (b) plots of

experimental (black) and calculated (red) SAXS intensity curves for p66y gox i, agreeing with the experimental data at the normalized Xz,

0.35, and comparison of MTSL-proton distances in the best-energy minimized structure with those experimentally obtained from PRE, for

(c) intra-domain and (d) inter-domain residues in p66y ,sox. In panel (a), the RNH domain is shown by light orange, p51 domain is shown by
light green, and MTSL-tags at residues 280, 291, 435, and 534, with three different orientations for each, are shown by yellow sticks. In

panels (c) and (d), distances directly obtained from experimental PREs are shown by black spheres within upper (25 A) and lower (15 A)

boundaries. Distances above or below the boundaries are shown by cross marks
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(a) L289K_S280C

(b) L289K_E291C

Red: 0 —0.65; Blue: 0.65 - 0.75

(Figure S1B-D). Still, to verify that a direct interaction
does not happen even without the MTSL-tag, we site-
specifically labeled residue 259 or 532 with a
4-trifluoromethyl phenylalanine (tfmF) and recorded '°F
NMR spectra. In the p66 subunit of p66/p51, residue
259, located in the thumb domain, interfaces with the fin-
gers domain and, in the p51 subunit of p66/p51, it inter-
faces with the RNH domain (Figure 5a). Residue 532 in
the RNH domain interfaces with the thumb domain in
the p51 subunit in p66/p51 and is ~3 A distance from res-
idue 259 (Figure 5a).

NMR spectrum of p66/p51 with the tfmF-labeling at
position 259 in the p51 subunit, p66/p51,59¢fmE, Was com-
pared with that obtained when the label was in the p66
subunit, p66,somr/p51 (Figure 5b). The '°F resonance in
the p66/p51,s9mp Spectrum was observed at —60.6 ppm,
while that in the p66s,r/p51 spectrum was —61.7 ppm.
NMR spectra of p66 and p661,50x With tfmF-labeling at

FIGURE 4 Visual presentation of the PRE
effect from MTSL-tags (yellow spheres) at
residues (a) 280, (b) 291, (c) 435, and (d) 534 in
P661.280x ON the energy-minimized structure. In
each panel, thumb and RNH domains are
shown by light green and light orange colors,
respectively; residue 289 location is shown by
green spheres; I’*™/I% less than 0.65, that is,
stronger PRE effect, is shown in red ribbon and
0.65-0.75, weaker PRE effect, by blue ribbons

position 259, p66,sgttmp, and p66;somr/1289xk, Tespectively,
were both observed at positions similar to the p66;sofmr/
p51 spectrum and not at positions similar to the
P66/p51250temr Spectrum (Figure 5b). Based on the homo-
dimer dissociation constant of pP66,soirmr [~20 pM
(Figure S5)], approximately 65% of the protein is expected
to be dimer at the concentration used; thus, the minor
peak in the p66,soimr spectrum (Figure 5b) may repre-
sent a different conformation of the homodimer or a sec-
ond distinct subunit environment. In any case, these data
indicate that residue 259 in the thumb domain in p66 or
P661 230k is quite different from that in the p51 subunit in
p66/p51 and is probably more exposed to solution.

A complementary spectral pattern was observed
when the tfmF-label was at position 532: the resonance
of 532 in p66ssymp/p51 was —60.2 ppm, while in
P66532ttmr and p66saxmr/2gox the 532 resonance was at
—61.6 ppm (Figure 5c). Given that the neighboring
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FIGURE 5 (a)Highlight of
the K259 and Y532, sites labeled
with tfmF for 'F NMR, on

p66/p51 structure and '°F NMR

(a)

spectra of (b) 259tfmF and ) \ ,
(c) 532tfmF, recorded at 298 K. - ) t@\{ z
In (b), the spectra are shown for D K259 '» /

P66/DS Lysorgmr (light blue), , .
P6635s0ttmr/L2sok (OTaNge),
P6635s0ttmr (red), and p662sotfimr/
p51 (blue). In (c), the spectra are
shown for p66s3atfmr/L2sox

(orange), p66s3,mr (red), and (b) 259tfmF

P665s32temr/P51 (blue). In these L289K

panels, subscript notations were p66_tfmF
(monomer)

avoided for readability

p66/p51_tfmF

p66_tfmF/p51

p66_tfmF
(~65% dimer)

Thumb (p66)
~_ | p66 subunit

/' '\

RNH
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CHNT, C (psy e “ 4
; ¢« p51subunit

(¢) 532tfmF
L289K p66_tfmF

p66_tfmF/p51 | | (Monomer)

p66_tfmF
(~80% dimer)

19F (pprml V

residue, 532, in the p66 subunit directly interfaces with
residue 259 in the p51 subunit at ~3 A distance in
p66/p51, the similarity of '°F chemical shifts of position
259 in p66/p51mE2se and position 532 in p66syps3a/pS1
is reasonable, reflecting the same chemical environment.
Importantly, the '°F resonances of p66ssiympr and
P66532timF 1280k did not show a large low-field shift, indi-
cating a similar 532 environment in these two proteins.
No sign of RNH unfolding was observed in p66ssaimr
homodimer from these shift comparisons. Thus, thumb
domain residue 259 and RNH domain residue 532 do not
directly interface in p661 .59k, different from the wild-type
heterodimer interaction between the RNH domain in p66
and thumb domain in p51.

2.5 | L289K in p51 subunit alters p66/p51
formation

The above observations suggest that L289K weakens
either intra- or inter-RNH-thumb interactions. Indeed, in
the p66/p51 structure (Figure 1a), L289 in the p51 sub-
unit interacts with the RNH domain in the p66 subunit,
deriving a hypothesis that the mutation weakens the
inter-subunit RNH-thumb interaction in p66/p51. To test
this hypothesis, we prepared p66, p51, p66;,50x, and
P51liasox and analyzed dimer formation among various
combinations of these proteins by SEC. Control proteins
without L289K substitution eluted accordingly to their
molecular sizes: p66/p51 (molecular weight, 120 kDa) at
13.4 ml, p66 monomer (66 kDa) at 14.3 ml, and p51
(51 kDa) at 15.2 ml, respectively (Figure 6a). The SEC
profile of p66 showed an additional small elution peak
slightly earlier than 13.4 ml, due to p66 homodimer

19F (ppm)

formation, 130 kDa (Figure 6a). A mixture of equal
amounts of p66;,g0x and p51;,g0x Showed two peaks at
66 and 51 kDa positions, indicating that these proteins do
not form a heterodimer or homodimers (Figure 6b, solid
line). SEC elution of p66;,59x O p511250x Was confirmed
by injecting each protein individually (Figure S6A). Con-
sistent SDS gel profiles for each of the three samples were
observed (Figure 6¢), and eluted species were confirmed
by mass spectrometry (Table S1).

When a mixture with equal amounts of p66;,59x and
p51 was injected to the SEC, three elution peaks at
P661.230x/PS1, Pp661,s9x, and p51  were observed
(Figure 6b, dashed line). SDS gel clearly indicates almost
equal amounts of p661 ,50x and p51 at 13.2 ml (Figure 6¢).
Mass spectrometry confirmed that these are p66;,59x and
p51 and not p66 and p51 (Table S1). When a mixture of
equal amounts of p66 and p51p,50x Was injected to the
SEC, three elution peaks were again observed (Figure 6b,
dotted line), but the first peak eluted earlier than 13.4 ml,
with a lower intensity compared to p661,50x/p51 and in
position similar to p66/p66 homodimer. SDS-PAGE of
the elution position showed a stronger band for p66 com-
pared to p51, indicative of p66/p66 in this mixture
(Figure 6c). However, SDS-PAGE also has a faint band
corresponding to p51, which might indicate some
p66/p511,s0x formation (Figure 6c). Experiments were
repeated to verify the observations (Figures S6 and S7).

3 | DISCUSSION

In this study, we aimed to gain insight into the monomer
structure of p66;,30x. Our PRE data indicate weak inter-
action between the RNH and thumb domains in the
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monomer (Figures 1c and 4). Consistent with this obser-
vation, °F NMR showed that the thumb-RNH interac-
tion is different in p66;,30x compared to p66/p51 in
which they directly interact with each other (Figure 5).
The SAXS data indicate a monomer molecular size of p66
(Table 1) and, when combined with the PRE data, a pos-
sible RNH domain orientation, against the thumb
domain, was determined (Figure 3a). Overall, our model
structure suggests that the two domains are located rela-
tively close to each other in the monomer (Figure 7a).
The data do not have the sensitivity to permit discussion
of other minor conformers. Our SAXS data are consistent
with those of London's group but with a slightly higher
sensitivity.27 In addition, with the constraints from PRE,
we were able to narrow down the conformation.

In our model structure, residue 289 in the monomer
is exposed to solution (Figure 4). Importantly, this model
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FIGURE 6 SEC elution profiles of (a) p66/p51 (solid line), p51
(dotted line) and p66 (dashed line), and of (b) p66;,59x and
P511250x mixture (solid line), p66 and p51;,59x mixture (dotted
line), and p66; 230k and p51 mixture (dashed line), and (c), SDS-
PAGE of the corresponding peaks. In panel (a) below, the fractions
analyzed by SDS-PAGE are marked with a (at ~13.4 ml), b

(at ~14.3 ml), and c (at 15.2 ml). In panel (c), from left to right are:
a marker ladder, p66 control, p51 control, and samples from the a,
b, or c elution positions, as indicated, for p66/p51, p66 and p51y 50k
mixture, p66; ,g0x and p51 mixture, and p66; 250k and p51y,g9x
mixture, with the ladder for the second PAGE in the last lane

is confirmed by our PRE study and the observation that
paramagnetic labeling at E291C position, near residue
289, produces the lowest PRE among the four labeling
sites (Figure 4). These observations suggest that L289K
mutation does not induce an undesired interaction
within p66 monomer, but instead disturbs necessary
interaction(s) for dimerization. Based on the known
inter-subunit thumb-RNH interactions in p66/p51
(Figure 1c), one simple hypothesis is that L289K muta-
tion weakens inter-subunit interaction between the
thumb and RNH domains in p66/p51 heterodimer. We
tested this hypothesis by mixing L289K and WT proteins
and confirmed that p66; ,30x and p51 form a heterodimer
while p66 and p511,59x do so at significantly lesser degree
(Figure 6).

Our SEC data are not consistent with the previous
SEC experiments by Wilson's group, in which p66;,59x
and p51 did not form heterodimer while p66 and
p511s0x did so.’ This inconsistency may simply depend
on differences in protein concentrations or the presence
of minor contaminants in the experiments. In addition,
given that changing residues located at or near the dimer
interface, for example, W401A and W414L, are known to
disrupt dimer formation,’*"* our conclusion that L289K
when located at the dimer interface in the p51 subunit
(Figure 1c) impacts dimerization more than if it is located
in the p66 subunit (Figure 1b) makes sense (Figure 7b).
Increases in the p66/p66 homodimer dissociation con-
stant when tfmF-labeling is introduced at residue 259 or

(@) P66 250k (c) p66/p66

' L289K

./
Thumb

1289
/

Thumb * RNH

(b) p66/p51 heterodimer formation

P66 + p51 580¢ P66 ,555¢/P51
Thumb 289K ~, _Thumb
®
(o OB L289K ,
-p.C. | fp.c.
o
v Thumb Thumb

FIGURE 7 Cartoon indicating (a) our structural model of
monomer p66; sk, (b) L298K mutation effect on p66/p51, and (c) a
model for p66/p66 homodimer formation as discussed in the text.
In all panels, green rounded rectangle and orange ellipsoid indicate
thumb and RNH domains, respectively. “f.p.c.” indicates fingers/
palm/connection domains. Yellow and red dots indicate L289 and
K289 positions, respectively
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532, by ~1.2 and ~4.5 times, respectively (Figure S5A-C),
also suggest that the RNH and thumb domain interac-
tion, either inter-subunit or intra-subunit (discussed
below), contributes to homodimerization. These dimer
formations are not due to nucleic acid contamination,
since comparison of UV 254 and 280 nm gives a ratio less
than 0.5 (Figure S5D-F).

With the monomer structural model (Figure 3a) now
in hand, combined with the known p66/p51 structure
(Figure 1a), we can extrapolate mechanisms of p66/p66
formation. In our structural model of the monomer, the
thumb domain residue 289 does not directly face the
intra-subunit RNH domain, but these are spatially close
to each other (Figure 4). In contrast, in the p66/p51 struc-
ture, L289 in the p51 subunit interacts with the RNH
domain in the p66 subunit, resulting in the chemical
environments of 259 being similar to that of 532, that is,
in the RNH-thumb locked conformation (Figure 5). In
p66/p66 homodimer, the thumb and RNH domain inter-
action, involving residues 259 and 532, either inter-
subunit or intra-subunit, contributes to the dimerization
(Figure S5). The binding affinity of p66/p66, ~4 pM, is
~10-fold higher than that of p66/p51.1*2>?*2° Overall, we
postulate that the RNH-thumb interface orientation, par-
ticularly L289-RNH orientation, in p66/p66 differs from
that of p66/p51 and makes the dimerization weaker than
that in p66/p51. Our data do not directly indicate
whether inter-subunit or intra-subunit domain interac-
tion affects the p66/p66 homodimerization. Depending
on the protein, intra-subunit interaction may facilitate
dimer formation as much or more than inter-subunit
interactions: for example, in HIV-1 protease, intra-
subunit interaction between D29 and R87 more signifi-
cantly contributes dimer formation than inter-subunit
interaction between D29 and R8.>° However, given that
the inter-subunit interaction is formed between RNH and
the thumb domains in p66/p51, the importance of the
RNH-thumb domain interaction for dimerization of
p66/p66 is expected to be mediated by an inter-subunit
interaction (Figure 7¢). In addition, the interaction must
be weak in that it allows the folded RNH and thumb
domains to exhibit domain motion.*®

4 | CONCLUSIONS

We determined the relative orientation of the RNH and
thumb domain within a monomer, based on SAXS with
proton PRE, *F site-specific NMR and SEC. In the new
model, the thumb domain in p66;,30x monomer is spa-
tially close to the RNH domain with a limited relative ori-
entation. We also provided SEC data, with validation
using mass spectrometry, showing that L289K at the
dimer interface affects dimer formation. Based on the

monomer structural model, dimer dissociation constants
of the tfmF-labeled p66, and the difference in the thumb-
RNH interaction between p66/p66 and p66/p51, we dis-
cussed how homodimer of p66 is formed in solution.

5 | MATERIALS AND METHODS
51 | Protein preparation and
purification for proton PRE NMR
experiment

An expression of RT p66 was performed as described
previously,” with codon-optimized C280S/C38V clone
and a hexa-histidine tag at the C-terminus, purchased at
DNA 2.0 (now ATUM, Newark, CA). Dimerization of this
p66 was confirmed in a previous study.?” L289K substitu-
tion, as well as additional cysteine-substitutions, at W24,
S280, E291, V435, or A534, for the PRE experiments were
introduced by site-directed mutagenesis (QuikChange II,
Agilent, Santa Clara, CA). All DNA primers were custom
synthesized at IDT (Integrated DNA Technologies, Cor-
alville, Iowa). The presence of desired substitutions was
confirmed by DNA sequencing (Genewiz, South Plain-
field, NJ). Protein was expressed in E. coli Rosetta 2(DE3)
cells in a minimal medium containing *NH,CI as the
sole nitrogen source and purified, first using a HisTrap
HP column (GE Healthcare, Chicago, IL), followed by a
Superdex75 26/60 column (GE Healthcare, Chicago, IL)
in 25-mM sodium phosphate buffer at pH 6.8, 100-mM
NacCl, 0.02% NaNj. For freeze storage, 50% glycerol was
added. Isolated thumb and RNH domains, used for quali-
tative assignments of p66;,30x resonances, were prepared
as described previously.? The final product was verified
by mass spectrometry using a Bruker LC-ESI-TOF system
(Bruker Daltonics Inc., Billerica, MA, Table S2).

For PRE experiments, p66 proteins containing a sin-
gle Cys were modified with MTSL and the diamagnetic
analogue of MTSL, dMTSL (Toronto Research
Chemicals), in parallel reactions. The single-cysteine pro-
teins were purified as described above, but in the pres-
ence of 10-mM DTT to ensure that all the protein was
completely reduced. Before the labeling reaction, the pro-
tein solution was exchanged with the buffer without
DTT. Excess amount of unreacted MTSL or dMTSL was
removed by dialysis.

5.2 | Protein preparation and
purification for proton ’F NMR
experiment

The same codon optimized clones that were used for the
PRE experiments were used to prepare proteins for °F
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NMR experiments. For p51 production, the optimized
p51 with a Strep-tag in the N-terminus was used.”> As
described previously, competent E. coli BL21 AI cells
(Thermo Fisher Scientific, Waltham, MA) were co-
transformed with the vector encoding the constructs,
containing TAG at the tfmF labeling position, and the
pDule2 RS vector encoding the orthogonal amber tRNA/
tRNA synthetase pair, as described previously.>** tfmF-
labeled p66 and p66;,59k, either at position 259 or
532, Pp66ssoifmr OF P66s3ziimp and Pp66;somr/r2sox  OF
P66s32ttmF 1280k, Were purified similarly as described
above. To prepare tfmF-labeled heterodimer (p66sy,r/p51
or p66/p51lymr), cell pellets for tfimF-labeled p66 (or p51)
were mixed with equivalent amounts of cell pellets con-
taining unlabeled p51 (or p66) before cell lysis, and puri-
fied using a HisTrap HP column and a StrepTrap column
to extract only the p66 and p51 complex. The effect of the
tfmF labeling on p66 dimerization was assessed by run-
ning a SEC for p66, p66;soifmr, and p66szz¢fmE-

5.3 | Protein preparation and
purification for SAXS experiments

The coding sequence for amino acids 1-556 of p66; .59k
was cloned into pET-15b vector, with a hexa-histidine tag
followed by the TEV protease cleavage site at the N-
terminus of the protein. The protein was produced in
E. coli Rosetta 2(DE3) cells and purified from the clarified
lysate using a HisTrap HP column (GE healthcare), with
the loading and elution buffers containing 20-mM and
500-mM imidazole, respectively, in 50-mM sodium phos-
phate at pH 7.5, 250-mM NaCl and 0.02% NaNs. The
eluted protein was concentrated and then diluted in
25-mM sodium phosphate buffer at pH 6.8, containing
100-mM NacCl, 0.02% NaN; and 2-mM DTT, to make the
final imidazole concentration smaller than 20 mM. The
reaction was incubated at 4°C overnight, and the cleaved
protein was separated with a second passage over the
HisTrap HP column (GE healthcare), from which the
flow-through was collected. The cleaved protein, col-
lected in the flow-through fraction, was further purified
by gel filtration on a Superdex75 26/60 column
(GE healthcare) in 25-mM sodium phosphate buffer at
pH 6.8, 100 mM NacCl, 0.02% NaNs.

5.4 | Proton PRE NMR experiment

All NMR experiments were performed using ~65-uM pro-
tein in 25-mM sodium phosphate buffer, containing
100 mM NacCl, 0.02% NaN,, and 5% D,O at pH 6.8 at
295 K. Protein concentration was determined from UV

measurement, assuming A280 (g/L) = 2.1 that was calcu-
lated using ProtParam tool.** Prior to PRE measure-
ments, 2D "H—">N TROSY-HSQC data were recorded for
five single-Cys labeled p66;,50x proteins to ensure that
each substitution did not alter protein folding. Then, for
PRE experiments, a set of 2D 'H—'°N TROSY-HSQC
spectra were recorded for each protein: (i) with MTSL-
tag, (ii) dMTSL-tag, and (iii) without any of these tags.
All these experiments were performed at 295K on
Bruker 900-MHz AVANCE spectrometer. Spectra were
processed with NMRPipe and analyzed using
NMRDraw.* Due to low signal-to-noise ratios, we used a
qualitative estimation of the PRE of p66; .50k ">": peak
heights, as representative of peak intensities, of the
assigned cross-peaks in "H—'°>N TROSY-HSQC spectra of
the paramagnetic (I’*®) and diamagnetic (I°®) states
were extracted using NMRDraw. Data were deposited to
Mendelay data (https://data.mendeley.com/datasets/
7vrvryyghx/2). PRE was calculated as IP*%/I%% for each
residue.*®®

5.5 | 'F NMR experiments

F NMR resonances of tfmFs at position 259 were
recorded for p66;sotfmr/L289ks P662sotimrs PO662sotime/ P51,
and p66/p51ssomp. Similarly, '°F NMR resonances of
tfmFs at position 532 were recorded for p66ss,imr/1.289Ks
P66532¢fmp, and p66ssxmr/p51. These experiments were
performed with ~65-uM protein in 25-mM sodium phos-
phate buffer, containing 100-mM NaCl, 0.02% NaN,, and
5% D,O at pH 6.8 at 295 K. Spectra were recorded on a
600-MHz Bruker AVANCE spectrometer, at '°F reso-
nance frequency, 564.65 MHz, equipped with a CP TXO
F/C-H-D triple-resonance z-axis gradient cryoprobe
(Bruker Biospin, Billerica, MA), without 'H decoupling
and at the total number of scans approximately 4,096. A
'H sodium trimethylsilylpropanesulfonate (DSS) spec-
trum was recorded each time a set of experiments was
performed, and this was used as a reference of '°F reso-
nances. Final spectra were plotted using MestReNova
(Escondido, CA).

5.6 | SAXS experiments

SAXS samples were prepared in 50-mM Bis-Tris buffer,
pH 6.8, 100-mM NaCl, 1% glycerol, 0.02% NaN; at three
different concentrations. All SAXS data were recorded at
the 12-ID-B beamline of Advanced Photon Source,
Argonne National Lab, Argonne, IL, USA, with a photon
energy of 13.3 keV. For each measurement, 45 individual
exposures of 1 s each were collected, then selected and
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averaged to yield the final scattering curves. Buffer scat-
tering measurements were performed in an equivalent
fashion and subtracted from the protein scattering data.
All data were processed and analyzed using tools from
the ATSAS software package (version 2.8.4) including
PRIMUS, GNOM, ALMERGE, CRYSOL, and BUNCH.
Molecular masses, R, values, and P(r) distribution func-
tions were determined with PRIMUS and GNOM. The
molecular masses were also determined using SAXS
MoW2. The data were deposited to be deposited at
SASBDB (accession numbers: SASDNH3, SASDNIJ3,
SASDNK3, and SASDNLS3).

5.7 | Determination of relative RNH
domain orientation using SAXS and PRE

To investigate whether there is a restriction in the rela-
tive RNH domain orientation against the thumb domain,
we conducted structural calculations using the SAXS and
PRE data. For this analysis, SAXS data were extrapolated
to zero concentration and merged with the highest con-
centration data using ALMERGE. The program BUNCH
was used for initial modeling to generate the starting
coordinate of p66y,50ki- For the modeling, the coordi-
nates of the p51 subunit (amino acids 1-417) and isolated
RNH domain (amino acids 430-556) in the crystal struc-
ture of RT (PDB 1DLO) were used for simulation. The
position of p51 subunit was fixed, while the configuration
of the RNH domain was searched to fit the SAXS data.

The ratio IP*"/I*** changes almost linearly within the
range of 0.15 < PRE < 0.85.%” Thus, three types of PRE
distance restraints were employed for structure calcula-
tion, similar to the previously published protocol.*”*®
(i) For amide protons with PRE intensity ratios between
0.15 and 0.85, distance restraints were set with an error
margin of +4 A. (ii) For amide protons with PRE inten-
sity ratios less than 0.15, distance restraints were set as
from 1.8 A to 15 A. (iii) For amide protons with PRE
intensity more than 0.85, distance restraints were set as
from 25 A to 225 A, as repulsive distance restraints. For
each PRE data set, 43-48 restraints, a total of
186 restraints, were used for the calculation.

Structures of p66;.,soxr Were calculated using Xplor-
NIH version 2.52 with the starting coordinate generated
using BUNCH. Protons and MTSL tags were then added
to the starting model, followed by adding three con-
formers of each MTSL probe to all the cysteine mutated
sites, to include ensemble conformations of the flexible
MTSL tag.* For structure calculation, the starting struc-
ture was energy minimized against the PRE distance
restraints and SAXS data in the range g < 0.5 A", In this
process, the backbone atomic coordinates of the p51

subunit (residues 1-218, 231-286, and 296-417) were
held fixed, while the backbone atomic coordinates of the
RNH domain (residues 430-556) were allowed to move
freely as a rigid body with the natural p66 amino acids as
linkers between them. Energy terms included the NOE
potential for PRE distance restraints, the SAXS term, the
TorsionDB term for all active torsion angles, and the
RepelPot repulsive term for non-bonded interactions.
Additional energy terms, the bond length (BOND), bond
angle (ANGL), and improper dihedral (IMPR) potentials,
were also employed. Initially, a run of the shorter of
100 ps or 1,000 steps of high temperature dynamics at
3,000 K were performed. The simulated annealing proto-
col employed initial and final temperatures of 3,000 K
and 25 K, respectively, in 12.5 K increments. After simu-
lated annealing, final torsion angle and Cartesian coordi-
nate energy minimizations were performed. All
molecular dynamics and minimization steps used the
internal variable module (IVM). One hundred structures
were calculated, and the 10 lowest energy structures were
used for final analysis. For PRE data, the Q factor was
calculated according to,

Z (rmeas - rcalc)z

Q =
z:rmeas2

where P and r*'° are the experimental and calcu-
lated PRE distances, respectively.

5.8 | SEC experiments of p66 and p51
with/without L289K mutation

The experiments were performed for p66 and p51, either
with or without L289K mutations using a 24-ml analyti-
cal Superdex 200 Increase 10/300 GL column
(GE Healthcare), equilibrated with a 25-mM Bis-tris
buffer, pH 7.0, containing 100-mM NaCl with 0.02%
sodium azide, at a flow rate of 0.5 ml/min. In each exper-
iment, an 80-pl sample, containing 40-pM each protein,
was injected, and protein elution was monitored by UV
absorbance at 254 and 280 nm. SDS-PAGE and mass
spectrometry were run for each fraction eluted at 13.4,
14.3, or 15.2 ml. SDS-PAGE used precast 4-15% Tris-
glycine gels (Bio-Rad) stained with Bio-safe Coomassie
stain (Bio-Rad). Mass spectrometry for each fractionated
peak was run on a Bruker LC-ESI-TOF system (Bruker
Daltonics Inc., Billerica, MA).
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