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Abstract Many proteins and protein regions are disor-

dered in their native, biologically active states. These

proteins/regions are abundant in different organisms and

carry out important biological functions that complement

the functional repertoire of ordered proteins. Viruses, with

their highly compact genomes, small proteomes, and high

adaptability for fast change in their biological and physical

environment utilize many of the advantages of intrinsic

disorder. In fact, viral proteins are generally rich in

intrinsic disorder, and intrinsically disordered regions are

commonly used by viruses to invade the host organisms, to

hijack various host systems, and to help viruses in

accommodation to their hostile habitats and to manage

their economic usage of genetic material. In this review, we

focus on the structural peculiarities of HIV-1 proteins, on

the abundance of intrinsic disorder in viral proteins, and on

the role of intrinsic disorder in their functions.
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Introduction

In addition to transmembrane, globular, and fibrous pro-

teins, it is becoming increasingly recognized that the

protein universe includes intrinsically disordered proteins

(IDPs) and proteins with intrinsically disordered regions

(IDRs). These IDPs and IDRs are biologically active yet

fail to form specific 3D structures, existing as collapsed or

extended dynamic conformational ensembles [1–7]. These

floppy proteins and regions are known as pliable [8],

rheomorphic [9], flexible [10], mobile [11], partially folded

[12], natively denatured [13], natively unfolded [3, 14],

natively disordered [6], intrinsically unstructured [2, 5],

intrinsically denatured [13], intrinsically unfolded [14],

intrinsically disordered [15], vulnerable [16], chameleon

[17], malleable [18–20], 4D [21], protein clouds [22, 23],

and dancing proteins [24], among several other terms. The

variability of terms used to describe such proteins and

regions is a reflection of their highly dynamic nature and

the lack of unique 3-D structures.

Since these proteins are highly abundant in any given

proteome [25], the role of disorder in determining protein

functionality in organisms can no longer be ignored. Native

biologically active proteins were conceptualized as parts of

the ‘‘protein trinity’’ [15] or the ‘‘protein quartet’’ [26]

models where functional proteins might exist in one of the

several conformations—ordered, collapsed-disordered

(molten globule-like), partially collapsed-disordered (pre-

molten globule-like), or extended-disordered (coil-like), and

protein function might be derived from any one of these

states and/or from the transitions between them. Disordered
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proteins are typically involved in regulation, signaling, and

control pathways [27–29]. Their functions complement the

functional repertoire of ordered proteins, which have

evolved mainly to carry out efficient catalysis [30–33].

Because of the fact that IDPs play crucial roles in

numerous biological processes, it was not too surprising to

find that many of them are involved in human diseases

[34]. Originally, this hypothesis was based on numerous

case studies in which a particular IDP was shown to be

associated with a particular disease. For example, the

presence of disorder has been directly observed in several

cancer-associated proteins, including p53 [35], p57kip2

[36], Bcl-XL and Bcl-2 [37], c-Fos [38], thyroid cancer

associated protein TC-1 [39], and many others. Some other

maladies associated with IDPs includes Alzheimer’s dis-

ease (deposition of amyloid-b, tau-protein, a-synuclein

fragment NAC [40–43]; Niemann-Pick disease type C,

subacute sclerosing panencephalitis, argyrophilic grain

disease, myotonic dystrophy, and motor neuron disease

with neurofibrillary tangles (accumulation of tau-protein in

form of neurofibrillary tangles [42]); Down’s syndrome

(nonfilamentous amyloid-b deposits [44]); Parkinson’s

disease, dementia with Lewy body, diffuse Lewy body

disease, Lewy body variant of Alzheimer’s disease, mul-

tiple system atrophy and Hallervorden–Spatz disease

(deposition of a-synuclein in a form of Lewy body or Lewy

neurites [45]); prion diseases (deposition of PrPSC [46]);

and a family of polyQ diseases, a group of neurodegener-

ative disorders caused by expansion of GAC trinucleotide

repeats coding for PolyQ in the gene products [47].

At least three computational and bioinformatics

approaches were elaborated to estimate the abundance of

IDPs in various pathological conditions. The first approach

was based on the assembly of specific data sets of proteins

associated with a given disease and the computational

analysis of these data sets using a number of disorder

predictors [27, 48–52]. In essence, this was an analysis of

individual proteins extended to a set of independent pro-

teins. Using this approach, a prevalence of intrinsic

disorder in proteins associated with cancer [27], cardio-

vascular disease [49], neurodegenerative diseases [7, 51],

various amyloidoses [50], and diabetes [34] was observed.

A second approach utilized the diseasome, a network of

genetic diseases where the related proteins are interlinked

within one disease and between different diseases [53]. A

third approach was based on the evaluation of the associ-

ation between a particular protein function (including the

disease-specific functional keywords) with the level of

intrinsic disorder in a set of proteins known to carry out this

function [31–33]. Based on the fact that IDPs and proteins

with long IDRs were commonly found in various diseases,

the ‘‘disorder in disorders’’ or D2 concept was introduced to

summarize work in this area [34], and the concepts of the

disease-related unfoldome and unfoldomics were devel-

oped [25, 54].

Most viral proteins (e.g., proteins involved in replication

and morphogenesis of viruses, and the major capsid pro-

teins of icosahedral virions) have no homologues in

modern cells despite being shared by many groups of RNA

and DNA viruses [55]. This suggests that viruses might be

very antique, and that viral genes either primarily origi-

nated in the virosphere during the replication of viral

genomes, and/or were recruited from cellular lineages that

are now extinct [56]. Viruses represent an interesting

example of adaptation to extreme conditions, which

include both environmental peculiarities, and biological

and genetic features of the hosts. Viruses have to survive

outside and within the host cell (some viruses infect

Archaea, which are isolated from geothermally heated hot

environments [57]), and need to infect the host organism

and replicate their genes while avoiding the host’s coun-

termeasures [58]. Genomes of many viruses are

characterized by unusually high rates of mutation, which,

when estimated as exchanges per nucleotide, per genera-

tion can be as high as 10-5–10-3 for RNA viruses, 10-5 for

ssDNA viruses, and 10-8–10-7 for double-stranded DNA

viruses, compared to 10-10–10-9 in bacteria and eukary-

otes [59]. Viral genomes are unusually compact and

contain overlapping reading frames. Therefore, a single

mutation might affect more than one viral protein [58].

All these peculiarities raised an intriguing question of

whether the viral proteins possess unique structural fea-

tures. In an attempt to answer this question, a detailed

analysis of viral proteins was undertaken [60]. First, 123

representative single domain proteins of 70–250 amino

acids that contained no covalent cofactors and whose

crystal structure has been solved at high resolution were

analyzed. Of these 123 proteins, 26 were proteins from

RNA viruses, 19 were proteins from DNA viruses (18 were

double-strand and one was single-strand DNA viruses), 26

were hypothermophilic, 26 were mesophilic eukaryotes,

and 26 were mesophilic prokaryotes. The analysis revealed

that viral proteins, and especially RNA viral proteins,

possessed systematically lower van der Waals contact

densities compared to proteins from other groups. Fur-

thermore, viral proteins were shown to have a larger

fraction of residues that are not arranged in well-defined

secondary structural elements such as helixes and strands.

Finally, the effects of mutations on protein conformational

stability (DDG values) were compared for all these pro-

teins. This analysis showed that viral proteins show lower

average DDG per residue than proteins from other organ-

isms. RNA viral proteins show particularly low

DDG values on average, 0.20 kcal/mol lower than meso-

philic proteins of the same size, and 0.26 kcal/mol lower

than thermophilic proteins [60].
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The peculiarities of viral proteins were analyzed using

approaches that are independent of structures, namely

amino acid composition profiling and disorder propensity

calculations [61]. These tools were applied to all available

open reading frames in the relevant proteomes of 19

hyperthermophilic archaea, 35 mesophilic bacteria, 20

eukaryotes, 30 single stranded RNA, 30 single stranded

DNA, and 29 double stranded DNA viruses [60]. In these

analyses, viral proteomes were filtered to remove all

annotated capsid/coat/envelope/structural proteins. In gen-

eral, the compositional profile calculated for the non-

filtered data set containing all viral proteins from *2,400

viral species revealed that viral proteins showed a reduced

fraction of hydrophobic and charged residues, and a sig-

nificantly increased proportion of polar resides.

Furthermore, this study showed that viral proteomes exhi-

bit a very high propensity for intrinsic disorder. In general,

the amount of disorder in viruses was comparable to that

found in eukaryotes, which were already known to possess

the highest levels of disorder from previous studies [4, 62–

65]. However, there was a fundamental difference between

viral and eukaryotic proteomes, since eukaryotes contained

more proteins with long disordered regions, whereas viral

proteomes were characterized by the dominance of short

disordered segments [60].

Based on these observations it has been concluded that,

in comparison with proteins from their hosts, viral proteins

are less densely packed, possess a much weaker network of

inter-residue interactions (manifested by the lower contact

density parameters, the increased fraction of residues not

involved in secondary structure elements, and the abun-

dance of short disordered regions), display an unusually

high occurrence of polar residues, and are characterized by

lower destabilizing effects of mutations [60]. It has been

concluded that the adaptive forces that shape viral proteins

are different from those responsible for the evolution of

proteins of their hosts. In fact, as discussed above, the

abundance of polar residues, the lower van der Waals

contact densities, the high resistance to mutations, and the

relatively high occurrence of flexible ‘coils’ and numerous

short disordered regions suggested that viral proteins are

not likely to have evolved for higher thermodynamic sta-

bility, but rather for greater adaptivity to fast change in

their biological and physical environments [60].

This paper considers the abundance and functional roles

of intrinsic disorder in proteins from human immunodefi-

ciency virus type 1 (HIV-1), a member of the Lentivirinae

subfamily in the Retroviridae family. Lentiviruses are

slow-acting viruses (lenti- is Latin for ‘‘slow’’) character-

ized by a long incubation period. Members of the

Lentivirinae subfamily are among the genera of viruses

that possess a matrix layer [66, 67]. In fact, beneath the

HIV-1 lipid envelope, there is a matrix formed by Gag

protein p17, which holds the RNA-containing core (defined

as the structure that remains after the lipid bilayer is

stripped away) in place. This cylindrical core is a pro-

teinaceous capsid made of p24 protein. Viruses that belong

to the Lentivirinae genus include Human Immunodefi-

ciency Virus (HIV), Simian Immunodeficiency Virus

(SIV), Feline Immunodeficiency Virus (FIV), Bovine

Immunodeficiency Virus (BIV), Equine Infectious Anemia

Virus (EIAV), Maedi-Visna Virus (MVV), and caprine

arthritis-encephalitis virus (CAEV). The viruses in this

family have different characteristics, especially with

respect to the onset of diseases such as acquired immune

deficiency syndrome (AIDS), the viral loads, and the suc-

cess or failure in finding vaccines [66, 68, 69].

Human immunodeficiency virus type 1 (HIV-1) causes

AIDS. Over 100 million people have been infected with

this retrovirus and more than 25 million people have

already died of AIDS. The impact of HIV-1 infections is

particularly strong in the developing world. In some

countries, as high as 25% of the adult population is esti-

mated to be infected with HIV-1 [70]. HIV-1 mainly

infects cells of the immune system, namely CD4 ? T

lymphocytes and macrophages, and dramatically affects

the adaptive immune system. Therefore, the impact of

HIV-1 infection on emergence or spread of other infectious

diseases is very high [71].

HIV-1 is a complex retrovirus, the genome of which is a

single-stranded RNA containing nine open reading frames

that produce 15 proteins [72, 73]. The gag (for group-

specific antigen) genomic region encodes the Gag poly-

protein precursor, which is proteolytically processed by

viral protease to generate the capsid proteins (group spe-

cific antigens): p17 (MAtrix), p24 (CApsid), p7

(NucleoCapsid), and p6 proteins. The gag-pol gene (for

polymerase) is produced by ribosome frameshifting near

the 30 end of gag. This gene encodes the Gag-Pol poly-

protein, which, in addition to the Gag capsid proteins,

contains PRotease (PR), Reverse Transcriptase (RT), and

INtegrase (IN). The env gene (for envelope glycoproteins)

encodes a viral glycoprotein precursor, gp160, which is

processed to produce a 30-amino-acid Signal Peptide (SP),

the external glycoprotein gp120, and the transmembrane

glycoprotein gp41. These are three main genes coding for

viral proteins in this order: 50-gag-pol-env-30. Other genes

encode auxiliary proteins: two essential viral regulatory

factors (Tat and Rev) that are crucial for the HIV gene

expression are encoded by tat and rev genes; vif encodes

the Virus Infectivity Factor, Vif; genes vpr and vpu encode

Viral Proteins R and U (Vpr and Vpu), respectively; and,

finally a multifunctional 27-kd myristoylated protein p27 is

encoded by nef. Figure 1 represents a brief overview of

currently available structural information about HIV-1

proteome and viral proteins. A proteome map with three
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different open reading frames is shown in the middle (see

below for the more detailed discussion of the HIV-1 gen-

ome structure).

Overall evaluation of intrinsic disorder abundance

in HIV-1 proteins

The disorder in the protein sequences of the HIV-1 prote-

ome was predicted using two recent consensus-based

predictors, MD (using a package from http://www.

predictprotein.org/) [74] and MFDp (http://biomine-ws.ece.

ualberta.ca/MFDp.html) [75]. We also applied the DisCon

method (using the web server at http://biomine.ece.

ualberta.ca/DisCon/) [76] to predict the overall content

(percentage of the disordered residues) in the protein

chains, since DisCon provides more accurate disorder

content predictions when compared with MD, MFDp, and

several other recent disorder predictors [76]. The former

two methods provide predictions for each residue in the

sequence, which allows for more insightful analysis,

including an investigation into the number and size of the

predicted disordered segments.

The predictions across *50 different isolates of the

virus for the same protein were aggregated and the corre-

sponding average and standard deviations were computed.

The analyzed sequences (see Supplementary Materials)

corresponded to the HIV-1 isolates whose entire genomes

have been sequenced. Since the mutation rate in viral

proteins is known to be very high [60], the goal of this

analysis was to evaluate the correlation (if any) between

the sequence variability of a given HIV-1 protein and its

propensity to intrinsic disorder. As will be seen from data

for individual proteins, generally it was a noticeable cor-

relation between the propensity of a given fragment in a

given protein for predicted intrinsic disorder and its vari-

ability. The information on the averaged lengths of the

HIV-1 proteins is summarized in Fig. 2a, whereas other

panels of this figure report the different aspects of predicted

intrinsic disorder found in the HIV proteome. Here, Fig. 2b

Fig. 1 The proteome map of HIV-1 and crystal or NMR structures of various HIV-proteins
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gives the disorder content values for MD, MFDp, and

DisCon. Figure 2c summarizes the normalized (by the

chain length) length of the longest disordered segment.

Figure 2d shows the number of the disordered segments

computed with MFDp and MD. Note that we count only

the segments that include at least four consecutive disor-

dered residues, which is consistent with the criteria used in

evaluation of the accuracy of disorder prediction in CASP8

[77]. Figure 2e represents the number of long (at least 30

residues) disordered segments found in HIV proteins with

MFDp and MD. According to the data shown in Fig. 2, all

HIV proteins contain some regions of intrinsic disorder.

However, disorder is unevenly distributed between these

proteins, with protease (PR), envelope proteins gp120

(SU), and gp41 (TM), as well as reverse transcriptase (RT

or p51) and integrase (IN or p41) being mostly ordered, and

with Rev, Tat, p6, and p6* being mostly disordered.

Noticeable disorder was also predicted in many auxiliary

proteins, and in the structural proteins p17 (MA), p24

(CA), and p7 (NC). As will be seen from the subsequent

discussion, the predictions on the abundance of intrinsic

disorder in HIV proteins have been experimentally con-

firmed for a number of viral proteins [78, 79].

Figure 3 provides further support to the variable disor-

der levels in HIV proteins, representing the results of the

CH-CDF analysis of these proteins. In this plot, the coor-

dinates of each spot are calculated as a distance of the

corresponding protein in the CH-plot (charge-hydropathy
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Fig. 2 a Length distribution of various members of the HIV-1

proteome. The error bars denote the corresponding standard devia-

tions. b The average (across different isolates of the virus for the same

protein) disorder content computed with MFDp, MD, and DisCon

predictors. The error bars denote the corresponding standard

deviations. c The average (across different isolates of the virus for

the same protein) normalized, by the chain length, length of the

longest disordered segment generated with MFDp and MD. The error
bars denote the corresponding standard deviations. d The average

(across different isolates of the virus for the same protein) number of

the disordered segments computed with MFDp and MD predictors.

We count only the segments that include at least four residues. The

error bars denote the corresponding standard deviations. e The

average (across different isolates of the virus for the same protein)

number of long, with at least 30 residues, disordered segments

computed with MFDp and MD predictors. The error bars denote the

corresponding standard deviations
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plot) from the boundary (Y-coordinate) and an average

distance of the respective cumulative distribution function

(CDF) curve from the CDF boundary (X-coordinate) [52,

80]. The primary difference between these two binary

predictors (i.e., predictors which evaluate the predisposi-

tion of a given protein to be ordered or disordered as a

whole) is that the CH plot is a linear classifier that takes

into account only two parameters of the particular sequence

(charge and hydropathy), whereas CDF analysis is depen-

dent on the output of the PONDR� predictor, a nonlinear

classifier, which was trained to distinguish order and dis-

order based on a significantly larger feature space.

According to these methodological differences, CH-plot

analysis is predisposed to discriminate proteins with a

substantial amount of extended disorder (random coils and

pre-‘‘molten globules’’) from proteins with compact con-

formations (‘‘molten globule’’-like and rigid well-

structured proteins). On the other hand, PONDR-based

CDF analysis may discriminate all disordered conforma-

tions, including molten globules, from rigid well-folded

proteins. Therefore, this discrepancy in the disorder pre-

diction by CDF and CH plot provides a computational tool

to discriminate proteins with extended disorder from

‘‘molten globules.’’ Positive and negative Y values in Fig. 3

correspond to proteins predicted within CH-plot analysis to

be natively unfolded or compact, respectively. On the

contrary, positive and negative X values are attributed to

proteins predicted within the CDF analysis to be ordered or

intrinsically disordered, respectively. Thus, the resultant

quadrants of CDF-CH phase space correspond to the fol-

lowing expectations: Q1, proteins predicted to be

disordered by CH plots, but ordered by CDFs; Q2, ordered

proteins; Q3, proteins predicted to be disordered by CDFs,

but compact by CH plots (i.e., putative ‘‘molten globules’’);

Q4, proteins predicted to be disordered by both methods.

Figure 3 shows that, according to the overall level of

intrinsic disorder, HIV proteins can be grouped into four

classes related to their localization within the CH-CDF

phase space. Here, p7, p6, p6*, Rev, Tat, and p17 from all

HIV-1 isolates, together with Vpr and Nef from some HIV-

1 isolates are expected to behave as native coils or native

pre-molten globules. All Vpu proteins and some p15, Vpr,

and Nef proteins are predicted as potential native molten

globules. All PR, gp41, gp120, p24, p60, p51, p41, and the

vast majority of p15, Nef, and Vpr proteins are predicted to

be ordered. Finally, Vif proteins clearly occupy a unique

niche, being predicted to be ordered by CDF and disor-

dered by CH-plot analysis.

Often, disordered regions contain local regions with a

strong tendency to become ordered. These regions might

undergo coupled folding and binding resulting from their

interaction with corresponding binding partners (e.g., for

some NMR studies see refs. [35, 81–88]). Furthermore,

predictions of local order within long disordered regions

coincide with potential binding sites [89]. These observa-

tions are used in an algorithm that identifies molecular

Fig. 3 Evaluating intrinsic disorder in HIV proteins by combined

binary disorder classifiers, CH plots [90] and CDFs [52]. Here, the

coordinates of each point were calculated as a distance of the

corresponding protein in the CH plot from the boundary (Y-
coordinate) and an average distance of the respective CDF curve

from the CDF boundary (X-coordinate). The four quadrants

correspond to the following predictions: Q1, proteins predicted to

be disordered by CH plots, but ordered by CDFs; Q2, ordered proteins

(N); Q3, proteins predicted to be disordered by CDFs, but compact by

CH plots (i.e., putative ‘‘molten globules’’, MG); Q4, proteins

predicted to be disordered by both methods (U)
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recognition features (MoRFs) as short regions with

increased order propensity and high a-helix-forming pro-

pensity that are located within the long disordered regions

and undergo coupled binding and folding of short regions

[90, 91]. A systematic application of this predictor to dat-

abases of genomics and functionally annotated proteins

indicated that a-MoRFs are likely to play important roles in

protein–protein interactions involved in signaling events

[90]. Multiple a-MoRFs were identified in several HIV-1

proteins (gp120, p24, p7, RT, IN, Tat, Rev, Nef, Vif, and

Vpu), with several of them containing multiple a-MoRFs

(see below). The high abundance of MoRFs within viral

proteins suggests that these disorder-based features are

commonly utilized by HIV-1 proteins for their interactions

with binding partners.

Intrinsic disorder in HIV-1 envelope proteins

The surface of the HIV virion is a viral envelope made of

the cellular membrane, which is acquired when the virus

leaves the host cell. Protruding from the HIV-1 envelope

are spikes composed of a complex HIV glycoprotein,

gp160 or Env [92]. This protein is a trimer of heterodimers

that consists of a cap made of three molecules called gly-

coprotein gp120 and a stem consisting of three gp41

molecules that anchor the structure into the viral envelope

[93]. The native, prefusion form of the gp120-gp41 com-

plex is thought to be a trimer comprising three gp120

subunits and three membrane-anchored gp41 subunits, and

is in a metastable conformation with the heavily glycos-

ylated gp120 shielding gp41 [92, 94].

Gp160 is encoded by the env (envelope) gene. In the

Golgi body of the infected cell, gp160 is cleaved after

translation by the host protease, furin, or a furin-like pro-

tease, to form the Structural Unit (SU), gp120, and the

TransMembrane (TM) protein, gp41 [95]. Cleavage of

gp160 occurs at a Lys/Arg-X-Lys/Arg–Arg motif (where

X is any amino acid) that is highly conserved among viral

Env glycoprotein precursors [96, 97]. Gp41 is embedded in

the membrane while gp120 is not, though the two are non-

covalently bound. These two surface proteins play impor-

tant roles in HIV’s attachment to and penetration of target

cells. Gp120, which is highly glycosylated, directly par-

ticipates in virus entry and determines viral tropism by

interacting with the target-cell receptors, whereas gp41,

which mediates fusion between viral and cellular mem-

branes, is exposed after gp120 has bound to the cell.

Gp120

Gp120 protrudes from the virus lipid bilayer and plays a

number of important roles in HIV-1 attachment to and

penetration of target cells. It presents itself as viral mem-

brane spikes consisting of three molecules of gp120 linked

together and anchored to the membrane by gp41 protein to

form a specialized type I viral membrane fusion complex

that mediates viral entry [98]. It is believed that the

attachment of HIV-1 to the host cell is mediated by the

interaction between the viral envelope gp120 and the host

integral membrane protein CD4, leading to a conforma-

tional change of gp120, which allows its interaction with a

chemokine receptor, CCR5 or CXCR4. Therefore, the

gp120 constitutes the receptor binding domain of this

fusion complex that interacts with the viral receptors CD4

and CCR5/CXCR4 [99–101]. The formation of this com-

plex is crucial for viral entry through membrane fusion,

which is initiated by the insertion of the viral transmem-

brane glycoprotein gp41 into the target cell membrane

[102, 103]. This two-stage receptor-interaction strategy is

believed to allow gp120 to maintain the highly conserved

coreceptor-binding site in a cryptic conformation, protected

from neutralizing antibodies. The avidity of oligomeric

gp120 for CD4 is rather low, and the equilibrium binding at

37�C is only achieved after 1–2 h, suggesting that the

gp120–CD4 interaction alone could not be sufficient to

initiate fusion, especially in cells expressing low surface

levels of CD4 [104]. Furthermore, there are less than 30

envelope spikes on the HIV-1 surface, which is more than

an order of magnitude less than the number of viral spikes

on the surface of the highly infectious influenza virus [102,

103], which contains about 350 viral spikes [105].

Sequence comparison of a number of HIV-1 isolates

indicated that gp120 is highly variable between virus

isolates, and this variability is non-uniform, leading to

the designation of conserved (C) and hypervariable

(V) domains within gp120 [95]. Figure 4 shows that the

propensity of a given gp120 fragment for predicted

intrinsic disorder is correlated with its variability. This

conclusion follows from the fact that regions with higher

disorder scores (the increased flexibility) typically show

broader distributions of disorder scores calculated for dif-

ferent isolates of viral protein which suggest higher

sequence variabilityin these regions. The HIV-1 Env gly-

coprotein is highly glycosylated, and approximately half

the molecular mass of gp120 is composed of oligosac-

charides [106]. Figure 4 shows that the majority of

N-linked glycosylation sites are predominantly located in

regions predicted to be disordered. The gp120 determinants

of CD4 binding are mapped to C3 and C4 regions

[107–109]. The binding of gp120 to CD4 induces the

dramatic conformational changes in gp120, which lead to

the exposure of the V3 loop of gp120, which is likely to be

involved in interaction with the co-receptors [100, 110,

111]. However, the functional roles of variable regions go

far beyond interaction with co-receptors. In fact, regions
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V1/V2 and V3 of Gp120 are involved in membrane fusion

[112, 113]. For example, although the majority of the V3

loop is highly variable between different strains of HIV-1,

a Gly-Pro-Gly-Arg motif at the tip of the loop is highly

conserved [112]. Single-amino-acid substitutions in this V3

loop completely abolished, or at least greatly reduced, the

ability of the HIV-1 envelope glycoproteins to induce cell

fusion, suggesting that the V3 loop can serve as a fusion

domain of HIV-1 [112]. The cell-type specificity, or tissue

tropism, of virus infection is also determined by the HIV-1

Env glycoprotein, and, more specifically, by its V3 loop

[114, 115], and by the V1/V2 region [116].

In the crystal structure of the complex of gp120 core with

two amino-terminal domains (D1D2) of CD4 and the antigen

binding fragment (Fab) of the human neutralizing antibody,

the gp120 core (residues 83–492) is composed of 25

b-strands, 5 a-helices, and 10 defined loops that are orga-

nized in the inner and outer domains and the bridging sheet

(see Fig. 4d) [117, 118]. Unfortunately, the available crystal

structure of the CD4-bound gp120 core is incomplete and

includes only*58% of the gp120 polypeptide sequence, and

lacks most of the residues in the V1/V2 loops (residues

121–203), V3 loop (residues 300–328), portions of the N-

and C-termini (residues 1–82 and 493–511, respectively),

and contains Gly-Ala-Gly tripeptide substitutions for 67 V1/

V2 loop residues and for 32 residues of the V3 loop. Fur-

thermore, the electron density map for the V4 loop was

missing [117, 118]. Figure 4 shows that there is generally a

good agreement between the results of disorder prediction

and increased mobility observed in crystal structure either as

regions with high B-factor or regions of missing electron

density. It is also seen that gp120 contains two potential

molecular recognition features, a-MoRFs, both located in the

disordered/flexible C-terminal domain of the protein.

Finally, Fig. 4 shows that the functionally important CD4-

binding loop is predicted to be highly dynamic.

The structure of the gp120 trimer was recently analyzed

using cryo-electron tomography combined with three-

Fig. 4 Disorder propensity and structural features of the HIV-1

gp120 protein. a Comparison of gp120 Ca B-factors calculated from

RMS fluctuations of CONCOORD ensembles between the CD4-

complex (solid line), CD4-free (dashed line), and unliganded (gray
line) states. The experimentally determined B-factors of the CD4-

bound gp120 (PDB entry 1G9M) are shown in gray area. Note that

the experimental B-factors of the loops V1/V2, V3, and V4 are

missing. The CD4-complexed gp120 is abbreviated to CD4-cplx

gp120 and the secondary structure elements and loops V3 and V4

were marked according to the crystal structure of the CD4-bound

gp120 [119]. b Disorder prediction evaluated by PONDR� VLXT for

the HIV-1 gp120 protein. Red line represents an averaged disorder

score for gp120 from *50 different HIV-1 isolates. Pink shadow
covers the distribution of disorder scores calculated for gp120 from

these isolates. Gray shaded areas correspond to the mobile loops V1/

V2, V3, and VL4. Cyan shaded area shows a CD4 binding loop

(residues 332–342). Dark blue lines represent predicted a-MoRFs.

c Crystal structure of the HIV-1 gp120 core (light blue ribbon) in

complex with a two-domain fragment of CD4 (blue surface) and a

neutralizing human antibody dimer (red and gray surfaces) (1GC1).

d Crystal structure of the bound form of the HIV-1 gp120 core

computationally extracted from its complex with a two-domain

fragment of CD4 and a neutralizing human antibody dimer
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dimensional image classification and averaging [94]. This

analysis revealed that the HIV-1 spike has a height of

*120 Å, and a maximal width of * 150 Å, which tapers

from *80 Å at the base of the gp120 regions to *35 Å at

the junction with the membrane. The analysis also estab-

lished the likely locations of the extra densities seen in the

cryo-electron tomography density map and not seen in the

X-ray structure. For example, the unassigned densities

adjacent to the V1/V2 stem had a size consistent with the

dimensions expected for the *70 residues missing in the

V1/V2 loop, implying that the three V1/V2 loop regions

from the three gp120 proteins come together to form the

apex of the mushroom-shaped Env trimer [94].

The dynamic behavior of the HIV-1 gp120 was inves-

tigated via comparative modeling that generated the 3D

models of gp120 in its CD4-complexed, CD4-free, and

unliganded forms (which correspond to three functional

states, namely the excited or pre-fusogenic state, the

excited state in the absence of CD4, and the relaxed ground

state, respectively) with modeled V3 and V4 loops fol-

lowed by the generation of the respective ensembles by

CONCOORD computer simulations and subsequent

essential dynamics analyses [119]. This analysis revealed

that the function of gp120 is likely to be accompanied by

the large-scale concerted motions that are dominated by

intricately combinatorial rotations of the vortices formed

between or within the inner domain, outer domain, bridg-

ing-sheet, and V3 loop [119].

Structural plasticity, conformational diversity, and

structural rearrangements were suggested to play the cen-

tral role in HIV-1’s entry and immune evasion [120]. In

fact, although gp120 is expected to have substantial

ordered structure (both by prediction and from experi-

ments), accumulated data clearly show that this protein

possesses an outstanding structural plasticity. This is

illustrated by Fig. 5a, which represents a set of structures

of bound gp120 in its complexes with different binding

partners. These set of structures indicates that the gp120

outer domain (residues 252–483) is relatively structurally

conserved, whereas the gp120 inner domain and bridging

sheet displays extensive structural diversity [121]. This

structural diversity of bound gp120 forms was supported by

recent hydrogen–deuterium exchange (HDX) analysis of

this protein in its free and CD4-bound forms [120]. The

inner domain of the unliganded gp120 showed a 21-fold

more rapid exchange than the outer domain, and different

levels of conformational stability were observed for dif-

ferent regions of unliganded gp120 (e.g., the N terminus of

the inner domain, as well as the V4 loop on the outer

domain, appeared particularly flexible, whereas a part of

the b-sandwich of the inner domain (Y486-E492) and a

portion of a2-helix of the outer domain (T336-Q344) were

particularly stable fragments). Both of these HDX findings

are in great agreement with known crystallographic data.

Binding to CD4 induced a dramatic overall reduction in

deuterium incorporation into gp120, with particularly large

effects detected for the fragments located primarily on the

face of gp120 containing the CD4-binding site [120]. All

these data supported a hypothesis that gp120 possesses

high conformational diversity, and this structural plasticity

represents a central feature of its biological function in

HIV-1’s entry and immune evasion [120].

Gp41

Conventionally, gp41 of HIV-1 is believed to have three

domains: an ectodomain that contains the N-terminal

fusion sequence and whose structure has been partially

solved (see below), a transmembrane domain of 22 amino

acids, and a long C-terminal tail of approximately

144 amino acids [122]. Although the C-terminal tail of the

HIV-1 gp41 transmembrane glycoprotein was generally

thought to be located inside the virion, recent studies

showed that at least part of this domain (so-called Kennedy

sequence, 731PRGPDRPEGIEEEGGERDRDRS752) is

located on the outside of the virion [123]. On the other

hand, the gp41 C-terminal tail is known to interact with the

p17 MA protein, suggesting that a portion of the tail is

inside the virion. Therefore, gp41 crosses the viral mem-

brane at least three times, and likely has three

transmembrane domains, residues 691–700, 702–712, and

755–763 [123]. It was also shown that the surface-exposed

part of the gp41 C-terminal domain is likely to be involved

(directly or indirectly) in the viral fusion process [124].

There are several important features within the ectodo-

main of this transmembrane protein. In fact, the N-terminus

of gp41 contains a hydrophobic, glycine-rich ‘‘fusion’’

peptide that is essential for membrane fusion, and there are

two regions (termed N51- and C43-peptides) with a 4,3

hydrophobic heptad repeat, a sequence motif characteristic

of coiled coils. Between these two heptad repeat regions is

a loop region containing two cysteines [102]. After the

successful recognition of, and binding to, the target host

cell via the gp120 interaction with the specific receptors,

the membrane-spanning gp41 subunit promotes fusion of

the viral and cellular membranes, a process that results in

the release of viral contents into the host cell. Overall, the

interaction of gp120 with several components of the host

cell induces a chain of conformational changes in Env that

drive the membrane fusion process. In addition to crucial

conformational changes in gp120 associated with HIV-1

binding to its receptors on the surface of the host cell, CD4

binding also induces conformational changes in gp41 [125–

127]. Furthermore, the addition of low levels of soluble

CD4 enhances the infectivity of some viral isolates, sug-

gesting that the gp120/gp41 conformational changes
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Fig. 5 Dynamic nature of the HIV-1 gp120 evidenced by the X-ray

and hydrogen–deuterium exchange (HDX) experiments. a Multitude

of bound conformations of gp120 in complexes with various binding

partners. The unliganded gp120 is shown at the center, whereas

surrounding structures represent various liganded forms. All struc-

tures (except to 3IDX-b) are shown in (relatively) similar orientations

to emphasize the structural diversity of the gp120 bound conforma-

tions. 3IDX-a and 3IDX-b represent two different orientations of the

bound HIV-gp120 core in complex with the Cd4-binding site

antibody b13. In 3IDX-b, gp120 is rotated to visualize a long arm

used to bind to b13. b Representation of the local gp120 conforma-

tional stability derived from the HDX experiments as mapped onto

gp120 crystal structure. Combining HDX-determined stability data

with atomic-level structural information allows the local conforma-

tional stability of gp120 to be visualized. Energies of HIV-1 gp120

conformational stability for 16 peptic fragments are mapped onto a

homology model of unliganded gp120 (top row) and onto the CD4-

bound crystal structure of YU2 core gp120 (second row). Structures

are displayed in Ca-worm representation. Peptic fragments are

colored and numbered according to their positions in sequence, with

Ca-worm thicknesses corresponding to energies of conformational

stability (as shown in the key on the right). Dotted lines indicate

regions that were not measured [120]
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induced by binding to CD4 play a role in membrane fusion

[128, 129]. These conformational changes are thought to

expose the hydrophobic, glycine-rich fusion-peptide region

of gp41 that is essential for membrane fusion activity [93].

The final result of this chain of conformational changes in

Env is the formation of a six-helix bundled gp41 ectodo-

main core structure (see Fig. 6), consisting of three N

helices paired with three anti-parallel C helices [93, 130–

133]. This six-helix bundle structure in HIV-1 is similar to

the proposed fusogenic structures of envelope fusion pro-

teins from influenza, Moloney murine leukemia virus,

simian parainfluenza virus 5, Ebola virus, and simian

immunodeficiency virus, as well as to the snarepin fusion

machinery involved in intracellular fusion events [134].

Figure 6 summarizes the structural information of gp41:

Panel 6A represents the crystal structure of the coiled coil

formed by the peptides derived from the N51- and C43-

fragments, Panels 6C and 6D show two projections of a

six-helix bundled gp41 ectodomain core, while Panel 6B

illustrates the predicted intrinsic disorder propensity of this

protein and shows that gp41 is predominantly an ordered

protein.

Disorder predictions for gp41 and other HIV-1 proteins

were made using PONDR� VLXT [135, 136] and VSL2B

[137]. These two predictors were chosen since PONDR�

VLXT is known to be sensitive to features characterizing

functional disordered regions, whereas PONDR� VSL2 is

one of the more accurate disorder predictors. Figure 6b

shows there are at least four functional regions with

increased levels of predicted disorder. These are: (a) a loop

linking N-terminal fusion peptide with N51-fragment; (b) a

loop connecting N51- and C43-fragments; (c) a loop

linking second and third transmembrane domains; and

(d) central part of the C43-fragment. Obviously, a high

flexibility of loops connecting functional regions of gp41 is

crucial for the function of this protein, whereas a high level

of intrinsic disorder in the C43-fragment is related to the

capability of this peptide to form a coiled coil.

Fig. 6 Disorder propensity and structural features of the HIV-1 gp41

protein. a The X-ray structure of the dimer between the N36 and C34

peptides forming the HIV-1 g41 core (1AIK). b Disorder prediction

evaluated by PONDR� VSL2 (top panel) and PONDR� VLXT

(bottom panel) for the HIV-1 gp41 protein. Red line represents an

averaged disorder score for gp41 from *50 different HIV-1 isolates.

Pink shadow covers the distribution of disorder scores calculated for

gp41 from these isolates. Locations of a-helices are indicated by

black bars between the panels with the disorder scores. Gray shaded
areas correspond to the functional domains of gp41, which, from left

to right, are: the N-terminal hydrophobic glycine-rich ‘‘fusion’’

peptide; N51- and C43-peptides, and Kennedy sequence. c and d Side
and top views of the crystal structure of a gp41 ectodomain core in its

fusion-active state (1DF5). The structure is a six-helix bundle in

which an N-terminal trimeric coiled coil is surrounded by three

C-terminal outer helices in an antiparallel orientation
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The similarity between structural motifs of gp120–gp41

and influenza hemagglutinin (HA) leads to the hypothesis

that the native conformation of gp41 is metastable and it is

stabilized by gp120 [122, 138]. Numerous studies have led

to the hypothesis that there are native (non-fusogenic) and

fusion-active (fusogenic) states of viral membrane fusion

proteins, and that the fusion mechanism, due to being based

on crucial conformational changes in the viral envelope

proteins, could be conserved in different enveloped viruses.

Of particular interest to this study is an intriguing notion

that there is a loop to the coiled-coil transition in a part of

the heptad repeat region of the membrane-spanning subunit

of the influenza hemagglutinin, which represent the basis of

the ‘‘spring-loaded’’ mechanism proposed for activation of

membrane fusion [139]. By analogy with this spring-

loaded model of influenza virus, the fusion-peptide region

of gp41 from HIV-1 is thought to insert into the target

membrane at an early step of the fusion process [102].

Intrinsic disorder and HIV-1 structural proteins

The major structural component of all retroviruses is a Gag

polyprotein, from which all the structural proteins are

derived. Gag is a multidomain polypeptide that is able to

assemble into virus-like particles when expressed in vari-

ous cell types in the absence of other viral constituents

[140, 141] and Gag molecules can spontaneously assemble

into spherical, immature virus-like particles in vitro [142–

144]. Although HIV-1 Gag contains the information nec-

essary for tertiary and quaternary interactions, the viral

particle assembly requires nonspecific RNA interactions

both in vivo and in vitro, and is assisted by host factors in

vivo, including trafficking factors, assembly chaperones,

and the ESCRT budding pathway [145–149].

Concomitant with, or soon after the virion budding, HIV-1

Gag, which is synthesized as a precursor polyprotein

(Pr55Gag) consisting of four major domains, is cleaved by the

virally encoded protease into the mature products: p17 matrix

(MA), p24 capsid (CA), p7 nucleocapsid (NC), the C-terminal

p6, and several small polypeptides including p1 and p2 [150].

These newly processed proteins then reassemble to form the

distinct layers of the mature virion: MA remains associated

with the inner viral membrane (the ‘matrix’ layer), NC coats

the viral RNA genome (the ‘nucleocapsid’ layer), and CA

assembles into the conical capsid that surrounds the nucleo-

capsid and its associated enzymes, reverse transcriptase (RT),

and integrase (IN) [149].

Matrix protein p17

The HIV-1 matrix protein p17, constituting the N-terminal

domain of the Gag gene product [151], is a 132 amino acid

long polypeptide that lines the inner surface of the virion

membrane and that is myristoylated at its N-terminus [152,

153]. p17 participates in the virion assembly and is directly

associated with the inner leaflet of the viral membrane and

forms a protective shell [150]. The cotranslational myris-

tylation of the N-terminus of the MA protein provides a

targeting signal for Gag polyprotein transport to the plasma

membrane (PM) [152, 153]. An additional feature of MA

that is involved in membrane targeting is a set of basic

residues located within the first 50 amino acids [73]. MA is

important for targeting Gag and Gag-Pol precursor poly-

proteins to the plasma membrane prior to viral assembly

[73].

p17 is known to form trimers in solution [154, 155] and

in the crystals, with trimerization being driven by interac-

tion of residues 42–77 [156]. It is suggested that HIV-1 p17

assembles into hexamers of trimers on membranes [157].

Figure 7a represents the crystal structure of the p17 hexa-

mer. Structurally, an individual p17 molecule consists of a

largely a-helical globular N-terminal ‘‘head’’ with a flexi-

ble C-terminal ‘‘tail.’’ The head is composed of five

a-helices and a short helical stretch that forms a globular

core, and a highly basic platform consisting of three

b-strands that is used for interaction with the inner layer of

the viral membrane (see Fig. 7b) [156, 158]. NMR analysis

of the p17 solution structure produced a similar picture of

the structural organization of the N-terminal head domain,

which was shown to have compact fold containing four

helices (A–D) connected by short loops and a triple-

stranded, irregular, mixed b-sheet [159]. Figure 7c shows

that in the NMR structure, the center of the molecule, is an

antiparallel coiled-coil formed by the helices B and C,

whereas helices A and D lie parallel to each on either side

of a coiled coil. All the helices are accessible to solvent and

are highly amphipathic, except for helix C, which is located

at the center of the hydrophobic core. Two regions (frag-

ments 19–23 and 26–29) together with the region between

helices C and D form three strands of the b-sheet. Finally,

C-terminal 20 residues do not adopt any rigid conformation

in solution, and there is an ill-defined potential turn in the

middle of the N-terminal 14 residues (see Fig. 7c) [159].

The matrix protein p17 possesses several important

functions in the viral replication cycle and is potentially

involved in nuclear import, likely via specific nuclear

localization sequences, NLS [160, 161], and in targeting

Gag polyproteins to the plasma membrane via its multi-

partite membrane-binding signal. In the late stage of

infection, a key function of p17 is the recruitment of the

viral surface/transmembrane gp120/gp41 envelope protein

complex into virions. A second crucial function of p17 is to

target Pr55Gag proteins to their assembly sites at the PM of

infected cells [151]. The interaction of p17 with PMs is

mediated by the myristoylic moiety and by a cluster of
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positively charged residues located in the N-terminal region

of the protein [162]. Pr55Gag direction to PMs is mediated

by the p17 interaction with phosphatidylinositol-(4,5)-bis-

phosphate (PI(4,5)P2) [163] that promotes exposure of the

p17 myristate group, protein oligomerization, and virus

assembly [162]. The myristoylation signal and the NLS

exert conflicting influences on the subcellular localization of

the p17 matrix protein. The key regulation of these motifs

might be phosphorylation of a portion of MA molecules on

the C-terminal tyrosine at the time of virus maturation, by

virion-associated cellular tyrosine kinase.

There is also a stretch of the highly basic amino acids of

MA (residues 25–33) that can potentially serve as a nuclear

localization signal (NLS). However, the supposed ability of

this region to act as a putative NLS is rather controversial.

On the other hand, the N-terminal basic region was shown

to be important for interaction with DNA [164]. A recent

NMR study supported this conclusion and showed that the

major 1HN/15N chemical shift differences between MA in

the DNA complex and free MA mainly involve a loop

region between residues 22 and 32 [165].

Figure 7d represents the disorder profiles calculated for

p17 protein from different HIV-1 isolates by PONDR�

VSL2 and PONDR� VLXT disorder predictors. The dis-

order variability within the HIV-1 Gag and Gag/Pol

polyproteins was evaluated based on the analysis of the

distribution of disorder scores calculated for these proteins

from different isolates. Figure 7e clearly shows that the

p17 matrix protein is characterized by high levels of dis-

order in the N- and C-terminal regions and the presence of

a middle region with relatively high disorder scores.

Another important observation is that the increased

sequence variability is generally associated with the dis-

order variability, suggesting that the disordered regions of

this protein are the evolutionary hot spots.

Capsid protein p24

The second component of the Gag polyprotein is a capsid

protein p24 (or CA), which forms the core of the virus

particle, with *2,000 molecules per virion. The HIV

capsid is a fullerene cone, which is a variably curved,

Fig. 7 Disorder propensity and structural features of the HIV-1 p17

matrix protein. a Crystal structure of the p17 hexamer (1HIW).

b Crystal structure of the bound form of the HIV-1 p17 computa-

tionally extracted from hexamer (1HIW). c NMR solution structure of

HIV-1 p17 (2HMX). Five representative members of the conforma-

tional ensemble are shown by structures of different color. d Disorder

prediction evaluated by PONDR� VSL2 (top panel) and PONDR�

VLXT (bottom panel) for the HIV-1 p17 protein. Red line represents

an averaged disorder score for p17 from *50 different HIV-1

isolates. Pink shadow covers the distribution of disorder scores

calculated for p17 from these isolates. Locations of a-helices seen in

the crystal structure are indicated by black bars between the panels

with the disorder scores. Gray shaded areas correspond to the

functional domains of p17, which, from left to right, are: trimerization

region (residues 42–77) and a disordered C-terminal fragment
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closed shell composed of approximately 250 hexamers and

exactly 12 pentamers of the viral CA protein [166].

Functionally and structurally, CA can be split into two

domains, the N-terminal domain (NTD, residues 1–151;

Gag residues 133-278) that mediates hexamer formation

in the viral capsid and is crucial for viral uncoating, and the

C-terminal domain (CTD, residues 152–231; Gag residues

279-363), which mediates CA dimerization in solution

and association of adjacent CA hexamers in the core. In the

mature capsid, NTD–NTD and NTD–CTD interfaces are

involved in the formation of CA hexamers, and CTD–CTD

interfaces connect neighboring hexamers through homo-

dimerization [73].

CA is found in different structural environments at dif-

ferent stages of the viral cycle, changing from being a part

of Gag, to an unassembled protein, to a protein forming the

mature capsid, and to a protein interacting with ligands.

Therefore, during the HIV-1 morphogenesis, the CA

polypeptide is involved in the creation of diverse CA–CA

interfaces and other CA–ligand interfaces, thus possessing

an extraordinary conformational plasticity [167]. For

example, the hexagonal capsid lattice is composed of three

different types of interfaces: a six-fold symmetric NTD–

NTD interface that creates hexameric rings, an intermo-

lecular interface between the two domains (NTD–CTD)

that reinforces the hexamer, and a homodimeric CTD–CTD

interface that links the hexameric building blocks into an

infinite hexagonal lattice [166].

The structures of the C-terminal domain, N-terminal

domain, N-terminal domain complexed with a cellular

chaperone, cyclophilin A (CypA) or with the antibody

fragment, and the full-length protein have been solved by

crystallography and/or NMR (see Fig. 8 for some illustrative

structures) [166, 168–173]. Both the NTD and the CTD of

CA are small, globular, and mainly helical domains (see

Fig. 8a, b, respectively, for corresponding NMR structures).

NTD contains a-helices 1–7 of CA, and is connected by a

flexible linker to CTD containing a small 310-helix, an

extended strand and a-helices 8–11 of CA (see Fig. 8c) [166,

168–171]. Located within the CTD is the major homology

region (MHR), a 20-amino acid sequence that is one of the

most highly conserved within all retroviral Gag proteins,

which is essential for particle assembly and plays an

important role in the incorporation of Gag-Pol precursors

through interactions with Gag [174] and, likely, in mem-

brane affinity [175]. MHR possesses a compact fold in which

the four most conserved residues (Gln155, Gly156, Glu159,

and Arg167) form a stabilizing hydrogen-bonding network

and hydrophobic residues contribute to the CA hydrophobic

core [73]. In a recently resolved crystal structure of the CA

hexamer, a ring of six CA N-terminal domains forms an

apparently rigid core, surrounded by an outer ring of C-ter-

minal domains (see Fig. 8d). The outer ring is rather mobile,

and its mobility determines the variably curved lattice in

authentic capsids [166]. The high level of hydration of the

hexamer-stabilizing interfaces was proposed to be a key to

the formation of quasi-equivalent interactions within hexa-

mers and pentamers [166].

The tertiary fold of the CA CTD possesses remarkable

conformational plasticity, adopting rather different struc-

tures in different crystal forms [166]. Besides CTD,

structural variability was reported for the MHR hairpin and

for the 310-helix region. Furthermore, the native C198-

C218 disulfide bond was found in both the reduced and

oxidized forms [166]. Figure 8e illustrates the abundance

of predicted disorder in p24 that represents disorder profiles

calculated for the p24 protein from different HIV-1 isolates

by PONDR� VSL2 and PONDR� VLXT. Figure 8e shows

that the p24 capsid protein is characterized by a high level

of predicted disorder, especially in its N-terminal half,

which also contains a potential protein–protein interaction

site, a-MoRF. Generally, there is a good agreement

between the results of disorder prediction and structural

data, since the majority of regions with locally increased

levels of predicted intrinsic disorder correspond to loops

(which are typically less rigid than regions with regular

secondary structure). Furthermore, the functionally

important CypA-binding site of p24 is located within an

inherently flexible and exposed cyclophilin-binding loop

(residues 82–95) [171, 176]. There is a remarkable corre-

lation between the position of this loop and the position of

the predicted a-MoRF (see Fig. 8e). This observation

suggests that one of the important functional features of

IDPs, namely their predisposition to possess foldable

interaction-prone regions, defines the important interaction

of p24 with CypA. The interaction between these two

proteins is crucial for HIV-1 infectivity, since CA-CypA

interactions within the target host cell modulate the binding

of host restriction factors [177–182].

Nucleocapsid protein p7

HIV-1 nucleocapsid protein (NC or p7), being the third

component of the Gag polyprotein, coats the genomic RNA

inside the virion core. This 55-residue-long protein con-

tains two zinc finger domains (of the CCHC type) flanked

by basic amino acids required for interaction with nucleic

acids [183, 184]. In the NMR solution structure of NC,

regions corresponding to the two zinc fingers (residues

15–28 and 36–49) possess well-resolved structures,

whereas residues 1–13, 32–34, and 52–55 were highly

dynamic and did not converge to the unique conformations

(see Fig. 9a) [185, 186].

The major function of NC is to bind specifically to the

packaging signal of the full-length viral RNAs and to

deliver them into the assembling virion [73]. As it is a
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highly charged basic protein, NC binds single-stranded

nucleic acids nonspecifically. Consequently, it coats the

genomic RNA, thus protecting it from nucleases and

compacting viral RNA within the core. It is suggested that

NC also serves as an RNA chaperone that enhances several

nucleic acid-dependent steps of viral life, such as taking

part in the annealing of the tRNA primer, melting RNA

secondary structures, promoting DNA strand exchange

reactions during reverse transcription [187–189], and

stimulating integration [190].

Intrinsic disorder propensity analysis revealed that p7 is

a highly disordered protein, with regions corresponding to

the zinc fingers predicted to be more ordered than the

remainder of the protein and identified as potential

a-MoRFs (see Fig. 9b).

Protein p6

The last protein encoded by the HIV-1 gag gene, p6, is by

far the smallest viral protein among known lentiviruses,

and represents a docking site for several cellular and viral

binding factors, while also fulfilling major roles in the

formation of infectious viruses [191]. The exact localiza-

tion of p6 within the HIV-1 virion is unknown, although it

could be associated with the virus core [192, 193]. Among

various functions ascribed to p6 are potential roles in:

(a) facilitation of virus budding [194–196]; (b) incorpora-

tion of the viral accessory protein Vpr [197] and Pol and

Env proteins into the virus particle [198]; and (c) control of

particle size [199]. Furthermore, p6 is considered to be the

major phosphoprotein of HIV-1 particles [200] and plays a

role in the regulation of viral assembly and release via the

host cell mitogen-activated protein kinase ERK-2-mediated

phosphorylation of Thr-23 [201].

As it follows from circular dichroism (CD) analysis, p6

is a highly disordered coil-like protein, whose far-UV CD

spectrum is characterized by a minimum at 200 nm and a

very small negative ellipticity value near 220 nm [191].

This finding is supported by the temperature-dependent

one-dimensional 1H NMR spectroscopic analysis, which

Fig. 8 Disorder propensity and structural features of the HIV-1

capsid protein p24. a NMR solution structure of the p24 NTD

(1UPH). Ten representative members of the conformational ensemble

are shown by ribbons of different color. b NMR solution structure of

the p24 CTD (2JYG). Ten representative members of the conforma-

tional ensemble are shown by ribbons of different color. c Crystal

structure of p24 monomer (1E6J). d Crystal structure of p24 hexamer

(3H47). e Disorder prediction evaluated by PONDR� VSL2 (top
panel) and PONDR� VLXT (bottom panel) for the HIV-1 p24

protein. Red line represents an averaged disorder score for p24 from

*50 different HIV-1 isolates. Pink shadow covers the distribution of

disorder scores calculated for p24 from these isolates. Locations of

a-helices seen in the crystal structure are indicated by black bars
between the panels with the disorder scores. Gray shaded areas

correspond to the regions of missing electron density. Cyan shaded
area shows the location of the CypA binding loop. Dark blue lines
represent predicted a-MoRFs
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showed that the molecule, although well-soluble in water,

only adopts a random conformation, without any prefer-

ence for secondary structure [202]. However, according to

NMR spectroscopy, p6 gains partially folded structure in

the membrane-mimicking environment (50% TFE) and

shows the existence of two helical regions from residues

14–17 and 30–43 (Fig. 10a) [191]. Intriguingly, these TFE-

stabilized helical regions either coincide or are located in

close proximity to two functional motifs found in p6, the

N-terminal PTAP motif (residues 7–10) that mediates the

binding of Pr55Gag to the tumor susceptibility gene

product (Tsg101), which is an E2-type ubiquitin ligase-like

protein [195, 196], and the 32–46 region that contains the

LXXLF motif (residues 41–45) necessary for the Vpr

binding, which overlaps with a cryptic YPXL-type

L-domain (residues 34–46) that mediates the p6 binding to

a class E vacuolar protein sorting factor AIP-1/ALIX [203].

In the HIV-1 particle, p6 is highly phosphorylated [200].

Evaluation of the potential phosphorylation sites by the

DEPP predictor [204] revealed that p6 can be phosphory-

lated at 13 sites, including S3, S14, S17, S40, S43, S50,

S51, T8, T21, T22, T23, T39, and Y36. Furthermore, p6 is

monoubiquitinylated at conserved Lys residues in positions

27 and 33, as well as sumoylated at position 27 [191].

Based on all these observations, it has been concluded

that p6 is a highly flexible protein that can exist in various

conformational states, the structure of which depends on

the solutions’ conditions and, most likely, on the presence

of specific binding partners, as well as on post-translational

modifications [191].

Protein p6*

The transframe protein p6* (also referred to as TFP-p6pol)

is one of the least-characterized gene products in

Fig. 9 Disorder propensity and structural features of the HIV-1

nucleocapsid protein p7. a Solution NMR structure of HIV-1 p7

(1MFS). b Disorder prediction evaluated by PONDR� VSL2 (top
panel) and PONDR� VLXT (bottom panel) for the HIV-1 p7 protein.

Red line represents an averaged disorder score for p7 from *50

different HIV-1 isolates. Pink shadow covers the distribution of

disorder scores calculated for p7 from these isolates. Locations of

a-helices and b-strand seen in the crystal structure are indicated by the

black and gray bars, respectively, shown between the panels with the

disorder scores. Gray shaded areas correspond to the dynamic 1–13,

32–34, and 52–55 regions of p17. Dark blue lines represent predicted

a-MoRFs

Fig. 10 Disorder propensity and structural features of the HIV-1

proteins p6 and p6*. a Solution NMR structure of HIV-1 p6 (2C55).

b Disorder prediction for p6 (red lines) and p6* (red lines) evaluated

by PONDR� VSL2 (top panel) and PONDR� VLXT (bottom panel).
Locations of the a-helices induced in p6 by TFE are indicated by the

black bars shown between the panels with the disorder scores. Gray
shaded areas correspond to the N-terminal PTAP motif (residues

7–10) and the functional 32–46 region that contains the LXXLF motif

(residues 41–45), the cryptic YPXL-type L-domain (residues 34–46)
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HIV-1 [205]. p6* is located at the amino terminus of the

Pol moiety within the Gag-Pol precursor and is synthesized

following a programmed ribosomal -1 frame-shift during

translation. p6* is cleaved by PR during viral maturation

and is believed to be necessary for the stabilization of the

PR dimer via modulation of the folding propensities of PR

precursors [206–208]. The amino acid sequence of p6* is

characterized by a high level of natural polymorphisms,

which shows a wide range of length variation, numerous

amino acid insertions or duplications, as well as deletions

of up to 13 residues [209]. The central p6* region is widely

dispensable for viral in vitro replication, since non-con-

servative substitutions of up to 70% of the p6* residues did

not abolish viral growth or infectivity [210, 211].

Analysis of the p6* solution structure by far-UV CD and
1H–NMR spectroscopy revealed that this protein is almost

completely unfolded in the aqueous environment and

possesses some helix-forming tendency in the N-terminus

(mostly in the vicinity of residues 5–12) [212]. Figure 10b

clearly shows that, in agreement with these observations,

both p6 and p6* proteins are predicted to be almost com-

pletely disordered.

Intrinsic disorder in non-structural proteins

The pol-encoded enzymes are initially synthesized as part

of a large polyprotein precursor, Pr160GagPol, whose syn-

thesis results from a rare frameshifting event during

Pr55Gag translation. The use of this frameshifting strategy

ensures that the Pol proteins are expressed at 5–10% the

level of the Gag proteins. The individual pol-encoded

proteins, p6* (discussed above), protease (PR), reverse

transcriptase (RT), and integrase (IN), are cleaved from

Pr160GagPol by the viral PR. The three Pol proteins, PR,

RT, and IN, provide essential enzymatic functions and are

encapsulated within the viral particle.

HIV-1 protease

PR is the first non-structural protein encoded by the pol

gene. This aspartyl protease is necessary for the maturation

of the virus. In fact, following the synthesis of the Pr55Gag

and Pr160GagPol polyproteins and a set of viral proteins, the

particle assembly process begins. The major player in this

assembly is the Pr55Gag polyprotein, since it contains

determinants that target it to the plasma membrane, bind

the membrane itself, promote Gag–Gag interactions, en-

capsidate the viral RNA genome, associate with the viral

Env glycoproteins, and stimulate budding from the cell

[151, 213]. Pr160GagPol is packaged into virions via its Gag

domain, largely using the same Gag–Gag interactions that

drive Gag assembly. The newly assembled core virion

includes the Gag and Gag-Pol polyproteins, the Vif, Vpr,

and Nef proteins, and the genomic RNA. Then, the virus

buds from the membrane surface and is released as soon as

the membrane coat containing SU and TM surrounds the

particle. However, these immature particles are noninfec-

tious since the Gag and Gag-Pol polyproteins have to be

cut by PR, and conformational rearrangements must occur

within the particle’s components to produce mature infec-

tious viruses [73]. Thus, PR plays a vital role in HIV-1

maturation, cleaving Gag and Gag-Pol polyprotein at sev-

eral sites to produce the final MA, CA, NC, and p6 proteins

from pr55Gag, and p6*, PR, RT, and IN proteins from Pol

[73]. PR activity initially depends on the concentration of

Gag-Pol and the rate of autoprocessing, which is modulated

by adjacent p6 sequences [214]. PR cleaves each site with a

differing efficiency, and as a result, PR-mediated Gag and

Gag-Pol processing takes place as an ordered, stepwise

cascade of cleavage reactions. Since the events underlying

assembly and maturation of HIV-1 must be highly coor-

dinated, and since factors that influence PR activity can

have dramatic effects on virus production, PR has been a

primary target for drug design. Furthermore, the absolute

requirement for PR-mediated virion maturation has been

applied to the treatment of HIV-infected individuals using

inhibitors of PR.

X-ray crystallography revealed that PR functions as

dimers, with the substrate-binding site located in a cleft

formed by two identical monomers (Fig. 11a) [215]. Each

99-residue monomer contributes a catalytically essential

aspartic acid (Asp25) to the enzyme active site, which

contains a conserved triad sequence, Asp-Thr-Gly, and

resembles that of other aspartyl proteases [73]. The folding

of this enzyme is a three-state process in which two

monomers first fold independently and then dock in the

dimer native state [216–218].

The peculiarities of the crystal structure of HIV-1 PR

(see Fig. 11b) were perfectly described by Wlodawer and

Erickson [215]: ‘‘The N-terminal b-strand a (residues 1–4)

forms the outer part of the interface b-sheet. The b-strand

b [amino acids 9–15] continues through a turn into the

c b-strand, which terminates at the active-site triplet

(residues 25–27). Following the active-site loop is the

d b-chain with residues 30–35. In pepsin-like proteases,

chain d is followed by the h helix, which in Respiratory

syncytial virus (RSV) PR is a short, distorted segment. In

HIV-1 PR, this segment is even more distorted and forms a

broad loop (amino acids 36–42). The second half of the

molecule is topologically related to the first half by an

approximate intramolecular two-fold axis (corresponding

substructures indicated by primed labels). Residues 43–49

form the a’ b-strand which, as in pepsin-like proteases,

belongs to the flap. The other strand in the flap (residues

52–58) forms a part of the long b’ b-chain (amino

Protein intrinsic disorder as flexible armor and weapon 1227

123



acids 52–66). The c’ b-chain comprises residues 69–78 and

after a loop at 79–82 continues as chain d’ (residues

83–85), which leads directly to the well-defined helix h’

(amino acids 86–94). The hydrogen-bonding pattern within

this helix is intermediate between an a-helix and a 310

helix. Helix h’ is followed by a straight C-terminal b-strand

(residues 95–99), which can be designated as q and which

forms the inner part of the dimer interface. Four of the

b-strands in the molecular core are organized into a

W-shaped sheet characteristic of all aspartic proteases. One

of the ‘‘W letters’’ comprises chains c (amino acids 23–25),

d, and d’, and the other is made up of strands c’ (amino

acids 76–78), d’, and d.’’

Analysis of the solution structure of the HIV-1 PR1–95 by

heteronuclear multidimensional NMR spectroscopy

revealed that the monomeric PR1–95 in solution is a b-rich

protein, composed of seven b-strands and one a-helix [219].

The overall tertiary fold of the PR1–95 was essentially

identical to that of the individual subunit of the dimer (see

Fig. 11c). On the other hand, there were several charac-

teristics that distinguished the PR1–95 solution structure

from the crystal structure of the PR monomer subunit of

mature protease dimer. These included the clearly disor-

dered nature of the N-terminal residues 1–10, flap residues

48–54, residues 91–95 at the C terminus of the a-helix, and

the solvent-exposed state of the active site residues, which

are mainly polar amino acids [219]. The fact that the flap

region of the PR1–95 monomer is disordered is of particular

interest, since this region plays a critical role in protease

function. In fact, the high dynamics and potential structural

flexibility of the flap were expected based on the analysis of

PR crystal structures, which showed that the flaps formed

b-hairpin structures ranging from semi-open conformations

in the substrate-free form of the dimer to a closed confor-

mation upon substrate binding [215].

Figure 11d illustrates that, overall, there is an agreement

between the known structural features of PR and the results

of disorder prediction. In general, PR is predicted to be

mostly ordered, with regions of locally increased disorder

propensities corresponding to N- and C-termini, loops, and,

most importantly, the flap region. Although the flap region

residues have disorder scores below the 0.5 threshold, they

are located within the local maximum of the disorder score

curve. This suggests the increased flexibility of this region.

Reverse transcriptase

After entering the host cytoplasm, the HIV-1 core under-

goes uncoating and is converted to the reverse transcription

complex (RTC) and then to the preintegration complex

(PIC). During these steps, CA appears to be lost, while at

least some MA, NC, the pol-encoded enzymes RT and IN,

and the accessory protein Vpr remain associated. Reverse

transcription of the viral single-stranded (?) RNA genome

into duplex DNA is an important step preceding the inte-

gration of the viral genome into the host genome. This step

Fig. 11 Disorder propensity

and structural features of the

HIV-1 protease. a Crystal

structure of the PR dimer

(3KF1). b Crystal structure of

the protease monomer (3HVP).

c NMR solution structure of

1–95 fragment of the HIV-1 PR

(1Q9P). Ten representative

members of the conformational

ensemble are shown by ribbons

of different color. d Disorder

prediction evaluated by

PONDR� VSL2 (top panel) and

PONDR� VLXT (bottom
panel). Red line represents an

averaged disorder score for PR

from *50 different HIV-1

isolates. Pink shadow covers the

distribution of disorder scores

calculated for PR from these

isolates. Locations of b-strands

and a-helices seen in the crystal

structure are indicated by gray
and black bars between the

panels with the disorder scores.

Gray shaded area corresponds

to the flap regions of PR
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is controlled by the viral enzyme, reverse transcriptase

(RT), which catalyzes both RNA-dependent and DNA-

dependent DNA polymerization reactions, and also con-

tains an RNase H domain needed for cleavage of the RNA

portion of RNA-DNA hybrids generated during the reac-

tion [73]. These two enzymatic activities cooperate with a

DNA polymerase that can copy either a DNA or an RNA

template and an RNase H that cleaves RNA only if the

RNA is part of an RNA/DNA duplex, to convert the RNA

into a double-stranded linear DNA.

Since there are two copies of single-stranded viral RNA

genome per virion, reverse transcription involves ‘‘jumps’’

from one template to another. As a result, the RT/template

interaction is of a relatively low affinity, leading to fre-

quent template switches [220]. For virions containing

genetically non-identical RNA molecules, such template

switching promotes the generation of a novel recombinant

DNA genome containing sequences derived from both

parental RNAs [221]. This high frequency of genetic

recombination, combined with the high mutation rate of

HIV-1 RT (3 9 10-5 per cycle of replication [222]), gen-

erates ‘‘quasi-species’’ of HIV; i.e., viral populations that

are highly heterogeneous in sequence. This helps HIV to

rapidly evade the host immune response and develop

resistance to antiviral drugs [223].

Mature RT is an asymmetric heterodimer of two related

subunits, a 560-residue subunit (p66) and a 440-residue

subunit (p51), both derived via cleavage by the viral PR

from the Pr160GagPol polyprotein (see Fig. 12a). p66 and

p51 share a common amino terminus, a polymerase domain

composed of four sub-domains, fingers (residues 1–85 and

118–155), a palm (residues 86–117 and 156–236), a thumb

(237–318), and a connection (319–426) (see Fig. 12b)

[224, 225]. In addition to this polymerase domain, p66 has

a RNase H domain, and therefore carries active sites for

both of the enzymatic activities of RT (polymerase and

RNase H). The p66/p51 HIV-1 RT heterodimer contains

one DNA polymerization active site and one RNase H

active site, both of which reside in the p66 subunit at

spatially distinct regions. The fingers, palm, and thumb

subdomains of p66 form the template/primer binding cleft

with the polymerase active site residues (D110, D185, and

D186) in the palm subdomain [225].

Although the p51 subunit contains the same amino acid

sequence that comprises the DNA polymerase domain of

the p66 subunit, and although the four subdomains of the

polymerase domain have similar folds in p66 and p51, their

relative orientations differ in the two subunits, and the

polymerase active site in p51 is not functional. In fact, the

p66 subunit adopts an ‘‘open’’ catalytically competent

conformation that can accommodate a nucleic acid tem-

plate strand, whereas the p51 subunit is in a ‘‘closed’’

conformation and is considered to play a largely structural

role [224]. As it follows from numerous crystal structures

available for wild-type and mutant HIV-1 RTs in the

absence and presence of various substrates and inhibitors,

the overall RT structure is rather mobile. The conformation

of the p51 subunit is essentially the same in all of the

structures, whereas the p66 polymerase domain adopts both

open and closed positions of the fingers and thumb sub-

domains, suggesting that RT is quite flexible. Earlier,

computational analysis of the collective motions in HIV-1

RT revealed that the thumb and finger subdomains of the

p66 subunit undergo correlated motions with respect to

each other and anticorrelated motions with respect to the

RNase H subdomain of p66 subunit and thumb subdomain

of p51 [226]. Recent hydrogen exchange mass spectrom-

etry (HXMS) analysis supported the flexible nature of the

RNase H domain, the p51 thumb and the p66 thumb [227].

The high conformational flexibility of the RNase H domain

is necessary for its reorientation required for the enzyme’s

accommodation to different template and primer substrates

and binding orientations [228, 229], whereas the flexibility

of the thumb subdomains may allow their structural

adaptation to binding sites on the template/primer during

polymerization [227].

Figure 12c reports on the predisposition of the RT

protein for intrinsic disorder and shows that the p51 subunit

is expected to be mostly ordered (except for the first 50

residues that are predicted to be disordered by PONDR

VSL2), whereas increased conformational mobility is

expected for the RNase H domain. Furthermore, known

structural features of RT are typically in agreement with

the results of disorder prediction.

An analysis of the RNase H domain of the HIV-1 RT by

NMR methods revealed that Mg2? induced significant

global effects on the amide chemical shifts in the 1H-15N

HSQC spectrum of the RNase H domain, suggesting that

divalent metal ion binding is important for stabilizing the

structure of the isolated domain in solution [230]. Here, the

NMR spectrum taken in the absence of Mg2? showed a

significant number of broad, overlapping resonances cor-

responding to residues involved in significant exchange

between different conformational states, whereas the

addition of Mg2? resulted in a significant reduction of

broad, overlapping resonances, a parallel improvement in

resolution, and a uniformity of peak intensity. Based on the

assignment of the NOESY spectra it was suggested that the

RNase H residues 6-114 form a well-defined, high-reso-

lution structure similar to the crystal structure of the

isolated domain, although the data were insufficient to

define a compact structure for the C-terminal residues after

114. In fact, this study showed that C-terminal residues

I134-L138 were highly disordered and gave rise to rela-

tively sharp and intense amide resonances, whereas the

amide resonances for the segment from E124 to A132 were
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mostly absent due to significant signal broadening associ-

ated with the exchange between different conformational

states [230] (see Fig. 12d). The existence of a significant

structural heterogeneity and conformational variability in

the corresponding region of the full reverse transcriptase

molecule was noticed. In fact, this region was absent in the

crystal structures determined for the P212121 space group,

while these residues adopted an a-helix in structures

determined for other symmetry groups [230].

Integrase

The viral DNA is transported to the nucleus as a part of the

PIC, which, in addition to DNA, contains some MA,

integrase (IN, p41), the accessory protein Vpr, and some

NC. Recent studies revealed that the ends of the viral DNA

in PIC are organized into multi-component complexes

called intasomes, which contain both viral and cellular

proteins [231, 232]. Following the nuclear import of the

viral PIC, the viral integrase (IN) catalyzes a series of

reactions that lead to the insertion of the linear, double-

stranded viral DNA into the host cell chromosome. The

enzymatic mechanism of integration involves two

sequential transesterification reactions that need an appro-

priate metal cofactor (either Mn2? or Mg2?) with no

exogenous energy request [233]. The integrated viral DNA,

the ‘‘provirus’’, behaves essentially as a cellular gene

[223]. Therefore, this viral genome integration into the host

genomic DNA enables HIV-1 to establish a permanent

genetic reservoir that is utilized for the new virus produc-

tion and is also replicated through normal cellular mitosis.

Because of the crucial role in the viral cycle, IN represents

an attractive target for anti-HIV drug development

[234–236], and the integrase inhibitors are among the *25

antiretroviral drugs from six drug classes that have been

approved for the HIV-1 treatment [237].

The active form of the HIV-1 IN is an oligomer, likely a

tetramer. The monomer of HIV-1 integrase is a 32-kDa

enzyme of 288 residues. There are three functional/struc-

tural domains in this enzyme: (a) the N-terminal domain

Fig. 12 Disorder propensity and structural features of the HIV-1

reverse transciptase. a Crystal structure of the p51-p66 heterodimer

(1DLO). b Crystal structure of the p51 bound form, which was

computationally extracted from the p51-p66 heterodimer structure

(1DLO). c Disorder predisposition of the p66 subunit evaluated by

PONDR� VSL2 (top panel) and PONDR� VLXT (bottom panel).
Red line represents an averaged disorder score for p66 from *50

different HIV-1 isolates. Pink shadow covers the distribution of

disorder scores calculated for p66 from these isolates. Locations of

b-strands and a-helices seen in the crystal structure are indicated by

gray and black bars between the panels with the disorder scores. Gray

shaded area corresponds to the p51 subunit. Dark blue line represents

predicted a-MoRF. d NMR solution structure of the RNase H domain

of the HIV-1 reverse transcriptase (1O1W). Ten representative

members of the conformational ensemble are shown by ribbons of

different color
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(residues 1–49) containing a zinc-binding site where zinc is

coordinated by two histidines and two cysteines

(H12H16C40C43); (b) the catalytic domain (residues

50–212) containing a catalytic D64D116E152 motif [known

as D,D(35),E], which, due to being conserved among all

retroviral integrases, as well as in retro-transposons from

plant, animal, fungi, and in some bacterial transposases

[238–241], is crucial for the processing and joining reac-

tions, and is proposed to bind the active site metal ion; and

(c) the C-terminal domain (residues 213–288) with non-

specific DNA-binding activity [73]. Systematic analysis

revealed that HIV-1 integrase requires the full preservation

of almost two-thirds of its amino acids, of which some are

important for protein stability, others promote multimeri-

zation, and still others are related to catalytic activity or

DNA binding [237].

The fact that the crystal structure of the HIV-1 integrase

was not resolved as of yet, despite the continuous efforts of

many research groups, is a clear indication that this protein

is likely to be highly mobile. This is further supported by

the fact that even the known crystal structures of the

intergrase two-domain fragments containing N-terminal

and catalytic core domains (1K6Y) [242] or catalytic core

and C-terminal domains (1EX4) [243] contain several

regions with missing electron density, indicating that the

corresponding regions are highly mobile (Fig. 13a, b).

These flexible regions are residues 47–55 and 140–148 in

the structure of the IN1–212 fragment comprising the

N-terminal and catalytic domains and residues 50–55,

142–144, and 271–288 in the core-C-terminal domain

structure. Perhaps the most interesting flexible region of IN

is its active site, normally very well defined in enzymes.

Only one X-ray structure shows density for this function-

ally important region of IN. This observation is in strong

agreement with the results of intrinsic disorder predictions,

which showed that although integrase is expected to be

mostly ordered, its N-and C-terminal domains are highly

disordered (see Fig. 13c). The solution structures of the

isolated N- and C-terminal domains have been determined

by NMR (see Fig. 13d, e, respectively) [244–247]. The

N-terminal domain consists of a bundle of three a-helices,

with coordination of zinc by conserved histidine and cys-

teine residues, the HHCC motif, stabilizing the interaction

between the helices. According to the NMR analysis,

IN1–55 is folded only in the presence of zinc, whereas the

cation removal by EDTA resulted in a complete unfolding

of this domain [245]. Similar to the N-terminal domain, the

C-terminal domain of HIV-1 integrase is a dimer in solu-

tion [246]. However, this domain is not involved in the

dimerization in the crystal structure of a fragment con-

taining catalytic core and C-terminal domains [243]. The

monomer has an all-b-strand SH3-like fold and is com-

posed of five b-strands (residues 222–229, 232–245,

248–253, 256–262, and 266–270), which are arranged in an

antiparallel manner and form a five-stranded b-barrel

[246]. Similar to other polynucleotidyl transfer enzymes,

the monomer of a catalytic domain contains a five-stranded

b-sheet and six a-helices [73].

Intrinsic disorder in HIV-1 regulatory proteins

HIV-1 encodes two regulatory proteins, Tat and Rev,

which are essential for the replication of the virus by

controlling HIV gene expression in host cells.

Tat

The transactivator of transcription (Tat) is an important

HIV-1 regulatory protein, which increases the production

of viral mRNAs *100-fold and is therefore essential for

viral replication [73]. Tat, being found in all lentiviruses

[66, 72], is characterized by a high function conservation

and a low sequence homology [66]. In the absence of Tat,

polymerases generally do not transcribe beyond a few

hundred nucleotides, though they do not appear to termi-

nate at specific sites.

Unlike typical transcriptional activators, Tat does not

bind to a DNA site, but rather to an RNA hairpin known as

TAR (trans-activating response element), which is located

downstream of the HIV-1 long terminal repeat (LTR) and

spans nucleotides ?1 to ?59 of the nascent RNA. Fur-

thermore, Tat binds to the Positive Transcription

Elongation Factor b (P-TEFb), a hetero-dimeric complex

between a regulatory cyclin T and cyclin-dependent kinase

9 (Cdk9), which phosphorylates Ser-2 of the carboxyl-

terminal domain of RNA polymerase II (RNAP II) and

activates transcription [248]. Figure 14a represents the

crystal structure of the Tat bound to the heterodimeric

P-TEFb complex and shows that Tat generally possesses a

rather extended structure even in its bound form (see also

Fig. 14c). Recently, significant new details have been

discovered that explain why Tat is such a powerful acti-

vator of HIV-1 transcription. Because P-TEFb can activate

transcription of a vast array of genes, it is highly regulated

by both positive and negative regulators, and Tat can

recruit both inactive and active P-TEFb to the LTR [249–

251]. Tat and transcription cofactor AF4 assemble a large,

multifunctional transcription elongation complex com-

posed of P-TEFb, PAF1, CDC73, EAF1, ELL2, AF1, AF9,

AF4, and ENL [250, 252] that permits multiple levels of

elongation regulation. Tat can also bind to 7SK snRNP-

bound and inactive P-TEFb to form a stress-resistant par-

ticle also containing HEXIM1, LARP7, SART3, and the

7SK-capping enzyme MePCE [250]. This complex appears

to be able to bind to the HIV-1 LTR before TAR is
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expressed, suggesting that P-TEFb is activated by the dis-

placement of the 7SK snRNA by TAR [249]. Recent

results suggest that Tat activates P-TEFb by displacing

Hexim1 (hexamethylene bisacetamide-inducible protein 1)

from its cyclin T1 binding site [253, 254], but it may also

displace HEXIM1 from the 7SK snRNP [251]. Tat itself is

also regulated, as its affinity for TAR is modulated through

Tat acetylation by histone acetyl transferase (HAT) [255,

256].

The pathological activities of Tat make a noticeable

impact on both immune and non-immune dysfunction that

results in an overall increase in the burden of the viral

infection. In addition to its role as a transcriptional regu-

lator of HIV-1 gene expression, it has been implicated in

several intracellular and extracellular activities unrelated to

transcription activation [257]. This includes the support of

endothelial cell proliferation and the contribution to the

development of Karposi’s Sarcoma [258–260], induction

of T cell apoptosis [261], induction of neurodegeneration

[262, 263], decrease of the expression of tight junction

proteins [264], the disruption of the blood–brain barrier

(BBB) [265], and the induction of oxidative stress [263,

266]. Tat may also be involved in the derepression of

heterochromatin, in transcription initiation [267], and in

reverse transcription [268]. Tat has been shown to regulate

the capping of HIV-1 mRNA [269], to interact with Dicer

and suppress the production of small interfering RNA

[270], and to act as a nucleic acid chaperone [271].

Recently, 183 proteins within the nucleus of Jurkat T cells

were found to be cellular targets of Tat [272]. The identi-

fied nuclear targets covered a range of biological processes:

transcription, RNA processing, translation, nuclear orga-

nization, cell cycle, DNA replication, and signaling, with

transcription being the most highly represented process

(39%). The range of processes covered by the nuclear

interaction targets emphasizes the multiplicity of the

Fig. 13 Disorder propensity and structural features of the HIV-1

integrase. a Crystal structure of the dimer of a fragment of HIV-1

integrase comprising the N-terminal and catalytic core domains

(1K6Y). b Crystal structure of the dimer of a fragment of HIV-1

integrase comprising the catalytic core and C-terminal dimerization

domains (1EX4). c Disorder predisposition of IN evaluated by

PONDR� VSL2 (top panel) and PONDR� VLXT (bottom panel).
Red line represents an averaged disorder score for IN from *50

different HIV-1 isolates. Pink shadow covers the distribution of

disorder scores calculated for IN from these isolates. Locations of

b-strands and a-helices seen in the crystal structure are indicated by

gray and black bars between the panels with the disorder scores. Gray
shaded areas correspond to the N-terminal and C-terminal domains of

IN. Yellow shaded areas represent location of regions 47–55,

140–148, and 271–288, which are flexible in the integrase crustal

structures. d NMR solution structure of the N-terminal domain of

intergrase (1WJD). Five representative members of the conforma-

tional ensemble are shown by structures of different color. e NMR

solution structure of the C-terminal domain of intergrase (1IHW).

Four representative members of the conformational ensemble are

shown by ribbons of different color
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binding partners of this protein [257]. Therefore, Tat acts

as a moonlighting protein, possessing multiple unrelated

activities and interacting with multiple unrelated partners.

The HIV-1 Tat protein is a 101-residue RNA-binding

protein encoded by two exons and expressed during the

early stages of viral infection [273]. The first tat exon

defines amino acids 1–72 that contain an acidic and

proline-rich N-terminus (1–21), a cysteine-rich region

(22–37), a core (38–47), a basic region (48–57), and a

Gln-rich segment (58–72) [274]. Residues 1–24 form the

co-activator and acetyltransferase CBP (CREB-response

element binding protein) KIX domain binding site [275],

while the Cys-rich region is responsible for interaction with

cyclin [254, 276]. The end of the Cys-rich region and the

core bind tubulin and prevent its depolymerization [277].

The basic region is critical for TAR RNA binding [278,

279]. This region is also necessary for the nuclear locali-

zation, and peptides derived from this region and fused to

various targets have been used to transport a large variety

of materials including proteins, DNA, drugs, imaging

agents, liposomes, and nanoparticles across cell and

nuclear membranes [280]. The Gln-rich region has been

implicated in mitochondrial apoptosis of T cells [281].

The second tat exon defines residues 73–101 and

encodes an RGD motif that may mediate Tat binding to

cell surface integrins [282]. This peptide is also involved in

repressing the expression of major histocompatibility

complex (MHC) class I molecules whose presence at the

cell surface serve as targets for cytotoxic T lymphocytes

[283–285], therefore helping HIV-infected cells to escape

an immune response [283, 284]. Finally, the second exon

product is implicated in modulating major changes to the T

cell cytoskeleton, chemotaxis, migration, and the down-

regulation of several cell surface receptors [286].

The Tat amino acid sequence has a low overall hydro-

phobicity and a high net positive charge, typical of

extended intrinsically disordered proteins. The overall

intrinsically disordered nature of this protein, with a

Fig. 14 Disorder propensity and structural features of the HIV-1

transactivator of transcription, Tat, protein. a Crystal structure of Tat

in a Tat-P-TEFb complex containing HIV-1 Tat, human Cdk9, and

human cyclin T1 (also known as CCNT1) (3MI9). Tat is shown as a

cyan ribbon, whereas Cdk9 and CCNT1 are shown as red and blue
surfaces, respectively. b Crystal structure of Tat (cyan ribbon) in a

complex with the cyclin box domain of Cyclin T1 (blue surface) and

its corresponding TAR RNA (red surface) (2W2H). c Crystal

structure of the P-TEFb-bound Tat (3MI9). d Crystal structure of

the Tat bound to the complex of cyclin box domain of Cyclin T1 with

TAR RNA (3MI9). e NMR solution structure of the unbound Tat

(1TIV). Representative members of the conformational ensemble are

shown by ribbons of different color. f Disorder predisposition of Tat

evaluated by PONDR� VSL2 (top panel) and PONDR� VLXT

(bottom panel). Red line represents an averaged disorder score for Tat

from *50 different HIV-1 isolates. Pink shadow covers the

distribution of disorder scores calculated for Tat from these isolates.

Locations of a-helices seen in the crystal structure of Tat-P-TEFb

complex and a complex of Tat with Cyclin T1 and TAR RNA are

respectively indicated by the black and gray crossed bars between the

panels with the disorder scores. Dark blue lines show location of the

predicted a-MoRFs
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potential for order in the cysteine region, is further wit-

nessed by the results of disorder prediction by several

algorithms (see Fig. 14f) [287]. Early CD analysis sug-

gested a lack of secondary structural elements but showed

minor conformational changes in the presence of zinc

[275].

Despite numerous attempts, the crystal structure of the

full-length Tat has not been resolved as of yet. There are,

however, known crystal structures of several complexes

that contain Tat fragments. For example, an X-ray structure

of the EIAV Tat in complex with cyclin T1 and TAR was

reported [288]. Here, a 57-residue segment of EIAV Tat

(residues 22–78) was fused via a flexible linker to the

cyclin box domain of human cyclin T1. In the absence of

TAR RNA, cyclin T1 formed crystals with an electron

density observed for residues 8–263, but no electron den-

sity was observed for EIAV Tat. This clearly indicated that

cyclin T1 alone could not induce a stable conformation in

Tat [288]. In the tripartite TAR RNA-cyclin T1-EIAV Tat

complex (see Fig. 14b), the electron density was detected

for the Tat residues 41–69 [279]. In this complex, residues

41–47 in the core region existed in an extended confor-

mation, interacting mostly with cyclin T1, whereas

residues 48–59 in the TAT basic region formed a helix

bound to the major groove of the TAR stem-loop structure

(see Fig. 14d). This region was followed by a tight turn and

an extended segment that inserts the C-terminal Leu-68 and

Leu-69 into a hydrophobic groove on cyclin T1 [279]. The

structure of the tripartite complex suggested that one of the

functional roles of Tat is to bring TAR RNA and cyclin T1

together.

Recently, the analysis of the crystal structure of HIV-1

Tat (86 residues) in complex with P-TEFb and Cyclin T1

revealed that residues 1–49 of Tat were in an extended

conformation stretched along the interface of the CDK9-

Cyclin T1 complex (see Fig. 14a, c) [254]. This Tat region

includes the acidic, cysteine-rich, and core regions of Tat.

Residues 50–86 of Tat did not show any defined electron

density and were therefore disordered. Although residues

1–49 were defined in the electron density maps of the

complex, only two small segments adopted a regular sec-

ondary structure (residues 29–33 form a small 310-helix,

followed by an a-helix spanning residues 35–43) along

with a small segment coordinating two zinc ions (one zinc

ion was coordinated by Cys-22, His-33, Cys-34, and Cys-

37, whereas the other zinc interacted with Cys-25, Cys-27,

and Cys-30 of Tat and Cys-261 of cyclin T1); the

remainder was essentially disordered [254].

Analysis of the solution structure of unbound Tat gave

unambiguous support for the highly flexible nature of this

protein. NMR analysis and molecular dynamics calcula-

tions of the 86 amino acid Tat protein from HVIZ2 (HIV-1,

Zaire 2 isolate) revealed that this protein possessed a

hydrophobic core of 16 residues and a glutamine-rich

domain of 17 amino acids [289]. Two highly flexible

domains corresponded to a cysteine-rich and a basic

sequence region. It has been pointed out that structures

calculated for the complete core domains did not superpose

well (the structure of the 32–47 region was characterized

by the RMSD of 1.7 Å, whereas the structure of a shorter

region corresponding to residues 38–47 possessed the

RMSD of 0.8 Å). In addition to the short fragment in the

core, some convergence was reached for the 76–80 frag-

ments (RMSD of 0.7 Å). The overall RMSD for the 86

residues-long protein was high, 4.2 Å. As a result, in the

original paper [289], the structure of HVIZ2 Tat was

depicted as a cartoon containing two spheres corresponding

to the core and glutamine-rich regions and broad arches

representing cystein-rich and basic regions. Figure 14

shows that the overall solution structure of Tat clearly

resembles a cloud, reflecting the highly dynamic character

of this protein. Based on several long-range NOEs between

the N-terminal fragment and core and glutamine-rich

regions, it has been proposed that part of the N-terminus,

Val4 to Pro14, was sandwiched between these domains

[289]. Since all the Tat fragments typically act as inde-

pendent functional units, this overall packing represents a

clear illustration of the recently proposed concept of

functional misfolding, according to which the preformed

binding elements of intrinsically disordered proteins might

be involved in a set of non-native intramolecular interac-

tions. In other words, a polypeptide chain of an intrinsically

disordered protein misfolds to sequester the preformed

elements inside the non-interactive or less-interactive cage,

therefore preventing these elements from the unnecessary

and unwanted interactions with non-native binding partners

[290].

A dynamics analysis of the uniformly 15N- and 15N/13C-

labeled Tat-(1–72) protein by multinuclear NMR spec-

troscopy revealed that Tat exists in a random coil

conformation (see Fig. 14e) [291]. This conclusion was

further supported by the NMR relaxation parameters

measured and analyzed by spectral density and Lipari-

Szabo approaches, with both approaches confirming the

lack of structure throughout the length of the molecule. On

the other hand, in agreement with the results of disorder

prediction, line broadening and multiple peaks in the Cys-

rich and core regions suggested that transient folding

occurred in two of the five domains [291]. In addition to

detailed NMR analysis of Tat1–72 that showed the intrin-

sically disordered nature of this product of the first tat

exon, a recent study on the hydrodynamic behavior of

Tat1–101 in solution by Small Angle X-ray Scattering

(SAXS) and Dynamic Light Scattering (DLS) suggested

that the C-terminal product of the tat exon-2 is disordered

too [292]. In fact, SAXS analysis of Tat1–101 gave a
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gyration radius of 33 ± 1.5 Å and DLS yielded a hydro-

dynamic radius of 30 ± 3 Å, whereas a folded globular

protein of 101 residues would be expected to have a Stokes

radius *18 Å and a radius of gyration of *14 Å [292].

These data supported the hypothesis that the 101-residue

protein is mostly in an extended conformation at neutral pH

[292].

Overall, the data presented above clearly show that

HIV-1 Tat is a typical intrinsically disordered protein,

highly dynamic and mostly disordered. However, upon the

formation of complexes with protein-binding partners

Cyclin T1, CDK9, and its cognate RNA TAR, small dis-

order-to-order transitions take place in the regions of the

binding interfaces, with the overall conformation being

continuously extended. Some of the short regions that

undergo a disorder-to-order transition were predicted to be

MoRFs (see Fig. 14f). Thus, the intrinsic disorder of the

HIV-1 transactivator of transcription can be used to explain

the binding promiscuity of this important viral protein and

its ability to modulate multiple biological processes.

Rev

The regulatory protein Rev plays a crucial role in HIV-1

replication as it is responsible for control of the nuclear

export of unspliced and partially spliced viral RNAs, which

are crucial for the translation of structural proteins and the

packaging of genomic RNA. Generally, the fact that the

small RNA genome of HIV-1 (as well as other retroviruses)

contains multiple splice sites poses a problem for viral

replication since unspliced RNAs, including those that

encode the viral structural proteins and genomic RNA, are

typically retained in the nucleus [293, 294]. Rev is

important in switching from the export of spliced viral

RNAs to the export of fully and partially unspliced viral

transcripts, since it overcomes the default pathway in

which mRNAs are spliced prior to nuclear export and

functions by binding to and oligomerizing on the highly

structured *350-nucleotide Rev response element (RRE)

RNA, located in viral introns, forming a large oligomeric

ribonucleoprotein (RNP). The formation of these oligo-

meric RNPs directs the transport of fully and partially

unspliced RNAs to the cytoplasm [293–295]. To this end,

the assembled Rev–RRE RNP binds to the host export

factor Crm1 (also called exportin 1 or Xpo1) and is then

shuttled through the nuclear pore complex (NPC), with the

RRE-containing RNAs being released into the cytoplasm

and Rev being re-imported into the nucleus for further

rounds of nuclear export [293–295]. Crm1 is one of the

most versatile exportins, which, in addition to Rev–RRE

RNPs from HIV-1, is known to export a very broad range

of substrates, mediating, for example, the nuclear export of

small and large ribosomal subunits [296–299]. Exportin’s

action is assisted by RanGTP, which greatly increases the

affinity of exportins to their cargoes. Exportins shuttle

between the nucleus and the cytoplasm, bind cargo mole-

cules at high RanGTP levels inside the nucleus, traverse

NPCs as ternary cargo–exportin–RanGTP complexes, and

release their cargo upon hydrolysis of the Ran-bound GTP

into the cytoplasm [300, 301].

Looking at the functional circuit of Rev outlined above,

it is clear that this protein has several important activities

that can be assigned to different functional regions of this

protein: recognition of and binding to the RRE-containing

RNAs takes place at the arginine-rich motif (ARM, resi-

dues 38–50); self-oligomerization leading to the formation

of the oligomeric Rev–RRE RNPs is mediated by oligo-

merization domains that flank the ARM (residues 10–25

and 45–63); recognition of and binding to Crm1 is pro-

moted by a specialized nuclear export signal (residues

73–84, LQLPPLERLTLD). The so-called classic nuclear

export signals (NESs) are the simplest Crm1-dependent

nuclear export determinants. Typically, they are short

peptides that comprise four spaced hydrophobic residues

(denoted U1–U4) and follow the consensus U1-(x)2–3-U2-

(x)2–3-U3-x-U4, where x is an amino acid that is preferen-

tially charged, polar, or small [302]. The assembly of the

Rev–RRE RNP requires the cooperative addition of Rev

monomers along the RRE in order to form a high-affinity

complex. The Rev homo-oligomer forms an exquisitely

specific complex with the RRE by making multiple con-

tacts between arginine-rich motifs (ARMs) of Rev

monomers and several different binding sites within the

RRE. This produces a hexameric complex with a 500-fold

higher affinity than any monomeric Rev–RNA complex

[303].

Despite the obvious importance for the viral cycle and a

set of crucial functions whose inhibition can lead to the

development of anti-HIV drugs, the structures of the intact

Rev and its oligomeric complexes remain to be determined.

However, the analysis of this protein by a combination of

CD and functional mutagenesis revealed that Rev essen-

tially consisted of two structurally different domains, the

a-helical N-terminal half formed by the first 61–66 residues

and the less structurally determined C-terminal fragment

(last 50–55 residues) [304, 305]. Furthermore, there are

several crystal and NMR structures of complexes con-

taining various fragments of Rev. Recently the crystal

structure of a Rev1–70 dimer that cooperatively binds the

RRE and is able to form higher oligomers was solved at

2.5-Å resolution [306]. Figure 15a shows that each of the

Rev monomers has a folded core formed by residues 9–63

that are organized in an antiparallel helix-loop-helix

structure, whereas residues 1–8 and 64–70 are disordered

and do not have corresponding electron densities. All

monomer structures are highly similar, with a RMSD of
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0.5–1 Å for all pair-wise alignments of backbone atoms

from residues 9–63. In each Rev1–70 monomer, the first

oligomerization motif (residues 10–25) constitutes a first

a-helix, which is followed by the structured loop (residues

26–33), which after a sharp turn is followed by a long

a-helix containing RNA-binding ARM motif (residues

34–50) and a second oligomerization motif (residues

45–63) [306]. In addition to an obvious network of

hydrogen bonds stabilizing two helices, the Rev monomer

is stabilized by a conserved network of interactions

between hydrophobic and polar residues that form intra-

molecular contacts across the two oligomerization

domains. Four aliphatic residues (Ile19, Leu22, Ile52, and

Ile59) form the hydrophobic core of the monomer [306].

The Rev dimer is formed by the packing of hydrophobic

residues between monomers. The dimer arrangement

organizes arginine-rich helices at the ends of a V-shaped

assembly to bind adjacent RNA sites and structurally

couple dimerization and RNA recognition [306]. Recently,

it has been found that RRE directs assembly of the

Rev homooligomer into discrete asymmetric complexes,

typically with six Rev monomers (three Rev dimers)

assembling on the RRE [307].

The solution structure of a peptide corresponding to the

ARM motif of HIV-1 Rev (residues 33–55) bound to stem-

loop IIB of the RRE RNA was solved by nuclear magnetic

resonance spectroscopy [308]. In this complex, the

a-helical Rev peptide binds in the major groove of the

RNA near a purine-rich internal loop (see Fig. 15b) [308].

A similar structure was reported for a HIV-1 17-mer Rev

peptide bound to its 35-mer high affinity RNA aptamer

binding site [309]. The intrinsic propensity of this peptide

for helical structure was also evidenced by the NMR

analysis of an unbound fragment with selectively

N15-labeled residues both in water and in 20% TFE [310].

The crystal structure of the Rev NES bound to the

RanGTP-Crm1 complex was recently resolved [311].

Since successful crystallization of classic NES–Crm1–

RanGTP complexes had been hampered by their apparent

instability [312], and since the SPN1–Crm1–RanGTP

complex crystallizes readily, the authors used the chimera

strategy and exchanged the N-terminus of SPN1 for the

Rev NES, yielding a Rev NES-SPN1 chimera [311]. Based

on the analysis of several different NES, motifs bound to

the Crm1–RanGTP complex revealed a unifying structure-

based NES consensus comprising five U positions (U0, U1–

U4). Furthermore, the analysis of the Rev NES-SPN1–

Crm1–RanGTP complex revised the Rev NES from the

previously suggested U1xxU2xxU3xU4 spacing [302] to a

U0U1 Pro xU2xxU3xU4 pattern [311]. In fact, the structure-

based comparison revealed that the traditional alignment

between the Rev and PKI-type NESs was correct for only

the stretch from U2Leu9 to U4Leu14, i.e., in the region that

is analogous between the two NES types. The critical Leu6,

however, was not the U1 residue but docked into the U0

pocket of the NES-binding site of Crm1, whereas the U1

pocket accommodated the following Pro7. The spacer to

U2Leu9 did not comprise three residues, as in the PKI NES

or the SPN1 N terminus, but rather only a single proline.

As a result, the structure of the 73–78 region of the Crm1-

bound Rev NES was extended rather than a-helical,

therefore compensating for shorter spacers between U0 and

U2. Notably, this combination of extended and helical

structures (see Fig. 15c) allowed the five U residues of the

Rev NES to occupy positions in 3D space that were nearly

identical to those of the equivalent hydrophobic residues of

SPN1 or PKI [311].

Based on the structural analysis of various Rev com-

plexes, a model of the Rev hexamer and an arrangement of

the export-competent RNP were recently developed [306].

Figure 15d represents this jellyfish-like model of the Rev

hexamer bound to RNA and its interaction with Crm1

[306].

In agreement with the experimental data reported above,

Fig. 15e shows that Rev is predicted to be a highly disordered

protein, which also contains several regions with a locally

increased propensity for order. These regions are predicted to

be a-MoRFs and coincide with the known binding sites of

this protein. Therefore, intrinsic disorder and binding-

induced folding are crucial for the functionality and binding

promiscuity of this important viral protein.

Intrinsic disorder and HIV-1 auxiliary proteins

In addition to structural and regulatory proteins, the HIV-1

genome encodes four accessory or auxiliary proteins: viral

infectivity factor (Vif), viral protein R (Vpr), viral protein

U (Vpu), and negative factor (Nef). Although accessory

proteins are often dispensable for virus replication in vitro,

a property that leads to their loss during long-term propa-

gation in many cell culture systems [313], they are strongly

maintained in the context of natural infections in vivo and

play a number of essential roles in HIV-1 replication and

pathogenesis [314] due to being involved in numerous

interactions with various viral and host proteins. In fact, the

major roles of the HIV-1 accessory proteins are to control

various aspects of evasion from (and manipulation of)

adaptive and innate immunity, and to modify the local

environment within infected cells to ensure viral persis-

tence, replication, dissemination, and transmission [314].

Nef

Negative factor (Nef) is an N-terminally myristoylated 206

amino acid-long protein that is important for viral
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replication and pathogenicity in vivo, acting as a multi-

functional protein that exerts its activities through

interactions with multiple cellular partners. Nef is an early

gene product that alters numerous pathways of T cell

function, including endocytosis, signal transduction,

vesicular trafficking, and immune modulation, and is a

major determinant of pathogenesis. In fact, infection with

Nef-defective HIV-1 viruses is known to produce unde-

tectable viral loads, and the patients infected with such

defective viruses do not exhibit clinical manifestations of

AIDS [315, 316]. It is believed that Nef reduces the levels

of cellular CD4 and promotes the down-modulation of

other host cell surface molecules, such as major histo-

compatibility complex (MHC) class I. Nef downregulates

CD4 through clathrin-mediated endocytosis and facilitates

the routing of CD4 from the cell surface and the Golgi

apparatus to lysosomes, resulting in receptor degradation.

This prevents inappropriate interactions of the receptor

with Env and therefore limits superinfection [317–319].

Nef-mediated downregulation of CD4 is presumed to rely

on the Nef interaction with CD4 via a dileucine-based

sorting signal located in the cytoplasmic tail of CD4 [320,

321]. Furthermore, since the ability of cytotoxic T lym-

phocytes (CTLs) to lyse virally infected cells (and

therefore to help fighting the viral infection) is dependent

on the density of the viral epitotes associated with the

major histocompatibility complex (MHC) class I on the

surfaces of these infected cells, the Nef-mediated down-

regulation of MHC class I molecules is believed to help

HIV-1 to evade the immune surveillance [322].

Several regions of Nef have been described as being

involved in Nef trafficking and Nef-mediated downregu-

lation of CD4 and MHC I [323]. Nef interacts with the

cytoplasmic tail of CD4 (amino acids 407–419) via a

hydrophobic patch of 10 residues encompassing W57, G96,

R106, and I109. The C-terminal flexible loop of Nef

(148–180) contains signals for Nef’s interaction with

adaptor complexes AP-1 and AP-2, the catalytic subunit H

of the vacuolar ATPase (V1H), and b-COP in endosomes.

The acidic cluster (AC) of Nef, 62EEEE65, is believed to be

involved in interactions with phosphofurin acidic cluster

sorting protein-1 (PACS-1) that controls endosome-to-

Fig. 15 Disorder propensity and structural features of the HIV-1 Rev

protein. a Crystal structure of the Rev dimer containing oligomer-

ization and RNA-binding domains (3LPH). b NMR solution structure

of the fragment of Rev bound to the RNA binding Rev peptide in

complex with the stem-loop IIB of the Rev-response element (RRE)

RNA (1ETF). c Crustal structure of the HIV-1 Rev NES-CRM1-

RanGTP complex (3NC0). Here, the Rev fragment is shown as a red

ribbon, whereas Exportin-1 and Snurportin-1 are shown as blue and
gray surfaces, respectively. d Model structure of RNA-Rev-host

export complex. Reproduced with permission from Ref. [306].

e Prediction of intrinsic disorder in Rev by PONDR� VSL2 (top
panel) and PONDR� VLXT (bottom panel). Red line represents an

averaged disorder score for Rev from *50 different HIV-1 isolates.

Pink shadow covers the distribution of disorder scores calculated for

Rev from these isolates. Locations of a-helices seen in the crystal

structure of Rev dimer and a complex of Rev with NES-CRM1-

RanGTP are respectively indicated by black and gray crossed bars
between the panels with the disorder scores. Dark blue lines show

location of the predicted a-MoRFs
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Golgi trafficking [323]. Recently, this acidic cluster of Nef

was shown to play a stabilizing role in the formation of a

ternary complex between Nef, the MHC-I cytoplasmic

domain, and adaptor protein (AP) AP-1 [324]. Finally, a

highly conserved and exposed cluster [FPD(121)] in the loop

connecting a4 and b2 of the core domain was shown to be

responsible for Nef interaction with the human thioester-

ase. The formation of this complex is believed to influence

Nef-mediated endocytosis [323].

The Nef-mediated internalization of the host cell

receptors from the surface of an infected cell depends on

the N-terminal myristoylation of Nef [325]. Myristoylation

is a form of lipidation, a specific posttranslational modifi-

cation where myristate is attached to a protein co-

translationally. Despite the fact that lipidation typically

targets modified protein to membrane (since covalently

bound myristate serves as the lipid anchor promoting

protein association to the membrane), a large fraction of

Nef (60–75%) is typically found to be cytosolic and not

attached to membranes [326–328]. Recent analysis

revealed that Nef-membrane interactions involved two

subsequent steps, where cytosolic Nef was first attracted to

the membrane by electrostatic interactions between the

basic Nef residues in the anchor domain (residues 2–60)

and the membrane acidic head groups, followed by the

insertion of the myristate and hydrophobic residues into the

lipid bilayer. This binding process was suggested to be

accompanied by the formation of an amphipathic N-ter-

minal a-helix in Nef [325].

It is also believed that Nef might help enhancing virus

dissemination by regulating the release of chemokines

(MIP-1 a/b) from the infected macrophages [329, 330]. In

fact, since Nef was found to be necessary and sufficient for

chemokine induction in infected macrophage, it has been

hypothesized that one of the biological function of Nef is to

create and support conditions for viral replication and

dissemination by promoting recruitment of T cells to sites

of infection, and by enhancing the transmission of the virus

between infected macrophages and recruited T cells fol-

lowing their cell–cell contact [329]. Recently, this ability

of Nef to induce chemokines was assigned to a region

located between residues 84 and 116 of Nef, and, more

specifically, to the KEK motif (residues 92–94) via analysis

of a series of deletion mutants [331].

In addition to the aforementioned ability to promote

viral replication and pathogenicity, Nef harbors multiple

motifs that can potentially affect cellular signaling path-

ways through the engagement of several host proteins, such

as Hck [332], Pak2 [333], and Vav [334]. For example, Nef

contains a consensus SH3 domain binding sequence

((Pxx)4, also known as (PxxP)3), that mediates binding this

protein to several Src-family members (e.g. Src, Lyn, Hck,

Lck, Fyn), thus modulating their tyrosine kinase activities

[335–337]. The crystal structure of a Nef-SH3 complex

shows that the PXXP motif is in a left-handed polyproline

type II helix and interacts directly with the SH3 domain

[338]. Figure 16a shows that the Nef’s central core con-

tains two antiparallel a-helices packed against a layer of

four antiparallel b-strands [338]. The core domain also has

a hydrophobic crevice, which is a potential ligand-binding

site, located between the two helices. The crevice is close

to Arg110, which has been defined as an important residue

for association with NAK, a Nef-associated serine/threo-

nine kinase related to a p21 kinase (Pak) [339]. Nef has

also been reported to bind other cellular proteins, including

p53, MAP kinase, and TEase-II [335, 337]. Finally, Nef

was shown to bind GagPol during late stages of the viral

replicative cycle [340].

In HIV-infected cells, Nef was shown to form homodi-

mers and potentially higher order oligomers [341].

Dimerization is driven mostly by hydrophobic interactions

between residues in the 109–121 region, and is further

stabilized by pairs of electrostatic interactions formed by

residues Arg105 and Asp123 [341]. Partial or complete

disruption of Nef dimerization by mutagenesis of the

mentioned interface was shown to completely eliminate the

Nef-induced CD4 downregulation and reduced the HIV

replication to levels observed with the Nef-defective HIV-1

viruses [341].

Nef was shown to have two proteolytically stable

domains, the N-terminal anchor domain (residues 2–65)

and a core domain (residues 66–206) [342], and specific

cleavage between W57 and L58 by the viral protease

within the virion represents another posttranslational

modification of Nef [323].

Analysis of the solution structure of the full-length Nef

and its several deletion mutants by NMR revealed that this

protein possesses a noticeable amount of disorder (see

Fig. 16b). In fact, based on the analysis of chemical shifts,

it has been concluded that the 152–174 region does not

adopt a defined secondary structure [343]. Furthermore,

significant internal motions on the ps to ns time scale were

detected for residues 60–71 and for residues 149–180,

which form solvent-exposed loops [343].

Analysis of the solution structure of the N-terminal

anchor domain (residues 2–57) by 1H NMR spectroscopy

and molecular dynamic simulations revealed that this Nef

region, when non-myristoylated, did not have a unique,

compactly folded structure and occurred in a relatively

extended conformation, possessing a short two-turn

a-helix, H2, between Arg35 and Gly41 as the only rather

well-defined canonical secondary structure element. On the

other hand, the myristoylation of this domain at the

N-terminal glycine residue stabilized two a-helices, H1

(residues 14–22) and H2 (residues 33–41) (see Fig. 16c)

[344].
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Figure 16d represents the location of several functional

motifs in the HIV-1 Nef structure [323] and clearly shows

that many functionally important sites are located in the

disordered regions of this protein. The regions of disorder

and high conformational mobility discussed above are

shown in Fig. 16e as gray shaded areas, which clearly

indicate that there is a good correlation between the pre-

dicted intrinsic disorder propensity and experimental data.

On the other hand, the dimerization interface (residues

109–121), which is shown by a cyan shade, corresponds to

the most ordered part of Nef.

Vif

Viral infectivity factor (Vif) is a 23 kDa protein comprised

of 192 residues that plays a crucial role in HIV-1 infection

of many target cells, and is important for the production of

highly infectious mature virions. The major function of Vif

is to overcome the innate anti-viral cellular defense, and it

is therefore conserved in almost all lentiviruses [345, 346].

In fact, Vif is absolutely required for a productive infection

of some ‘‘non-permissive’’ cell types, such as primary

CD4 ? T cells, the peripheral blood T lymphocytes,

monocytes, and macrophages [347–349]. In permissive

cells, such as SupTl, C8166, and Jurkat T cell lines, an

HIV-1 infection can proceed without the presence of Vif

[346–348, 350].

Vif has been shown to efficiently counteract the antiviral

activity of several APOBEC3 (APOlipoprotein B mRNA-

editing enzyme catalytic polypeptide-like) cytidine deam-

inases [351]. Among the members of this enzyme family,

APOBEC3G (A3G) and A3F display the highest antiviral

activity. A3G inserts dC ? dU mutations in the viral DNA

during its synthesis from the viral RNA template [352–

354]. Often, such mutations result in the subsequent deg-

radation of the mutated DNA [355] leading to the

production of non-infectious particles. While A3G inhibi-

tion is the central role of Vif [356–360], the exact

mechanism is not known as of yet. Among the various

models of Vif-driven inhibition of A3G are: Vif-induced

A3G degradation by the proteasome-ubiquitin pathway

[358, 361–363], prevention of the A3G inclusion into the

Fig. 16 Disorder propensity and structural features of the HIV-1

negative factor (Nef protein). a Crystal structure of the complex

between the conserved Nef core (cyan ribbon) and a Src family SH3

domain (blue surface) (1EFN). b NMR solution structure of the

unbound Nef core Nef (2NEF). Ten representative members of the

conformational ensemble are shown by ribbons of different color.

c NMR solution structure of the unbound Nef anchor domain (1QA5).

Ten representative members of the conformational ensemble are

shown by ribbons of different color. d Structure of HIV-1 Nef protein

with some functional annotations discussed in the text. This panel is

reproduced with permission from [323]. e Prediction of intrinsic

disorder in Nef by PONDR� VSL2 (top panel) and PONDR� VLXT

(bottom panel). Red line represents an averaged disorder score for Nef

from *50 different HIV-1 isolates. Pink shadow covers the

distribution of disorder scores calculated for Nef from these isolates.

Locations of the a-helices seen in NMR structure of the anchor

domain are shown by crossed gray bars, whereas gray and black bars
between the disorder score panels represent locations of b-strands and

a-helices, respectively
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newly synthesized virions [364, 365], direct inhibition of

the A3G enzymatic activity [366, 367], and impairment of

the A3G mRNA translation [368, 369]. A3G degradation is

mediated by an E3 cullin-RING ubiquitin ligase complex

(that includes Vif, Cul5, Rbx2, ElonginB, and ElonginC),

in which Vif serves as a recognition substrate for A3G,

resulting in the A3G poly-ubiquitination and subsequent

degradation by the proteasome [358, 362, 363].

Vif is synthesized during the late phase of infection,

being associated with both virion and host cell [370, 371].

The number of Vif copies per HIV-1 virion is dependent on

the infection stage, since during the productive infection,

newly synthesized virions contain 60–100 Vif copies per

virion; this number goes down to 4–6 Vif copies per virion

in chronically infected cells [371]. The incorporation of Vif

into the virions is modulated via its interaction with viral

genomic RNA [371, 372]. Although Vif is a cytosolic

protein, it also exists in a membrane-associated form on the

cytoplasmic side of the membrane [373–375]. Vif is in a

dynamic equilibrium among various oligomeric forms,

which plays a part in its antiviral activity [364, 376–378].

Other possible regulation modes of Vif include multiple

phosphorylations on serine and threonine residues [379–

381], as well as processing by the viral protease that

releases a Vif fragment, including residues 151–192 from

Vif C-terminal domain (CTD) [382].

HIV-1 Vif consists of several functional domains that

are outlined below. The N-terminal domain (NTD, residues

1–100) corresponds to an RNA-binding domain, and con-

tains discontinuous binding sites for A3G and A3F [361,

383–387]. This domain can contribute to Vif’s action as an

RNA chaperone [388], being able to bind specifically the

50-end region of HIV-1 genomic RNA in vitro [389, 390]

and in infected cells [391, 392]. This NTD domain can

interact with the viral protease [393–395] and with the

MDM2 E3 ligase, which targets Vif for degradation by the

ubiquitin–proteasome pathway [396]. Next to these RNA

and A3G/3F binding domains is the HCCH motif (residues

108–139) that coordinates a Zn2? ion and directly interacts

with Cul5 in a Zn2?-dependent manner [397–399]. This

motif, together with the following highly conserved
144SLQYLA149 motif [400], is known to play an important

role in the A3G/F protein inactivation [401, 402]. Next,

there is a SOCS box domain (residues 144–173), which

contains a BC-box region (residues 144–159) that binds

EloC. It also contains a putative Cullin box (residues

159–173), which encompasses the conserved proline-rich

motif 161PPLP164 that governs the Vif multimerization and

is crucial for the Vif function and viral infectivity [375,

377, 378, 403]. Furthermore, this motif can interact with

A3G [364, 404], Cul5 [401], HIV-1 reverse transcriptase

[405], and EloB [406, 407]. Finally, the C-terminal basic

domain of Vif is responsible for interacting with the

cytoplasmic side of the host cell membrane (residues

172–192) [374], binding A3G (residues 169–192) [366]

and Pr55Gag precursor [374, 375, 408], and is important for

the RT enzymatic activity (residues 169–192) [405].

The order/disorder status of the HIV-1 Vif was recently

evaluated by an array of 19 intrinsic disorder predictors.

Most of the algorithms predicted that the first 150 residues

of this protein were mainly ordered, whereas the C-termi-

nal segment (residues 150–192) was predicted to be

disordered [409]. Since intrinsically disordered proteins

often possess defined secondary structures, the Pole Bio-

Informatique Lyonnais Network Protein Sequence

Analysis (NPS) secondary structure consensus prediction

program [410] was utilized to evaluate the secondary

structure propensity of the HIV-1 Vif [376]. Although the

major secondary structure element in Vif was predicted to

be a random coil, the ordered N-terminus was predicted to

contain some b-strands and one a-helix, and the disordered

c-terminus was predicted to contain a-helixes [376].

The HCCH Zn2? binding motif (residues 108–139) is

central in Vif function and A3G degradation, and mediates

the interaction with the Cul5 component of the E3 ubiquitin

ligase complex [397, 398, 401]. The Vif HCCH Zn2?-

binding motif is conserved in all primate lentiviral Vif

proteins, but is distinct from other known classes of Zn2?

finger motifs [398, 411]. Each of the H108–C114–C133–H139

residues have been shown to be important for interaction

with Cul5 and for binding Zn2? [398, 411], and Zn2?

binding increased the affinity between the Vif HCCHp and

Cul5 [412].

Recently, a peptide derived from Vif residues 101–142

(HCCHp) was shown to adopt a random coil-like confor-

mation in the absence of Zn2? [412, 413]. Earlier, Zn2?-

binding to HCCHp was shown to be specific, reversible,

and to induce a conformational change to b-sheet with

subsequent aggregation [414]. Due to its intrinsically dis-

ordered nature, the HCCH domain acts a domain

chameleon, being able to adopt several conformations

[412–414]. In fact, in the unbound state, the HCCH is in

equilibrium between the unfolded conformation and an

ensemble of partially folded conformations that may con-

tain different structural elements, including a partially

folded a-helix. In the presence of TFE or in association

with the membrane, the a-helical conformation is stabi-

lized. Zn2? binding to the unfolded or partially folded

HCCH domain induces partial folding and exposure of

hydrophobic residues that either participate in the interac-

tion with Cul5 or promote aggregation of HCCH, leading

to the formation of b-structure [409].

In agreement with disorder predictions, an analysis of

CTD (residues 141–192) solution structure by CD, NMR,

and gel-filtration revealed that this domain of Vif is mostly

unstructured under physiological conditions. In fact,
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far-UV CD spectrum of Vif CTD showed a pattern of

random coil with some residual helical structure. The
15N-HSQC NMR spectrum of this fragment was charac-

teristic of natively unfolded peptides, and gel-filtration

analysis showed that Vif CTD possessed an extended con-

formation [415]. The analysis of HIV-1 Vif by chemical

cross-linking, proteolysis, and mass spectrometry revealed

that the N-terminus of the monomeric Vif was likely folded

into a compact domain, while the C-terminus remained

intrinsically disordered [376]. Furthermore, HIV-1 Vif was

shown to exist in a dynamic equilibrium between the vari-

ous oligomers. Chemical cross-linking, proteolysis, and

mass spectrometry analyses revealed that after oligomeri-

zation, the C-terminus of one monomer became ordered by

wrapping around the N-terminal domain of another mono-

mer [376]. In agreement with this conclusion, recent study

revealed that up to 40% of the unbound Vif protein is

unfolded in vitro, but binding to the HIV-1 TAR apical loop

promoted formation of b-sheets [416]. Furthermore, the

conserved proline-rich motif 161PPLP164 regulating Vif

oligomerization was shown to be crucial for the function of

this protein and viral infectivity. In fact, alanine for proline

substitutions in this region did not significantly affect the

secondary structure of Vif, but resulted in eliminating its

binding affinity and specificity for nucleic acids [416].

The only available 3D structure of HIV-1 Vif corre-

sponds to peptide 139–179 (which covers the HIV-1 Vif

BC and Cullin boxes) in association with a complex of

human ElonginB and ElonginC (see Fig. 17a) [417]. This

complex represented direct structural evidence of the

recruitment of a human ubiquitin ligase by a viral BC box

protein that mimics the conserved interactions of cellular

ubiquitin ligases. However, clear electron density was

observed only for Vif residues 140–155, which correspond

to the Vif BC-box helix that includes the consensus

sequence of SLQYLA, whereas the C terminus of this Vif

fragment, containing the Cullin box, was disordered and

not observed in the crystal structure [417]. Based on the

detailed biophysical characterization of the structure and

interactions of the SOCS box domain with the EloBC

complex, it has been concluded that Vif CTD was intrin-

sically disordered in its unbound state and underwent

induced folding after interacting with the EloBC complex

[406, 407, 415, 417–419]. In fact, a Vif construct con-

taining the SOCS box region (residues 139–176) fused to a

56-residue solubility enhancement tag was shown to

undergo a binding-induced conformational transition from

a disordered to an ordered conformation by NMR spec-

troscopy [406]. Furthermore, a synthetic peptide spanning

residues 141–192 was shown to possess a mostly unfolded

conformation with a residual a-helical structure by bio-

physical analysis, including analytical size exclusion

chromatography, CD, and NMR spectroscopy [415]. In

agreement with these data, Fig. 17b shows that Vif is

predicted to contain a significant amount of intrinsic dis-

order, especially in its C-terminal domain, which contains a

predicted a-MoRF location of which overlaps with the

region important for the RT enzymatic activity (residues

169–192).

Vpr

HIV-1 viral protein R (Vpr) is a non-structural protein of

96 amino acids with a molecular mass of 14 kDa, which is

involved in several steps of the retroviral life cycle. The

interactions of Vpr with both viral and host proteins are

essential for Vpr-mediated functions and play important

roles in HIV-1 replication and disease progression. Vpr is

incorporated into the virus particles by binding to the p6

domain of viral p55Gag precursor protein (particularly to

the p6 motif (LXX)4) [420] and is essential for the efficient

translocation of the pre-integration complex (PIC) into the

nucleus and subsequent infection of primary monocytes/

macrophages and other non-dividing cells [421, 422]. Vpr

mediates the rapid translocation of the viral nucleoprotein

complexes that include RT, IN, MA [423], the viral

genomic RNA, and partially reverse-transcribed DNA to

the host cell nucleus, and is especially important for

nuclear localization in non-dividing cells, such as macro-

phages, since it contains an NLS that directs transport even

in the absence of mitotic nuclear envelope breakdown

[424]. Vpr does not contain a canonical karyophilic NLS

but instead possesses two important putative N-terminal

amphipathic a-helices, which localizes Vpr to the nuclear

pores rather than to the interior of the nucleus and means

that it does not use an importin-dependent pathway [425].

Vpr is a pleiotropic protein that has a variety of roles in

determining HIV-1 infectivity, as it is involved in apop-

tosis, cell cycle arrest, and dysregulation of immune

functions [425–428]. Among other important biological

functions of Vpr are the modulation of transcription of the

virus genome [429], the induction of defects in mitosis

[430], the facilitation of reverse transcription [431], the

suppression of immune activation [432], the reduction of

the HIV mutation rate [433], and ion channel formation

and cytopathogenicity [434, 435].

The atomic resolution Vpr structure based on X-ray

crystallography is not available as of yet, and, for a long

time, one of the general obstacles impeding structural

determinations of the full length Vpr by NMR has been its

strong tendency to form aggregates in aqueous solutions

[436]. However, recent NMR analysis revealed that Vpr

possessed three well-defined a-helices (residues 17–33,

38–50, and 56–77) surrounded by flexible N- and C-ter-

minal domains [437]. In another study, the two-

dimensional 1H- and 15N-NMR analysis, refined by
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restrained molecular dynamic simulations, revealed that

the Vpr solution structure includes a well-defined c-turn

(14–16)—a-helix (17–33)—turn (34–36) motif followed

by an a-helix (40–48)—loop (49–54)—a-helix (55–83)

domain and a flexible C-terminal region [438]. Note that

the latter NMR study was performed in the presence of

30% trifluoroethanol (TFE), which is known to stabilize

protein a-helical structure, whereas the former analysis was

done in the aqueous solution. In contrast to the structure

obtained in the presence of TFE [438], the three a-helices

in the Vpr structure in pure water were folded around a

hydrophobic core constituted of Leu, Ile, Val, and aromatic

residues [437]. Figures 18a and b represent these two NMR

structures of Vpr and clearly show that besides some

variations in the sequence localization of a-helices, the two

molecules are packed rather differently, and possess

noticeably different topologies. Figure 18c also shows that

there is generally agreement between the results of intrinsic

disorder prediction and NMR-derived data.

Each function or interaction of Vpr was attributed to one

or more of its regions [439]. For example, the N-terminal

region determines the cytopathic effects induced by Vpr,

and it is able to form ion channels in cell membranes [434,

435]. Furthermore, the N-terminal region together, with the

helical domains, is essential for stability and virion incor-

poration [440, 441]. The C-terminal domain of Vpr is

responsible for alterations in the cell cycle, including

apoptosis, cell-cycle arrest, and defects in mitosis [439].

Nuclear transport of Vpr is determined by a region com-

prised of the helix III and the C-terminal domain [442].

The C-terminal moiety of HIV-1 Vpr induces cell death via

a caspase-independent mitochondrial pathway [443].

In vitro, the C-terminal domain (residues 80–96) of Vpr

forms a complex with the second zinc finger of the

nucleocapsid protein p7 [444, 445]. Furthermore, the

C-terminal region, including helix III, is involved in Vpr

oligomerization, likely via a leucine-zipper type mecha-

nism involving helix III [446]. On the other hand, the

incorporation of Vpr into the HIV-1 virion depends on

different regions of the protein [439].

It is important to emphasize here that the vast majority

of functional Vpr regions are independent of each other. In

an excellent review linking Vpr structure and function

[439], it was pointed out that: ‘‘The amazing property of

Vpr is that this small polypeptide interacts with variety of

proteins and directs them toward different pathways.

Interaction of a single protein with a variety of different

proteins may seem surprising. Several hypotheses have

been suggested to explain the capability of Vpr to exert so

many effects through direct protein–protein interactions.

One hypothesis suggests that Vpr possesses structural

features similar to those of HSP70, a cellular chaperone,

enabling Vpr to bind to many proteins with sufficient

energy to cause changes in the activity of target proteins

[447].’’ However, there is an alternative explanation for

Vpr’s multifunctionality, as it clearly serves as an impor-

tant hub linking multiple viral and host proteins and

processes. Based on the analysis of several structurally

characterized hubs, two primary mechanisms were sug-

gested by which disorder is utilized in protein–protein

interaction networks, namely one disordered region bind-

ing to many partners and many disordered regions binding

Fig. 17 Disorder propensity and structural features of the HIV-1 viral

infectivity factor (Vif protein). a Crystal structure of the Vif peptide

139–179 (which covers the HIV-1 Vif BC and Cullin boxes, cyan

ribbon) in association with a complex of human ElonginB (red
surface) and ElonginC (blue surface) (3DCG). b Intrinsic disorder

prediction in Vif by PONDR� VSL2 (top panel) and PONDR�

VLXT (bottom panel). Red line represents an averaged disorder score

for Vif from *50 different HIV-1 isolates. Pink shadow covers the

distribution of disorder scores calculated for Vif from these isolates.

Location of the a-helix seen in the crystal structure of the Vif-

ElonginB-ElonginC complex is shown by the black bar between the

disorder score panels. Gray shaded areas correspond to the NTD

domain (residues 1–100) that contains an RNA-binding domain, and

discontinuous binding sites for A3G and A3F, and to the SOCS box

domain (residues 144–173) containing a BC-box region (residues

144–159) and a putative Cullin box (residues 159–173). Dark blue
line shows the location of a predicted a-MoRF
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to one partner [28, 29]. Several groups have further tested

these ideas via bioinformatics studies on collections of hub

proteins, and the results of these studies supported the

hypothesis that hub proteins commonly use disordered

regions to bind to multiple partners [448–454]. Therefore,

the pleiotropism of Vpr is likely to be explained by the

intrinsically disordered nature of this protein and/or by the

intrinsically disordered nature of its binding partners.

Vpu

Viral protein U (Vpu) is an 81-residue oligomeric integral

membrane protein encoded by the HIV-1 genome [455–

457]. Several crucial biological functions were ascribed to

this small accessory protein, such as the promotion of CD4

degradation in the ER [458–462] the participation in virion

release [456, 463, 464], and the formation of cation-

selective viral ion channels [465–467]. These distinct roles

of Vpu in the viral life cycle were suggested to be corre-

lated with two distinct protein domains [467].

The N-terminal transmembrane (TM) domain of Vpu

(residues 1–32) is known to form homooligomers both in

vivo and in vitro [457]. The TM domain is the only Vpu

sequence required for the oligomeric Vpu to act as a cation-

specific ion channel [465–467]. The active channel-like

Vpu TM domain is also responsible for the release of

mature virus particles from the cell surface [456, 463, 464].

Here, the interactions of the Vpu TM domain with other

factors present at the host cell surface, such as the TASK-

1K? channel, likely play a role [468, 469]. This destructive

interaction of the Vpu TM with host background K?

channels, which sets the cell resting potential, results in the

destabilization of the cell membrane potential, therefore

promoting viral particle release. In other words, Vpu TM

acts as a membrane depolarizer to dissipate the restricting

transmembrane voltage on particle budding/fission [470].

Furthermore, recent experiments indicated that Vpu facil-

itates viral budding through interactions with host cell

proteins that otherwise inhibit viral budding [468]. Among

these viral budding inhibitors are several transmembrane

proteins, such as an integral membrane protein dubbed

tetherin, CD317, and BST-2 [471, 472].

It is believed that the Vpu-controlled degradation of

CD4 in the endoplasmic reticulum releases newly synthe-

sized HIV-1 Gp160, which is otherwise trapped in ER, via

interaction with newly synthesized CD4, thus allowing Env

transport to the cell surface for assembly into viral particles

[73]. This activity depends on interactions of the Vpu

cytoplasmic domain with both the cytoplasmic tail of CD4

[462, 473, 474] and the b-transducin-repeat-containing

protein (bTrCP) component of the SCFbTrCP E3 ubiquitin

ligase complex [475, 476].

Although neither the crystal structure of HIV-1 Vpu nor

the NMR solution structure of the full length protein are

available as of yet, the structural properties of this protein

and its various fragments were analyzed by a wide range

of biophysical techniques. Significant a-helical content

was found in the TM domain by circular dichroism

measurements in 2,2,2-trifluoroethanol/H2O (TFE/H2O)

solutions [477] and by Fourier transform infrared (FTIR)

Fig. 18 Disorder propensity

and structural features of the

HIV-1 viral protein R (Vpr

protein). a NMR solution

structure of Vpr (1ESX).

b NMR solution structure of

Vpr (1M8L). c Intrinsic disorder

propensities of Vpr evaluated by

PONDR� VSL2 (top panel) and

PONDR� VLXT (bottom
panel). Red line represents an

averaged disorder score for Vpr

from *50 different HIV-1

isolates. Pink shadow covers the

distribution of disorder scores

calculated for Vpr from these

isolates. Locations of the

a-helixes seen in different NMR

structures are shown between

the disorder score panels by

crossed gray and black bars
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spectroscopy of Vpu (1-31) in DMPC bilayers [478]. High

resolution solution and solid-state NMR analyses con-

firmed the high helical content of the TM domain of Vpu

[477] and showed that the majority of residues within Vpu

(2-37) (see Fig. 19a) lie within helical regions oriented

approximately perpendicular to the bilayer surface [479,

480]. Solution NMR studies of Vpu peptides in the pres-

ence of DHPC micelles show evidence of helical regions

from residues 5-30 in Vpu (2-37) [480] and 8-25 in Vpu

(2-30) [479]. Finally, the backbone structure of an a-helix

spanning residues 8-25 of a modified Vpu (2-30) peptide

was determined by solid-state NMR in oriented bilayers

[481].

Surprisingly, the molecular dynamics (MD) simulations

revealed that the monomeric Vpu1–32 possessed a highly

dynamic structure, capable of easily adapting to various

lipid environments. Furthermore, this domain was shown to

undergo large movements during the simulations, with no

prominent single stable conformation [482]. One of the

very prominent features of an a-helix forming this domain

is the presence of a significant kink in the range of residues

Ile-20 to Ser-24 (see Fig. 19b). Here, the formation of a

dynamic hydrogen bond between the hydroxyl group of

Ser-24 forms and the backbone carbonyl oxygen of Ile-20

or Val-21 induces and stabilizes the observed kink in this

region [482]. This highly flexible structure allows Vpu TM

to ‘‘sense’’ its lipid environment and to adapt to it. Fur-

thermore, the TM flexibility may allow for interaction with

the TM domains of other membrane-spanning proteins in

the HIV infected cell, such as the TASK channel [482].

The ability of Vpu and its TM domain to form ion

channels is believed to be driven by the association of

a-helical TM segments into homo-oligomeric bundles, with

ions passing through the central pore of the helix bundle

Fig. 19 Disorder propensity and structural features of the HIV-1 viral

protein U (Vpu protein). a NMR solution structure of the Vpu

transmembrane domain (2GOH). Ten representative members of the

conformational ensemble are shown by ribbons of different color.

b Molecular dynamics (MD) simulation-based modeling of the

average structure of the Vpu transmembrane domain within different

membrane environments. The purple rods indicate the principal

helical axis. On the left, the upper longer rod lies in the image plane,

while the shorter rod is pointing away from the viewer. On the right
the view point was rotated by 90�, allowing a view from the side.

Reproduced with permission from Ref. [482]. c Models for the

tetrameric (a, b), pentameric (c, d), and hexameric (e, f) Vpu TM

oligomers that satisfy experimentally derived constraints. Reproduced

with permission from Ref. [487]. d NMR solution structure of the

cytoplasmic domain of Vpu in the presence dodecylphosphatidyl

choline (DPC) micelles (2K7Y). Ten representative members of the

conformational ensemble are shown by ribbons of different color.

e NMR solution structure of the cytoplasmic domain of Vpu in

aqueous solution (1VPU). Ten representative members of the

conformational ensemble are shown by ribbons of different color
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[466, 478–480, 483–486]. Based on the comprehensive

biophysical analysis of the Vpu1–40 domain by analytical

ultracentrifugation to investigate oligomerization in deter-

gent micelles, photo-induced crosslinking to investigate

oligomerization in bilayers and solid-state nuclear mag-

netic resonance to obtain constraints on intermolecular

contacts between and orientations of TM helices in bilay-

ers, the molecular models for the Vpu TM oligomers were

developed [487]. Surprisingly, the data indicated that no

unique supramolecular structure can be defined. Instead, a

variety of oligomers, ranging at least from tetramers to

heptamers, were shown to coexist in phospholipid bilayers

(see Fig. 19c) [487].

CD analysis of overlapping peptides in the cytoplasmic

domain from Vpu (28-42) to Vpu (67-81) revealed sig-

nificant helical content for residues 42-50 and 57-69

[488]. In agreement with these observations, solution NMR

of the cytoplasmic Vpu domain (residues 32-81) in TFE/

H2O mixtures showed helical structure for residues 37-51

and 57-72 (see Fig. 19d) [477, 488, 489]. However,

solution NMR analysis of this domain in the absence of

TFE, but in the presence of high salt concentrations,

revealed helical regions spanning residues 40-50, 60-68,

and 75-79 (see Fig. 19e) [490]. Solution NMR analysis of

Vpu (28-81) in the presence of DHPC micelles showed

evidence of helical regions from residues 28-50 and 58-

70 [480]. Finally, solution NMR studies revealed that the

Vpu (41-62) structure in an aqueous solution depends on

phosphorylation of S52 and S56 [491, 492].

Figure 19f shows that, in agreement with experimental

data, the cytoplasmic domain of HIV-1 Vpu is predicted to

be highly disordered and is expected to have an a-MoRF.

The phosphorylation sites (S52 and S56) known to modu-

late the structure of Vpu are also located within this

intrinsically disordered domain. Therefore, similar to Vpr,

Vpu is a small but multifunctional protein, whose biolog-

ical activities are directly linked to different regions and

whose functional regions are independent of each other.

And, similar to Vpr, this pleotropism of Vpu is encoded in

the intrinsically disordered and highly flexible nature of

this protein.

Conclusions

Modern literature on the structural properties and functions

of HIV-1 proteins has been systematically analyzed, with a

strong focus on the potential roles of intrinsic disorder in

structural and functional peculiarities of these proteins. The

published data clearly show that HIV-1 proteins contain

substantial amounts of intrinsic disorder and that intrinsic

disorder has a very broad functional implementation. In

fact, all HIV-1 viral proteins, irrespective of their

functions, have biologically important disordered regions.

Since the structured moieties of nonstructural proteins

(such as PR, RT and IN) perform crucial enzymatic

activities that certainly play a very important in the life

cycle of the virus, available data strongly suggest that there

is an intricate functional complementation between the

disordered and ordered regions of HIV-1 proteins. The list

of functions attributed to these disordered regions of viral

proteins overlaps with disorder-based activities of proteins

from other organisms, such as signaling, regulation, and

interaction with nucleic acids and proteins. HIV-1 is shown

to rely extensively on intrinsically disordered protein or

regions at almost all stages of its intriguing life cycle.

Intrinsic disorder is crucial for unique viral functionalities,

such as the invasion of the host cells, the hijacking of the

host regulation systems, the accommodation to hostile

habitats, and the management of economic usage of genetic

material. In fact, every step of the HIV-1 life cycle, from

entry to budding, is orchestrated by intrinsic disorder,

which determines the modes by which HIV-1 proteins

interact with host proteins, and therefore defines the ways

in which viral proteins commandeer a great variety of

cellular pathways and processes. In essence, intrinsic dis-

order is used by this virus as both flexible armor and

weapons.
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