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Abstract

Over the last few decades, protein NMR isotope labeling methods using £. colibased expression
have revolutionized the information accessible from biomolecular NMR experiments. Selective
labeling of a protein of interest in a multi-protein complex can significantly reduce the number
of cross-peaks and allow for study of large protein complexes. However, limitations still remain
since some proteins are not stable independently and cannot be separately labeled in either
NMR active isotope enriched or unenriched media and reconstituted into a multimeric complex.
To overcome this limitation, the LEGO-NMR method was previously developed using protein
expression plasmids containing T7 or araBAD promoters to separately express proteins in the
same E. coli after changing between labeled and unlabeled media.

Building on this, we developed a method to label the Human Immunodeficiency Virus type 1 viral
infectivity factor (HIV-1 Vif), a monomerically unstable protein, in complex with CBF, it’s host
binding partner. We designed a dual promoter plasmid containing both T7 and araBAD promoters
to independently control the expression of HIV-1 Vif in NMR active isotope enriched media and
CBF in unenriched media. Using this method, we assigned the backbone resonance and directly
observed the binding of HIV-1 Vif with APOBEC3G, a host restriction factor to HIV-1.
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Introduction

Stable-isotope labeling can be a limitation in studying biomolecules using NMR
spectroscopy, yet sometimes it provides a tool to obtain atomic-level details of complicated
biological systems. An example of such good use of stable-isotope labeling is molecular
selective labeling of the protein of interest in a large multiprotein complex, which allows the
researcher to observe NMR signals only from the labeled molecule and reduces complexity
of NMR spectra. The molecular selective labeling becomes difficult to achieve if the
multi-protein complex cannot be reconstituted by using separately purified proteins and

all proteins need to be expressed in a single cell to form a proper complex. LEGO-NMR
method had been developed by Dr. Sprangers’s group in which the plasmid containing an
araBAD promotor (arabinose inducible) and the plasmid containing a T7 promotor were
co-transformed in £. coli, and proteins were separately induced in stable-isotope enriched
medium or unlabeled medium, resulting in selective-isotope labeling of a protein of interest
in a large heteromeric complex[1]. Following the LEGO-NMR principle and we generated
a new plasmid that contained both araBAD and T7 promotors using the pETDuet-1vector
(Novagen) as a template. This new vector, called araBAD-pETDuet-1 hereafter, was used

to express the Vif protein of human immunodeficiency virus type 1 (HIV-1) and human
core-binding factor subunit B (CBF) protein in £. colito produce stable-isotope labeled Vif
forming a complex with unlabeled CBFp. Vif is one of six accessary proteins of HIV-1, and
it helps infection of the virus by trigering degradation of the human antiretroviral APOBEC3
proteins including APOBEC3D, 3F, 3G and 3H [2-4]. Without Vif, these antiretrovieral
APOBECS3 proteins are encapsidated into budding virions, then within the viral capsid

they mutate cytidines to deoxy-uridines in the newly synthesiszed minus-strand of viral
DNA [5]. In order to trigger the degradation, Vif forms a ubiquitin E3-ligase complex and
targets these anti-HIV-1 APOBECS3 proteins for ubiquitylation, then degradation through
proteasome. [6] [7] [8] As Vif is insoluble in isolation /n vitro and unstable without binding
the host binding partner CBF in human cells, coexpression of Vif with CBFf in £.

coliis necessary to purify the Vif-CBFf complex [9] [10] [11]. One caveat was that the
isolated Vif-CBFf complex was not soluble enough for NMR spectroscopy. Therefore, we
generated a deletion variant of Vif (AVif) that was more soluble than wildtype to yield

a soluble AVif-CBFp complex. After establishing the co-expression system of AVif and
CBFp using the araBAD-pETDuet-1 vector, NMR samples of the AVif-CBFp complex
were made containing stable-isotope including 13C, 1°N and 2H labeled AVif and unlabeled
CBFB and assigned mainchain atoms using conventional triple-resonance NMR spectra [12]
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[13] [14] [15] [26] [17] [18] [19] [20] [21] [22] [23] [24]. Vif must bind the APOBEC3
proteins as a part of the ubiquitin E3-ligase complex for ubiquitylation. We used human
APOBEC3G protein (A3G) that provided most potent restrition of the HIV-1 infection to
map Vif residues which were involved in A3G interaction by using H-1°N TROSY-HSQC
spectra [24] [23] [21] [22] [20] [25]. The mapped residues agreed with the residues that
had been identified by indirect observations including mutations, coimmunoprecipitation,
and /n vivo degradation assays [26] [27] [28] [29] [30] [31] [32] [33] [34]. The newly
generated araBAD-pETDuet-1 vector enabled purification of the AVif-CBFp complex and
selective observation of AVif NMR signals, which resulted in the direct observation of a
Vif-APOBECS3 interaction.

Design of soluble Vif and CBFp complex

The crystal structure of Vif was used in the design of a soluble variant (PDB 1D: 4N9F[35]).
Figure 1a shows the region (residues 112 to 163 highlighted in cyan) including the zinc
finger that binds Cullin5 and the BC-box that binds the Elongin B and Elongin C complex
were replaced with a 3 residue GSS linker and the resulting construct was named AVif. The
Cul5 interacting N-terminal tail (residues 1 to 4 also in cyan) of the CBFf binding partner
was also truncated to increase protein solubility and named ACBFp.

Design of araBAD-pETDuet-1 vector for specific labeling of AVif

A new vector that contained an arabinose inducible promotor (araBAD) and T7 promotor
was constructed by using pETDuet-1 vector (Novagen) and pBAD vector (ThermoFisher
Scientific) as templates. The araBAD promotor and the araC gene from pBAD were
subcloned to replace the second T7 promotor region of pETDuet-1 (Figure 1b). In the
absence of L-arabinose, the araC transcription product prevents transcription initiation from
the araBAD by forming a DNA loop that prevents RNA polymerase binding. [36] This

loop is released on L-arabinose binding to araC. The resulting vector is called araBAD-
PETDuet-1, hereafter. The AVif and ACBFp genes were subcloned under the T7 and
araBAD promotors, respectively. The resulting 6295 base pair plasmid enabled us to express
ACBFB first by addition of L-arabinose (Figure 1c). Expression of ACBFp can be stopped
by removal of L-arabinose from the medium and addition of D-glucose. D-glucose reduces
the levels of 3’,5’-cyclic AMP (cAMP) and therefore inhibits expression of the catabolite-
repressed araBAD promotor. [37] The tight control of ACBF expression resulted in no
free ACBF cross peaks in the 1H-15N TROSY-HSQC spectra. Cells were spun down and
resuspended in growth media containing stable-isotopes to express AVif. This expression
order is important since AVif would be aggregated in cells if it cannot form a complex with
ACBFB [9] [10].

Although araBAD-pE TDuet-1 vector contains one copy of AVif and ACBFpB gene, the
expression of these proteins may not be 1:1 because the amounts of expressed protein

in cells are affected by promotor strength, translation efficiency, and protein stability.
Therefore, optimization of these conditions for each protein is very important. Our dual-
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promotor single plasmid approach has an advantage compared to using two single plasmids
as follows.

Using a single plasmid containing both AVif and ACBFp only required a single antibiotic
selection and a single transformation protocol. Compared with multi-antibiotics required

to transform two plasmids, the single antibiotic selection keeps E. coli cells healthier and
viable during the growth in minimal media especially with deuterium. Using two plasmids
for expression of two proteins usually requires two separate transformations including the
first transformation to make competent cells with one plasmid and another transformation
with the second plasmid, as a consequence the ratio of the two plasmids in the £. coli

cell cannot be precisely controlled. This makes optimizing conditions for protein expression
difficult since using the same expression conditions in different experiments can potentially
yield different ratios of the expressed proteins. This is exacerbated by the differences in
promotors since T7 promotor has much stronger expression in comparison to araBAD. [38]

Using only araBAD-pETDuet-1 vector, this uncertainty could be eliminated, which enabled
us to optimize other parameters for protein expression including the concentration of
inducers, induction times, temperature during induction and concentration of stable-isotopes.
The optimization of these parameters was important for expressing the AVif protein to avoid
aggregation of AVif in cells by ensuring that optimized amount of ACBFf was expressed
before the AVif expression.

Isotope enrichment of AVif in the AVif-ACBFp complex

BL21(DE3) chemically competent £. coli were transformed with araBAD-pETDuet-1
plasmid containing AVif and ACBFf and grown in either Terrific Broth (NMR inactive)
or stable isotope enriched media (NMR active) until OD 0.1 at 37°C. Overexpression of
ACBFp was induced by addition of L-arabinose to 0.2% wi/v concentration and incubated
for 3 hours. For NMR inactive or uniformly labeled protein, temperature was reduced to
16°C and 0.2mM IPTG was added to induce overexpression of AVif. The concentrations
of inducing reagents, durations, and temperatures of induction were optimized for ACBFp
expression first and then for AVif expression. Cells were harvested by centrifugation at
5000xg for 20 minutes and pellets were stored in —80°C until needed.

For NMR active AVif, D-glucose was added to 0.5% wi/v concentration to stop ACBFp
overexpression and incubated for 20 minutes before centrifugation at 1500xg for 20
minutes. Cell pellets were resuspended in either 15N or 15N/13C (in 85% D,0) enriched
Bioexpress Cell Growth media (Cambridge Isotope Laboratories, Inc. Tewksbury, MA)

at 16°C and overexpression of AVif was induced for 12 hours by addition of 0.2 mM
IPTG (Figure 1c). This NMR active AVif and NMR inactive ACBF will be referred to

as AVifNMR active ACBFgNMR inactive For specific amino acid labeling of AVif, the growth
media was replaced by minimal M9 media enriched with 150 mg/L of alanine, arginine,
asparagine, aspartic acid, cysteine, glutamine, glutamic acid, glycine, histidine, isoleucine,
leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tyrosine, valine, and
200 mg/L of tryptophan. In place of naturally abundant amino acids, 1°N enriched valine,
tyrosine, threonine, serine, lysine, leucine, histidine, or alanine was substituted in the growth
media to identify the amino acid type of 1°N-1H resonances.
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Resonance assignment of AVif

Overlaying the TH-15N TROSY-HSQC spectra of uniformly 1°N enriched AVif-ACBFp
complex and the complex with only AVif labeled show that the number of cross-peaks are
significantly reduced (Figure 2a), since cross-peaks from both the free ACBFp and the AVif
bound ACBFp were eliminated. The control of ACBFp expression by the araBAD promoter
resulted in very little leakage of labeled ACBFp and cross peaks originating from both AVif
bound and free ACBFf were not observed. We were also able to isotopically enrich AVif by
specific amino acid type (Figure 2b). The overlay of the uniformly enriched AVif spectrum
(black single contour outline) with amino acid type specific spectra (colored spectra with
enriched amino acid types indicated in the figure) demonstrates that the expression method
can be successfully applied to various type of labeling media. Protein backbone resonance
assignment using traditional three dimensional spectra and specific amino acid type labeled
spectra (Figure 2b) yielded in 76% of observed cross peaks being assigned (Figure 3).

Chemical shift perturbation on addition of A3G NTD-CTD2EA Y125A

For identification of the HIV-1 Vif amino acid residues interacting with A3G, we used

a soluble variant of the A3G C-terminal domain (CTD2EA [39]) and the Vif binding
N-terminal domain with a Y125A mutation (referred to as A3G NTD-CTD2EA Y125A).
The Y125A mutation was designed to reduce multimerization/aggregation of A3G since
the aggregation prevents the interaction with Vif. The 1H-1°N TROSY-HSQC spectra of
100pM AVifNMR active ACcBFgNMR inactive complex in the absence and presence of 10 uM
NMR inactive A3G NTD-CTD2EA Y125A (a ratio of 1:10) were overlaid, Figure 4a, to
determine which AVif amino acid residues show interaction with A3G. Both surface (green
labels) and interior (purple labels) residues were perturbed on interaction with A3G. Surface
residues H43 and Y44 are shown in green stick model, while interior residues are shown in
purple stick model on the structure of AVif-ACBFp, Figure 4b. Interior residues V25, H56,
166, T67, T68 and Y69 that show chemical shift perturbation are located primarily in the
beta sheet forming the core of the protein structure. Nota bene, we could not use higher
concentration of A3G NTD-CTD2EA Y125A than 10 uM because NMR spectra started to
show signs of protein aggregation.

Discussion and conclusion

The interaction between HIV-1 Vif and human A3G has been studied using co-
immunoprecipitation and degradation assays, and Vif residues 21-26, 40-44 and 64-72
were identified to be involved in complex formation [26] [27] [40] [29] [30] [32] [33]. Yet
the direct observation of the Vif-A3G interaction using biophysical or structural methods
has been hampered due to the insolubility and structural complexity of the A3G and Vif
samples. To overcome these challenges, we first engineered the smallest and most soluble
Vif by forming a complex with CBFp (the AVif-ACBFg complex). The AVif still retains
the aforementioned three regions which had been suggested to be involved in the A3G
interaction.

Using the optimized double-promotor expression strategy, we were able to perform
resonance assignment on the AVifNMR active. ACBFgNMR inactive complex and identify the
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Vif surface residues which were most likely involved in direct interaction with A3G.

Vif residues 40-44 had arguably the strongest experimental evidence to be involved in
specific interaction with A3G as alanine mutation of these residues severely reduced co-
immunoprecipitation with A3G [27]. Our NMR results indicate that both H43 and Y44
directly interact A3G. Although Vif residues 21-26, specifically K26 and a lesser extent
K22, have been suggested to be important for the Vif-induced degradation of A3G [29] [30],
neither K22 nor K26 showed significant chemical shift perturbation in our NMR binding
experiment. These apparently conflicting results could be due to the low concentration of
A3G NTD-CTD2EA Y125A (10uM) used in our NMR binding experiment, which allowed
us to see the initiation of the Vif-A3G interaction. Since negatively charged surface of
A3G-NTD including loop-7 has been suggested to be important for Vif binding [41] [42], it
is plausible that positively charged surface residues such as K22 and K26 interact with A3G
at higher concentration to form tighter complex.

Fascinatingly, interior residues 166, T67, T68 and Y69 were perturbed upon addition of A3G
NTD-CTD2EA Y125A at this concentration (Figure 4c). These residues form a beta strand
and they are in the center of the 64—72 region that had been suggested to be important for the
Vif-induced degradation of A3G [43]. Given these results the core structure of Vif undergoes
conformational changes upon the first contact with H43 and Y44 of A3G. This dynamical
behavior of AVif is a new observation that only could be captured by NMR and may provide
insights into this important recognition event.

Building on the pioneering work done by Dr. Sprangers’s group, we generated a new
dual-promotor vector that enabled us to specifically observe only the Vif NMR signals in

the AVif-ACBFp complex. Our araBAD-pE TDuet-1 vector showed excellent suppression of
NMR-inactive protein, and it could be generally useful for generating two protein complexes
where one protein must stabilize the second protein.

In comparison, cell free protein expression and labeling methods would require expression
of the labeled protein in the presence of its purified stable binding partner. This necessitates
separate expression using unlabeled media and purification since mixing with unpurified cell
lysate would lead to introduction of unlabeled reagents into the cell free system and greatly
diminish labeling efficiency. Our method skips this step by performing the overexpression
and media changes in cell. This would save time and effort. In addition, NMR active stable
isotope enriched protein production using £. coli systems are well established in research
groups using biomolecular NMR spectroscopy, therefore many laboratories can use our
dual-promotor vector for generation of their protein complexes.

As we have shown, this expression strategy can be applied further towards specific amino
acid labeling, or also for methyl labeling to allow for study of larger complexes. This work
adds to the compendium of available strategies for selective and specific isotope labeling of
proteins for biomolecular NMR.

J Magn Reson. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Myint et al.

Methods

Page 7

Purification of proteins.

Amino acid sequences of AVif and A3G NTD-Y125A-CTD2EA are provided in
Supplementary Figure 1. Purification of the AVifNMR active ACBFgNMR inactive complex,
Cell pellets were resuspended in lysis buffer (25 mM Tris pH 7.3, 250 mM NaCl, 0.01% w/v
TWEEN20, 1 mM DTT, and 40 mM Immidazole.) and lysis was performed using Avestin
C3 homogenizer. Cell debris was separated by centrifugation at 48,000xg for 30 minutes.
Lysate was bound to equilibrated Ni-NTA resin and batch purification was performed by
washing with high salt buffer (25 mM Tris pH 7.3, 3000 mM NacCl, 0.01% w/v TWEEN20,
and 1 mM DTT), low salt buffer (25 mM Tris pH 7.3, 1500 mM NaCl, 0.01% w/v
TWEENZ20, and 1 mM DTT), and three times with 25 mM Tris pH 7.3, 250 mM NaCl,
0.01% w/v TWEEN20, and 1 mM DTT. Protein was eluted in elution buffer (25 mM Tris
pH 7.3, 250 mM NacCl, 0.01% w/v TWEEN20, 1 mM DTT, and 400 mM Immidazole.)

and further purified through Superdex75 HiLoad equilibrated with NMR buffer (25 mM
Tris pH 7.3, 100 mM NacCl, 0.002% w/v TWEEN20, 1 mM DTT, and 50 mM Choline-O-
sulfate). The expression and purification of the A3G NTD-Y125A-CTD2EA was performed
as previously described. Purified A3G NTD-CTD2EA Y125A in 25 mM Tris pH 7.3, 100
mM NacCl, 0.002% w/v TWEEN20, 1 mM DTT, and 500 mM Choline-O-sulfate was added
to the NMR sample to a concentration of 15uM and final AVif-ACBFf concentration was at
100uM.

NMR Spectroscopy

NMR experiments were performed on Bruker NMR spectrometers operating at *H Larmor
frequencies of 800MHz and 850MHz. AVif-ACBFp spectra for resonance assignment were
measured at 40°C with protein concentrations of 150 to 200uM in 5mm Shigemi tubes.

TROSY versions of triple resonance experiments were performed for backbone resonance
assignment: HNCA, HN(CO)CA, HNCACB, HNCO, HN(CA)CO, and 15N-1H HSQC [12]
[13] [14] [15] [16].
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Highlights

Selective labeling of a protein of interest allows for NMR based study of large
molecular complexes.

Monomerically unstable HIV-1 VIF can be selectively labeled by expression
of unlabeled binding partner before changing to NMR labeling media and
inducing expression of VIF.

Application of the method to HIV-1 VIF allowed for mapping of the HIV-1
restriction factor APOBEC3G binding site.
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Figure 1.
a) Soluble HIV-1 AVif (yellow) in complex with ACBFp (grey) was designed based on the

crystal structure with the Elongin B and Elongin C binding moiety (cyan) being replaced by
a GSS linker to form AVif. The N terminal region of CBFp that binds Cul5 (cyan) was also
truncated to aid solubility. The N and C termini for Vif (yellow) CBFp (grey) are labeled as
N and C respectively. b) The araBad-pETDuet-1 vector map with inserted AVif (yellow) and
ACBFB (grey), c) Outline of the expression strategy. BL21(BE3) E. coli were transformed
with the araBad-pETDuet-1 plasmid and grown in unlabeled medium. Induction of ACBF
overexpression was done by addition of L-arabinose. For NMR active AVif, D-glucose

was added to stop ACBF expression, then cell pellets were resuspended in either 1°N or
15N/13C enriched media, and AVif overexpression was induced by addition of IPTG.
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Figure 2.

a) Overlay of uniformly 15N labeled AVif-ACBFB complex (red) and AVifNMR active_

Page 13

ACBFBNMR inactive (h|ack) 1H-15N TROSY-HSQC spectra. b) AVif signals with specific

amino acid labeling are overlaid with a single contour spectrum of the AVifNMR active_

ACBFBNMR inactive The spectra colors corresponding to amino acid type are indicated in the

figure.
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Figure 3.

1H-15N cross peak assignments of AVifNMR active ACBFENMR inactive g the 1H-15N
TROSY-HSQC spectrum. * indicates a histidine in the 6xHis tag attached at the C-terminal
of AVif.
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Figure 4. ) N
a) 1H-15N TROSY-HSQC spectral overlay of AVifNMR active ACBFgNMR inactive complex

alone (yellow) and with A3G NTD-CTD2EA Y125A (Green). Green labels highlight H43
and Y44 surface exposed residues. Purple labels highlight interior residues. b) Amino acid
residues on the interior (purple) and exterior (green) of AVif that show chemical shift
perturbation on interacting with A3G NTD-CTD2EA Y125A are indicated as sticks on the
cartoon drawing of the AVif (yellow) and ACBFp (grey) complex.
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