
electrostatic interactions will decrease unon 
increase of the  dlstance between the  
charged group o n  the  ligand and the  blnd- 
lng site of CAII .  T o  test thls hypothesis, a.e 
compared llgands 4, 5,  and 6, in a.hic11 the  
negat~vely charged carboxylate group was 
separated from the  s ~ ~ l f o n a m ~ i i e  group by 
lncreaslng numbers of bonds (Fig. 2B). T h e  
dependence of free energy of blnding o n  
charge, IAG,,/AZ, for ligallils 4, 5 ,  and 6 
\vas 0.10 ? 0.01, 0.07 f 0.02, and 0.02 ? 
0.02 kcal mol-' charge-', respectively. As 
expected, the  interactions beta.een the  
charges on ligands and proteins decreased as 
the  n~lnlher of bonds l~etlveen the  s ~ ~ l f o n -  
arnlde group and the  charged group In- 
creased. T h e  value of IAG,,/AZ for 4 is 
approxlrnately tlvlce that of the  shorter li- 
gand 1; nre have not established the  origin 
of this difference. 

Three  characterlstlcs of the  colnbination 
of A C E  and c h a r ~ e  ladders are ~ ~ ~ r t i c i i l a r l v  " 
~1sef~11 for studr of electrostatic contribu- 
tions to the  free energies of protein-ligand 
~nteractions.  First, it generates large num- 
bers of directly colllparable data in a 
straiehtfor\vard exnerlnlental s17stem. Sec- 
ond, charge ladders can be generated from a 
large number of proteins, and although only 
certaln charge ladders behave as slrnply as 
that from CAII ,  the technique has useful 
generality ( 1  9 ) .  Third, the  technique readi- 
ly permits quantitative evaluation of both 
intensive (ion colnposit~on and ternpera- 
ture) and extensive (ionic strength and pH)  
influences on the  electrostatic contribution 
to biological interactions. 
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Adaptive Evolution of Human Immunodeficiency 
Virus-Type 1 During the Natural Course 

of Infection 
Steven M. Wolinsky,*-1 Bette T. M. Korber,? Avidan U. Neumann, 

Michael Daniels, Kevin J. Kunstman, Amy J. Whetsell, 
Manohar R. Furtado, Yunzhen Cao, David D. Ho, 

Jeffrey T. Safrit, Richard A. Koup 

The rate of progression to disease varies considerably among individuals infected with 
human immunodeficiency virus-type 1 (HIV-1). Analyses of semiannual blood samples 
obtained from six infected men showed that a rapid rate of CD4 T cell loss was associated 
with relative evolutionary stasis of the HIV-I quasispecies virus population. More mod- 
erate rates of CD4 T cell loss correlated with genetic evolution within three of four subjects. 
Consistent with selection by the immune constraints of these subjects, amino acid 
changes were apparent within the appropriate epitopes of human leukocyte antigen class 
I-restricted cytotoxic T lymphocytes. Thus, the evolutionary dynamics exhibited by the 
HIV-I quasispecies virus populations under natural selection are compatible with adaptive 
evolution. 

I n  general, the  natural history of HIV-1 
infection in humans follo~vs a defined pat- 
tern with \x~ell-characterized features (1-3); 
however, the  rates of development of dis- 
ease and the  survival tunes in different il? 
dividuals vary widely (4) .  T h e  pathogenic 
potential of the  virus (5-8) and the  imm~i-  
nopathogenic effects of the  imm~ine  re- 
sponse (9 )  have each been postiilated to 
explain the  observed differences ln progres- 
sion to  disease. O n e  hypothesis that might 
explain the  variable course is that the  loss 

of C D 4  T cells in HIV-1-infected individ- 
uals is primarily due to increasing antigenic 
diversity that,  beyond a threshold, exceeds 
the  capacity of the  immune response to 
regulate viral population growth ( I d ) .  

T o  evaluate this hypothesis critically, we 
directly measured the  levels of HIV-1 R K A  
and tracked viral sequence changes that 
o c c ~ ~ r r e d  in concert a.ith the  humoral and 
cellular immune response in samples from a 
\x~ell-defined cohort of HIV-1-infected in- 
dlviduals. Six lnen with confirmeij HIV-1 
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infection from the Chicago component of 
the Multicenter AIDS Cohort Studies 
(MACS) were selected on the basis of dif- 
ferences in their rates of CD4 T cell count 
decline at -6-month-interval study visits 
(Table 1). Two subjects each had a rapid 
(PI and P2) or moderate (P3 and P4) rate 
of CD4 T cell loss, and two had a relatively 
stable CD4 T cell count (P5 and P6). The 
depletion rate for the CD4 T cell subset 
correlated with the plasma HIV-1 virion- 
associated RNA burden -9 months after 
primary infection, a time when this value 
generally stabilized, and with the ratio of 
intracellular unspliced and multiply spliced 
mRNAs (Table 1). The average HIV-1 viri- 
on-associated RNA burden over the subse- 
quent follow-up period also correlated with 
these values (Table 1). 

To explore the relation between disease 
progression and genetic diversity, we tracked 
the evolution of viral sequences within these 
individuals by examining proviral sequences 
spanning V3 through V5 amplified by the 
polymerase chain reaction (PCR) from 
blood samples obtained during interval visits 
(8). Product DNAs from five to eight time 
points per individual were cloned, and up to 
13 clones from each sample were sequenced 
(1 1 ), for a total of 292 sequences, each 650 
nucleotides in length. 

Phylogenetic analyses of these sequences 
[(I 2); but see (1 3)] revealed distinct clusters 
of viral sequences for each subject, indica- 
tive of absence of PCR-product contamina- 
tion. Greater branch lengths were observed 
for subjects P3, P4, and P5 relative to those 
for PI, P2, and P6. This observation held 
when viral sequences were analyzed from 
comparable time points relative to the time 
of primary infection (14). Thus, the longer 
branches for subjects P3, P4, and P5 were 
due to a more rapid accumulation of muta- 
tions and not to a longer survival time. 

Within each subject, viral diversifica- 
tion and evolution were tracked over time. 
Viral sequences from P1 and P2 showed no 
tendency to form clusters associated with 
sampling time in the phylogenetic recon- 
structions. Viral sequences from subject P3, 
in contrast, showed distinctive clustering 
with sampling time (Fig. 1A). Viral se- 
quences from P4, P5, and P6 had some 
tendency to cluster with time, with early 
sequences clustering closer to the ancestral 
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PI ,tx,F 
CON B 

Fig. 1. Representative phylogenetic reconstruc- 
tions within subjects. (A) The phylogenetic recon- 
struction showed that the viral sequence set from CON B 
P3 had the strongest evidence for sequential 
shifts in the population of viruses among the six 0.05 
subiects. IBI The viral seauence set from P4 was . . -,- - * , 
selected to represent the bhylogenetic pattern observed for P4 and P5. There was substantial intermin- 
gling of viral sequences from different time points, with generally low bootstrap values representing 
different clusters. The phylogenetic reconstructions shown are neighbor-joining trees with bootstrap 
proportions of greater than 75 of 100 bootstrap replicates (shown at appropriate branch points). The 
PHYLIP program (40) was used to construct the tree by means of a Kimura two-parameter distance 
matrix with a ratio of transition to transversion of 1.3. The B clade consensus sequence (39), defined as 
the most common nucleotide in a given position, was used as an out group. Qualitatively similar trees 
were generated by means of the maximum likelihood program, in PHYLIP, dnaml. Comparable bootstrap 
values were also obtained for the nodes in P3 by means of parsimony and the program PAUP (12, 41). 
The taxa are labeled by a number indicating months from the estimated time of primary infection, with 
each time po~nt represented by a different color. Some outliers and some intermingling of sequences from 
sequential time points were observed, even in P3, and would be expected, given that the CD4 T cell 
population can serve as a reservoir of unexpressed provirus. 

node at the base of the phylogenetic tree 
(Fig. 1B). Therefore, progressive shifts in 
the viral population may be occurring in 
subjects who have a relatively slow rate of 
CD4 T cell decline (15), as illustrated by P3 
and to a lesser extent by P4 and P5. 

To test whether the observed difference 
in the evolutionary rates within subjects 
was due to positive selection or to differenc- 
es in replication kinetics, we compared the 
accumulation rates of nonsynonymous rela- 
tive to synonymous base substitutions in all 
sequences by using the consensus sequence 
of the first time point as a reference (16). 
The accumulation rates of nonsynonymous 
substitutions were faster in subjects P3, P4, 
and P5 (1.5, 1.0, and 1.3% per annum, 
respectively) than in P1 and P2 (0.5 and 
0.3% per annum, respectively). The slower 
accumulation rate of nonsynonymous sub- 
stitutions for P6 (0.3% per annum) was an 
exception to the trend. In contrast, the 
rates of accumulation of synonymous base 
substitutions were gradual and comparable 
in all subjects (0.3 to 0.5% per annum), 
with the exception of P2, who had fewer 

changes (1 7). Therefore, within the limita- 
tions of our data set (n = 6). the increase in , . 
genetic diversity correlated with positive 
selection for change and, contrary to pre- 
diction (lo),  with prolonged rather than 
shortened survival (1 8). 

To determine whether an antigenic di- " 
versity threshold existed for each of these 
six subjects (lo),  and to facilitate tracking 
viral forms through time, we devised a 
method for systematically clustering close- 
ly related protein sequences that could be 
regarded as predictive of immunological 
reactivity (19). Because of the relatively 
long length of the viral sequences analyzed 
in this studv. it was not ~ossible to define , , 
genetic forms on the basis of sequence 
identity as was done previously when only 
the 35 amino acids of the V3 loop were 
considered (10). Therefore, to estimate 
viral diversity in a sample and explore 
shifts in the HIV-1 quasispecies virus pop- 
ulation, we generated pairwise similarity 
scores for all aligned protein sequences 
and clustered the scores by using pheno- 
grams that group sequences according to 
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Table 1. The clinical course, CD4 T cell depletion rates, and quantitative 
virological data for the six study subjects. The times of infection, estimated 
as the midpoint between the last HIV-1 antibody negative and the first 
antibody positive visit, were, for the six subjects, 1984 for P5; 1985 for P l  , 
P2, and P6; and 1986 for P3 and P4. Subjects P2, P3, and P4 received 
antiretroviral therapy with zidovudine at 30 months, 48 months, and 64 
months after the estimated time of infection, respectively. Subject P5 was 
lost to follow-up after 48 months. P I  and P2 died within 36 and 42 months 
of infection, respectively. CD4 T cell counts, expressed as numbers of cells 

per microliter, were determined as described (38). The rates of linear CD4 T 
cell decline were measured by the minimal slope obtained from sliding linear 
regressions starting within a year after primary infection. Plasma HIV-1 RNA 
levels were measured by a quantitative RT-PCR assay (Roche Molecular 
Systems) and expressed as RNA copies per milliliter. lntracellular unspliced 
and multiply spliced viral mRNAs were measured as described (8). Because 
of the 3- to 6-month sampling intervals, the initial rise and subsequent fall in 
the plasma viral RNA burden during primary infection was detected only for 
subjects P2 and P5. 

CD4 depletion rate Viral RNA at 9 months after 
Average primary infection 

Viral RNA at last visit 
Sub- Follow-up Average 

time CD4,CD8 viral RNA in 

ject (months) Linear (cells Exponential ratio plasma ,,- I month- I) (cells PI-' (copies/ml) Plasma Unspliced Spliced Ratio Plasma Unspliced Spliced Ratio 
month-I) 

amino acid similarity (19), irrespective o f  
evolutionary path (20). The frequencies o f  
sequences representing different clusters 
were then used as a basis for calculating 
the entropy o f  that sample, where entropy 
is a measure o f  variability based o n  the 
distribution o f  discrete forms wi th in a 
sample (2 1 ). 

All six subjects had relatively homoge- 
neous virus populations up to 9 months 
after primary infection, showing either one 
or two protein forms (Fig. 2). Subjects P1 
and P2 who progressed rapidly to acquired 
itnmunodeficiencv svndrome (AIDS) main- , , 
tained a relatively homogeneous population 
of protein variants throughout the entire 
course of infection even at the beginning o f  
a precipitous decline in the CD4 T cell 
count (Fig. 2) (15, 18, 22). In contrast, late 
time points in P4 and P5, when the CD4 T 
cell count was relativelv stable. showed the 
highest diversity among all the samples 
(Fig. 2). Subject P3 consistently showed 
relatively homogeneous within-sample viral 
sequences, however, even in a period of 
CD4 T cell decline (Figs. 1 and 2). The 
progressive changes apparent in P3 (Fig. 2) 
over time were also seen in the phyloge- 
netic topology (Fig. 1A). 

Lacking evidence for increasing antigen- 
ic diversity as the driving force behind the 
rate of CD4 T cell loss (1 O), we assessed the 
role of the immune response by studying 
aspects of the humoral and cell-mediated 
immune surveillance mechanisms. In neu- 
tralizing antibody assays performed wi th 
both autologous and heterologous primary 
viruses (7), most of the sera obtained from 
these participants early after infection had 
little or n o  neutralizing activity, whereas 
late in the course of infection, the neutral- 
izing antibody response tended to be more 
pronounced in the sera obtained from P3, 
P4, and P6 compared wi th sera from PI, P2, 

Fig. 2. Diversity of viral forms and 
shifts in the HIV-1 quasispecies virus 
populations over time. The STR ami- 
no acid substitution matrix, based on 
the amino acid substitution frequen- 
cies found in protein structure- 
based alignments (42), was used for 
calculating the sequence similarity. 
Gap penalties were scored such that 
the initial gap caused a reduction in 
the total score of 6.7, and additional, 
consecutive gaps reduced the score 
by 1.3. Once all pairwise scores were 
calculated, the viral sequences were 
clustered by means of maximum 
linkage (13). Sequences were 
grouped according to the clustering 
pattern into sets containing highly re- 
lated forms, with the same criteria 
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used for all six subjects, and repre- ~ l O O y  ~3 

sented as histograms (alignments of 
ao+ viral sequences are available upon 

request). The predominant viral form 9 60; 
found in each subject in the first time 

40; point is indicated in turquoise. Other 
forms are indicated by additional col- 
ors, with no relation implied between 
thesubsequent colo rsand the forms 
found in the different subjects. The Months Months 
fraction of the total number of viral 
sequences that were of a given form within each sample is shown. To normalize these data and allow for 
an appropriate scale on the abscissa, the entropy of each sample (16) (0) is displayed as a percentage 
of the highest entropy in the study (P4 sampled at 48 months after infection; entropy = 1.68). Two 
additional measures of viral variation within samples were calculated: the Simpson index (10) and the 
mean and median Hamming distance for the amino acid sequences, excluding gaps. Both of these 
distance measurements provided intersubject comparisons that essentially tracked with the entropy 
measure shown here. CD4 counts (black line) are shown as cells per microliter. 

and P5 (23). Contrary to what has been 
observed in simian immunodeficiency virus 
infection of macaques (24), we found no 
clear association between the humoral im- 
mune response and the rate of progression 
to AIDS. In contrast, gag-, pol-, and env- 
specific cytotoxic T lymphocytes (CTLs) 
were detectable for each o f  these subjects 
(2), wi th the frequency o f  CTL precursors 

(CTLp) inversely correlated wi th the rate 
of progression to disease (Table 2). Two 
human leukocyte antigen (HLA)  class I- 
restricted CTL epitopes unambiguously de- 
fined within the region of gp120 that was 
sequenced (25) also showed a high frequen- 
cv of amino acid substitutions over time 
when the subject expressed the given allele 
and when there was an env-specific CTL 
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response (T'ahle 2) (26) .  Thus,  a vigi~rous 
HI\'-1-syecific HLA class I-restricte~l C T L  
respi)nse \vas associated n . ~ t h  slo'iv rather 
than raplii rates of i ievelol~ment of il~sease, 
contrary to the prediction that the  immi~-  
nopathogenic effects of CTLs are resyonsl- 
hle for depletion ot C D 4  T cells (9 ) .  

T o  assess the  contrilwtion of \-Ira1 viru- 
lellce in nleillatlllg C D 4  T cell declille In 
theye individuals (5, h ) ,  \ve esa~ni l led  the 
hiologlcal phenotype of virilses ~yolated 

from bloiiil salnples ohtaineii from each SUIT-  
ject ;at serial tlllle pciints (27) .  All viruses 
repllcatwl \<lit-11 equal etfic~ency In primary 

cultures of normal donor per~plleral  hlood 
mononi~clear cells and monocvte-iler~veil 
nlacrophages and 'lid not ~ n d u c e  syncytia In 
cultures of the establ~shed blT-7-trans- 
formed T cell line. Therefore, there \vas n o  
eviJence of a phenotypic s\vitch to syncy- 
tiurn-inducing tilr~lls in the virus poyula- 
tions cciinciilent \vith an  accelerated rate ot 

pnigress to AILIS (5). Consistent with these 
results, the  characteristic positi\,ely chargeL1 
amino acids in the  \'3 loup nautif asociateii 
\ v ~ t h  a s y n c y t ~ u ~ ~ ~ - i n i l u c ~ n g  phenotype were 
ahsent fro111 all 297 sequences (28).  

To bcreell fi)r a potentla1 iiifkrence in 
rhe ability of these ~solated viruses to repli- 
cate ,anii deplete C D 4  T cells 111 the al~sence 
of any imlnune response, lye ~noculateii  1011- 
gituJinal viruses isolated from all six stuiiy 
part~cipants into humcan fetal thymus-re- 

B7-restricted epitope 
RPNNNTRKSI 

PI.-3 NA 
p1.g - - - - - - - -  11 

Cw4-restrcted eptope CTLp/lo4 PBMCs 

SmCGGEFF env gag poi 

Table 2. A B7-restricted eptope (RPNNNTRKSI from amino ac~d  pos~t~on 303 
to 31 2) and a Cw4-restrcted epitope (SfNCGGEFFfrom amno acid position 
380 to 388) are wlthln the regon of gp120 that was sequenced (25). The 
amno acd  postions are numbered according to the envelope of the HXB2R 
sequence In the AIDS and Human Retroviruses Database (39). P I  and P2 
expressed the Cw4 allele, had o w  to undetectable CTLp against the vaccnia- 
expressed en\/ prote~n, and had Infrequent nonsynonymous substitut~ons 
within this ep~tope. P4, P5, and P6 expressed the 87 allele. P6 lacked non- 
synonymous substtut~ons n the B7-restrcted epitope and had a nondetect- 
able env-spec~f~c CTLp. P4 and P5 had ~nultiple amno acid substitutions 
wthln the B7-restrcted epitope at tme  ponts when strong env-specific CTLp 
was detected. At the first tme  po~nt tested. P4 and P5 carried the defned 
B7-restr~cted epitope, RPNNNTRKSI, in 11 of 12 and 13 of 13 sequences, 
respect~vely. By 37 months, the initial epitope sequence in P4 was almost 
entirely replaced (1 of 10 remaning) by a variety of forms. many with niult~ple 
substtut~ons. This diversficat~on persisted at 48 and 54 months after nfec- 
ton .  At 47 months after infect~on when P5 had vlgorous env-specfic CTLp, 3 
of 10 sequences had the or~gnal ep~tope and 7 sequences had var~ant 
epitopes. For subjects P I .  P2. and P3 who d ~ d  not have the B7 allele and P6 
who d d  not have CTLp. only 6 of 162 sequences had s~ngle amlno acid 
subst~tut~ons wlthin the defned eptope. No ep~topes w~ th  mutple amno acid 

B7-restricted epitope Cw4-restrcted epitope CTL~ /~O"BMCS 
RPNNNTRKSI SmCGGEFF env gag poi 

p i ! ,  2 , - . - - - - - -. 

' I '  - .- -1" , , -  - 
p' ,;?5 - . - - - - - - - 

; - I / !  ,:;/ - - ( , ~ - - - - l  I , - -  
/ - 1  I - - - - - - -  

i3L!,3/ (;-:;- - - - -  

lp~! , :3 {  - -[?,-I I - - ;  I - -  
!->L!,2/ --C-I -..;.;-- , - -:;- . - - - - - 
' / - - -  - - .. - ~~ - 

pq,'!g --S---i( 
[pi! , i  8 - - S - .. - --El- 
pL)./!.g - S- 
' I  , L! 0 - - - - - . . - - - 
P! 48 - ( 2  1 , --I:-- 
13~' -.  L!" 0 ::)-$ . - - -(;\]I 
134.5~8, - - - - . - - - - - 
13L1,5L! ..c,- - -  I? - 
p' SLj - j j -  - -  .- 

1'/1 g ~ !  --S - - - -  -c- 

substtut~ons were o b s e ~ ~ e d .  The anchor residues, hghl~ghted in ~talics, were 
essent~ay unchanged, suggest~ng that new T cell receptor rearrangements 
might be able to respond to the var~ant epitope sequences. Because ~t IS not 
possble to predict CTL escape solely on the bass of am~no acid sequence 
~nformation. studes are n progress to test the bindng of var~ant epitope 
pept~des to HLA B7 and the recognit~on of variant peptde-HLA complexes by 
CTL from these subjects and others (26). NA, not applicable: X, any amno 
acd: $, stop codon. Abbrevat~ons for the amno ac~d  resdues are as follows: 
C. Cys; E, Gu ;  F, Phe: G. Gy ;  I.  Ile: N, Asn; P, Pro: R, Arg; S. Ser; and T. Thr. 
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const~tuted bevere cn~llhined ~minunodefi-  that HI\'-l ilu,isispecie~ viruh poL~ul,it~c>n DNA temp1aie'::as sequenced n both folward (MI 3-21 
,~riversa aqd KK40 ~t 6953 to 6972, 5'ACAGTA- 

clencv rriice (‘;CIn-Hu) (29).  T h e  viruses iiynamics are compat~ble  \\-lth a n  lileal D,ir- CA4TGTACACATGG-3') arid revelse -h#l13 leverse aqd 
from all six s~thjects, rep~rdlesb thelr \~ini , in  system (38).  ;<Y8 nt 6892 to 691 7, 5'-AATTTCCCTC(GT IACAAT- 

course o t  progression to d~sease, repl~cated TAAAACTGT-3'1 d ~ ~ e c t ~ o n s  '::~th the ~ l s e  of 

anii iiepleteii CD4 T cells ti, a n  equivalent d~deoxynucleot~de t~piiosphates (Dye-Deoxy terlnla- 
REFERENCES AND NOTES tors) and aqalyzed v)!ti; a 373A sequencng sysiem 

extent 111 the  SCIL>-HLI mouse illoiiel (32).  ;Apped BoSyste~ms) as desc~ibed :a). 
Thereti)re, t;>r these S I X  sutijects, the viral 1. E. S Daar T M o ~ ~ g d ~ l ,  R D. Meyer, D D. Ho, 111 12 S M Wol~nsky e i  ai., data ro t  shown 

~ 3 h e i l o t ~ p e  \vas ni)t a n  overt iietermina~lt i)t Eiigi J. ibJeci. 324 961 ;I 991)  C. G I ~ Z I O Z I  e i  a i .  13 Tile m~~l t ip le  alig~ied sequence editor fk4ASE) pro- 
?roc 111atl Acad So. i l .S  A. 90. 6405 :I 993). M S gram [D Faulkner and J. Jurka. fiel?ds 81oci!ei7i. 

the rate o t  tievelopment ot  iiiseahe (5. 6 ) .  Saag et a/., J Ex$. lijeci 172, 1055 : l991):  S J Sci. 13. 321 (1 98811 was ~ ~ s e d  for the sequence 
Models that relate incre:is~ng antlgenlc Clark e ta /  N. Engi J. Med. 324, 954 (1 991) al~gnlnents For phylogerietic a~ialysis, postiolis 

dl\-erhI[.\: ( I  $), 211 l l~lll lullopa~~ologlc ettect 2 S bl W o  rsky et a / .  Scjeiice 255, 1134 (1992); T where gaps wele liserted to marita n the algn~nent 
Zti~1 e i  ai., ibid 261. 11 79 ;I 993) L Q. Ztiarc: et ai.. of CTLs (9), or i iom~nance of a \-lrCil f(>rnl 

lJirol 67, 3345 ;1993), Ahllled, k4 BaloLldy, 
were d scounted, leaving 590 pos~t ons n the 292 
taxa. A sequerices from ths  study iwele ncuded n 

x ~ t h  a inore c\-tL>pathic l~henot!-~e ( 5 )  to R C. Baker, C D~appy i b ~ d  69, 1001 :1995); J. W a sngle tieigiibor-jonrg tree construct~on Tile ptiy- 
p a t h o g a ~ i c  pr(>gress1011 are not suPporteii hii k4ello1s et a;., Aiiii, ititen! Med. 122, 573 (1 995): E logeret~c tree was constructed wlth the ne~ghbor 

the r e d t s  o t  this study. LY'itllin the limita- C. Homes, L. Q. Zang. F. S l~n lno~ ids  C A. Ludam plograln n PHYLIF J. Felsenste~~i C i a u ~ i ~ i i c s  5 
A. J Le~gti-Brown Pioc. Nati Acad. SCI U.S.A. 89. 1 E4 !1989)] based o r  a K m x a  two-parameter dls- 

tion5 o t  our samL~li~le ,  illcreasing viral diver- 4835 (1 9921, B. T, k4. Korber et ai. AiDS Res. Ht~ i i i .  ta~ ice ~natrlx bd~tti a la to  of t r a r s to r s  to tlansver- 
sit)- in itself does 11ot correl,ite \irith CL14 T Ret,o!,~r~~ses 8. 1461 (1 992). C. L K ~ l ~ k e n  e i  a1 J sons of 1 3.  All of the v!ittiti-subject seqLlence sets 

cell 105s ,ind progression to A I I X .  On the l/irol 66. 4622 (1 992): T. F. W. Wolfs. G Zwart M. clhstered together, ind~cat~tig that there was no 
Bakker. J. Go~.dsm t l/jroiog:,/ 189, 103 (1 9921. c~oss-contamlnatori of samples Add~tora ly ,  reple- 

cc?ntrarv, rap1~1 CD4 T cell decline can anii R, A KoLlp et 68, 4640 (19g4) sertat~ve viral seqLlences from each s~~b jec t  ?were 
does occur when viral populiitlons appe~lr to 4. M. E Eystel, J O Balla~d. M H. Gal J. E D r ~ ~ r n -  compared to the v~ral sequences clepos~ted in Geri- 

he rekitiveiy ho~nogeneour ( 1  5 ,  18. 28). tnorcl, J J Goedei?, A t i ~ i  !i?te~.ii Med  11 0 9G5 Bark w~t t i  BWST [S F. Altschul, W G~sh, W. Miller. 
( I  939): G. Ruttier;ord et a/ . Br. ibJed 1 301 . 1 185 E W. k4ye1, D. J. L~pman, 1 .  ibJoi, Bioi. 215, 403 

Further~nore, thehe ilata suggest that a r,il?iil !1990), H, Sheppald w, Asct,er, E, ,,lttlng- (1 99O)I. No nucleot~de sequences ?h~lth g ~ e a t e ~  tha~ i  
decline in the CL14 T cell count can occur lioff. \"!. \llritil(este~n, AIDS 7 ; 159 (1993): S. Sucii- 91 s i i i ?~a~ ty  were obsenled, indcatng that con- 

\\.hen ail HI\'-1-specif~c ~ m m u n e  response btider, M. Katz N. Hessol. P. O'Maky, S. Holmbe~g, tamrato t i  wltti a preexlstlng v i ~ a  soate ?was ~ . ~ i ' k e y  
~ b ~ d  8 393 11994). L K. Schrage~. J M Young. M -B T, k4 Korber, G Learn. J I Mullins B. H Hahn 

is iieticie~lt a i d  a yreiii,minant v ~ r a l  torm 
G. Fowler, B J Mathieson, S. H Verqibrcl, )bid., p S M Wonsky. Nature 378. 242 (1995)!. 

with yreat pathogenic potential is lacki~lg. 895; I. Kelt et ai , J. Infect Dis. 169, 1238 ;I 994): T. 14 Ttie medan branch lengths f r o~n  each subjects an- 
T h e  prricllce of iiiverse viral f'c~rms at a C. Greeno~~gh et a/ AiDS Res HLI!?? Reiiavir~'ses cestral node to all taxa from a gven t ~ n e  polrt were 

given tllne polnt ma\- reflect the length o t  10 395 11994) calc~llated by means of a Kitnura two-paraii?eter d~s -  
5. B. Asjo e i  ai. Lancet ii. 660 ;1986). M R.  Tersmette tance matrx to create a ne'ghbor-jolting tlee. Fol 

time atter priluary intection, or shlf'ts in the etai.. J. Miroi. 62. 2026 ;I 988): k,l. R. Ters,i-ette et a/., tti s analyss we ~ ~ s e d  tile two time ponts closest to 
lriral p i ,p~~ la t i an  possibly related to sur~-ival ibio: 63, 21 18 (-989): F. Sctiu te~naker et a/.. jbici. the last samp'r-g t Ine point ava~lable fol P I  i,iionti- 

ailvant:ige iiuriny change> in the host en+ 66 1354 :1 992). R. I. Connor H. Mohr'. Y. Cao, D. D. 26) and P2 (month 35) before death. Tiie med an 
Ho. ~ b ~ d .  67, 1772 (1 993); C. N~elsen, C. Pederson, J. b~anc l i  length to a11 ancestral node and the nter- 

ronment [for example, a vigi>roua cell-me- D. Luridglen. J Gerstot, AIDS 7, 1035 11993). M. q ~ ~ a r t l e  rangeiws as foows:  P I  .26 0.01 3 !0.013 to 
iiiateci immune response ( 2 .  3 1 ) or a change Koot et a/. Ai!!i. !i!ierii. X e d  11 8 742 11 993). R.  0 018): P2.27 0.012 10.009 to 0.015); P2.35 

in cell t r o y ~ s ~ l l  ( j ) ] .  These factorb 1n;iy ac- Conno~ and D. D. Ho. J. lJ1ro1. 68. 4400 :1994); D. 0 01 0 10.009 to 0.010). P3.25, 0.022 (0.01 8 to 
R~ciiman and S. Bozzette J, liifect Dis. 169 968 0.024). P3.49 0.034 (0.033 to 0.034). P4 25, count t i ~ r  previous ohservatic\nr in t\vo sub- (1 994). 0.009 !0.006 to 0.01 1). P4.37 0 026 (0.021 to 

jects that re1:ited iiiversitv in the 1'3 loo[. o t  6, J, ~ ~ ~ ~ ~ ~ ~ , ~ t  ,t ~~~~~~t 341, 113 11993): R. C. 0.035); P5.28 0.018 10.013 to 0.021). P5.34 

2112, to proyres.;ian of' disease ( 1 i?). Desrosiers, AiDS Yes. Hutn. Reirotfiruses 8, 41 1 0.019 !0.015 to 0.027). P6.29 0.014 !O 012 to 
(1 992); N. L k4'ciiaels er ai J. lhroi 69. 1868 ! I  995); 0.01 6): and P6.39 0.007 10.004 to 0.009). There's 

Despite the ahility o t  the  virus popula- 
N. L, k41ctiaelset a1 .ibid. p. 6758; F. K'rctihof T. C. a trend of less divergence n P I  and P2, i ~ ~ i t h  tiie- 

tlons to eshibit extreille rates o t  e v o l ~ ~ t ~ i > n  Greenougti, D. 9 .  Srettler J. L. S~~l Ivan,  R. C. Des- d a n  dstances of one and a h a l f  to ttireefold iigtier 

under selective consti-;ilntc, stable vir'il ~3~17- rosiers. N. Ei~g! J. Med 332, 228 11995). A. K. M. 111 P3 P4, and P6 at r o~~gh l y  comparable time 

~ ~ l a t i i > n  eiluilil~rium can be t o ~ ~ n i i  \\-hen the versen eta! . J. l./iroi. 69. 5743 11 995). ponts. S e c a ~ ~ s e  P5 had a i m t e d  'nput copy num- 
7. Y Cao L Qln. L Ziiang. J. T Safrt D. D. Ho N. ber, it s not poss b e  to ascer ta~ i  wi iethe~ the low 

.;t:irtlng virus is relati\-el\. tit :inil replicating Eiigi. J, lijeci. 332, 201 11995). dstance values for P5.29 and P5 39 are excep- 
ill a iicf'ineii, r e l a t i ~ e l \ ~  c ~ l l ~ t ~ i n t  environ- 8. k,l. F. Fuqado. L. K~ngs~ey. S, k4. Wol~risky, J. i/~ro!. tons to the trend 01 sampllig art~facts. 

illent (32-35). In huch a milieu, a particular 69, 2092 11994). I 5  E. L Delwalt, H. W. Stieppa~d 9 .  D Walker J. 

varl;lllt, regarilless of its L,atllOgClliC 9. R. Zrlkernage and H. Hel'gaflner !"lm~'lo' To- G o ~ ~ d s n i ~ t ,  J I Mulns, J. l/iroi. 68, 6672 (1994). 
15, 262 ,19941, p, Ctieymer e; a1 Cei! 78 373 :6 The avelage numbers of synonylnous substtutions 

potential (32 .  33) ,  \\loulil he a~llplif'ie~d pret- (1 994) S. Wa'n-Hobsol- Natuie 373 102 11 995). pel potent al synonymous s'te and nonsynoriytnous 

erenti:ill!-. Coll\.ersel\-, in a cllallging envi- 10. M Nowak et ai.. Scieiice 254 963 11 9911, M Nowak subst t ~ ~ t o n s  per potential nonsynonymous s te  lea-  
and A. J. McMctiael. S a  Am. 273 58 !Abgust 1995! t ve to the original consensus sequence ?were calcu- ronme~l t  or under selective constraints (32.  

1 1 The post ons of ttie 0 1  gon~~cleot de or lners are num- ated [k4 Ne' and T. Gojobor >v,?ol. 8jo1. h o i .  2. 41 8 
34) ,  population iiise~~uilibrium can he f'i~und bered accoldng to ttie HX52 soate n tile Hulnari ?et 11986)l for each t tne po'nt for each of tile six study 
\vherch~- \.ir,il replicatic~n results in r,ipi~l rovlr~lses and ADS Database 1391 KKl-KK3 :~~ucleo- subjects. The consensus sequence froin the i rst  

allii c~~l l t inuou. ;  genetic variation (32-38). t~des !nt) 6C94 to 61 19 5'-TA4TCAGl T CITTATGG- sampled t lne point ?was used as a reference se- 
GATCIWAGCCT-3': and nt 7332 to 7357, 5'-GTCCT- quelice as the best estrnate of the vra form at pr - 

Thi,  parail~gm is supporteii hy the ph\-loge- TCCTGCTGCTCCCA4GAACC3'1 and KK2 Eco ?I- niay~nfect~or-.  The extrapolated best-f~t inearsopes 
netic allalyscs \\-ithill subjects, which KK4 Xba I [nt a122 to 6147.5'-GA4TTCCCATGTGTA- were calculated to estmate the rate of substtuton 

hhone~i  a r e l a t i ~ ~ e  c.volutionary sta.;i? with AA4TTMCCCCACTCT-3' a ~ i d  r t  7282 to 7307 5 ' ~  and presented as ttie percent subs t~ t~~ t i o r  of each 
TCTAGATGCTCTTT~TCTCT;C.T)TIGGC)CACCAC- type per alinutii. l i t t le eviiiellce ot pressure "" 7-3'1 were tile outer and 'liner sets of aniplfcat~or 17. For P2, tiie negative rate of sylionyn~ous subst'tu- 

cha~lge in .;uhjects PI  anii P', anid rapid 3r11ne1s, resoect~vely. The iriput DNA ~nolecules v)ere tions cacuated per year ( -0  233 pel year) ?was due 

e\-c) l~~t ion with aolne eviiience id  selective q~iant~f~ed as described :a) PCP v)as 3e-tormed as to the o w  number of synoriytnous subst tut'ons 3er 
descr~bed [B. T. h'1 Korber et a!., J. M,ioi. 68 7487 synonymous s~te  overall ancl the relatively greater 

pressure for cllange in suhjects P i ,  P i ,  and :1994)] 1v)ith a Perk~n-Eltrler'Cetus 9EOC automated nurnbe~ of synonymous subst'tut~ons n v ~ r a  se- 
Pj. T h e  slo\\- evulutii3n exh~hiteii  hy P6 nlay thermal cicer p~ogral-red for 32 cbcles at 98'C for 10 quences f ro~n an early t ~ n e  pont relat've to the cori- 

represent the apparent p r e i ~ ~ ~ m i n a n c e  of' s 3 C for 15 s and 72'C fol 2 mr i  wltti a final sensus sequence than that obse~ved for subseq~~ent 

salllr optim;~lly ,iilapteil tor111 (32-38). extens on at 72'C for 13 1n11i. A 5-11 sample was rear11 tn ie  potits. 
pl~f~ed r a ICO-p, reacton Inlx corta~rirg C.2 ILM of 18 S. M. Wol~nskb, M. Danlels, M. H. Furtado, J. L. 

Compatible \\.it11 this paradigm, it is con- each of tile inner 3r11iier par b i  r-eans of tile sarre c i c e  B~ngham, 5 .  T. M. Korber, 17 Neut4eirle Co!loque 
ceivable that the relative stability o t  the i)~of~Ie as aboie. HI\ /- I regat l ie cell DNA ard  reagert Des Ceiit Gent Gaio'es, M. Grard and 9 .  Dodet, Eds. 

HI\,'-1 il~lasispecies virus p0~~11a t ion  in P6 coritrols bvere ruli n parallel [S. Kwok and F. H~gucti~. !La Fordat~on Marcel Mereux k4arnes-La-Co- 
A!ature 339 237 ( I  999)l. PCP-aroduct DNA ~vas asyln- quette, Frarice, 1994), p. 95; J Mullnset a/., /bid.. 3. 

may eventually be iiisrupteil by nelv selec- metr~call!y Inserted nto pGEM3z f (  ;Plomega) as d e ~  77: '1. \I. Lukasiiov. C L. Kuiken, J Goucis~n~t J. 
tive pressures (32) .  Thus, these d,ita suggest scrlbed (8). Cre  ~iiicrograr- of tile double-stranded Miroi. 69, 891 1 11 995). 
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19. Palrvwe short tandem repeat ,STP)-based S Herl- 
koff New Bloi 3, 1 148 I1 991)] sirnlarty scores were 
calculated and ~rsed as a bas~s for ttie pherograms 
For a set of secluences represerting a dverse parel 
of peptides used for a pept~de-based enzyme-l~rked 
lmmurosorbent assay -A. Pau etai. AIDS Yes. Hui?;. 
Retrov,wses 11 , 1369 ! I  991)], clusters generated by 
mears of phenograrns ?were ti~ghly correlated w~t t i  
the serolog c a  typng results IB. T. k4 Korber u r -  
publ~shed results) 

20. 9 .  T. M Korber K. Macnnes R. F Sm~th, G Myers, 
J. 'Jirol 68, 6730 (1 994). 

21. The entropy, H, s def~red n terms of the probabl- 
tes  Ps of the dfferent proten torms, s,  that can 
appear at a gven tme  pont I (tor example v:e con- 
sider the symbols s = A,  B C . . . to represent the 
proten clusters def ned n F g  2) H s defned as H 
= -\- ,? :. . . , . Ps, x 03  Ps, Tt is rneasure also 
known as the Shannon entropy s related to ttie 
S~mpson ndex that has been used prev~ously to 
quantt;. v r a  sequence va rab ty  !;?l~thn tme  points 
('0) as both are spect~c torms of Reny entropes !A 
Reny Probab~litj/ Theory (North-Holland Amster- 
dam 1970i P Grassberger Pt!:,/s Lett A97, 227 
(1 983)] These analyses correlated wt t i  the wittin- 
time polnt amlno ac~d  Hamm~ng d~stances, after 
gap-str~pping 

22 The assocaton or o w  genetc dversty v:th a rapd 
rate of progresson to ADS has been replcated and 
further substantated by ttie results from t v ~ o  natural 
t istor j  cohort studes or H i -1 .n tec ted  men based 
on ttie heterodupex mobity assay (E Dev~art  e i  a1 
n preparaton, S '~5'onsky, unpubshed results) and 
by the results of a natural hstor,, cohort study of 
chdren v ~ t h  pernata HV-1 infecton !S Ganeshan 
et ai, in preparaton) 

23 Neutral'zat~on studes were conducted by test~ng an 
early and a ate soate aganst a panel of early sera and 
late sera from each of the six subjects Co~s'stent v!iti- 
the obsevatcn that a neutralzing antbody response 
de>!elops gradually [J P Moore Cao D D Ho 3 A 
Koup J 'Jlroi 68 51 42 (1 994)] lnost of the sera ob- 
tained from these partc pants at an earlier tme pont 
had t t e  or no neutrazng actvty Ttie geometrc rnean 
tlter of the recproca dution of early sera needed to 
neutralize 9CO.3 of an autologous or heteroogous vrus 
~noculum !no neutraizaton ,vas arbtrary set at C C1 i for 
a s~xsubjects ranged froln C C3 to 0 06 The geometric 
mean t'ters or the recproca diuton of late sera needed 
to neutraze 9Coo of a v rus lnoculum sere 0 03 tor P I ,  
0 2 for P2 5 6 tor P3, 7 9 for P4, 1 8 for P5, and C 2 for 
P5 Therefore ,ve d'd not obsenle a clear assoc~aton 
betv!een neutraizaton capab'ty and the rate of pro- 
gresslon to disease Add't'onaly, the >/'ruses solated 
early and late from P I  and the>! rus solated late from P2 
were ttie only vlruses neutrazed by early serum and 
were generally the most easy neutrazed v ruses soat- 
ed ;\,dean re2,procal ;;;ers of 28.5 and 22 6 '$!ere ob- 
senled for early and late vlr,ses solated from P I ,  re- 
spectvely, and 5 3 for a late >!rus Isolated from P2 The 
>!ruses :seated troln ttie blood obtaned froln ttie other 
four subjects had mean recproca tters rangng troln 
0 01 to 3 7. Thus, the propagated vruses from rapd 
progressors PI and P2 --ay be ntr~nslcaly eas'er to 
neutra'ze. 

24 D P 1Y Burns, C Colgnon, Y C Desros~ers. J 
'Viral 67, 41 04 !I 9931 

25 A J McM~chael and B D. 'i'ialker, AIDS 8, S l55  
!1994i; J T Safr~t, A Y. Lee, C A Andrews, R A 
Koup J. i rnmu~~oi.  153 3822 (1 994). R P. Johnson 
A. Trocha. I. M Buchanan. B.  D Walker. J 'Jirol 67 
438 (1 993) 

26 I Couill~n et ai  , J Exp Med  180. 11 29 (1 994). M A. 
Nov~ak et ai. I'Jat~ire 375, 534 (1995), B Autran et 
ai n Dme~ve Coiioque Des Ceut Gardes, J P Levj 
and M G~rard Eds (La Fondat~on Marcel Mereux 
Marnes-La-Coquette France 1995), p 11 8 

27. To evaluate the b~olog~cal phenotype or ttie vruses 
Isolated troln each subject 'r!e tested four to SIX 

separate frst passage vrus culture stocks coverng 
the course of Infection for ttier capacty to repcate n 
prmary cultures of normal donor perphera blood 
mononuclear cells and monocyte-derived macro- 
phages a:~d tor ttier syncytum-nducng propertes 
n cultures of ttie estabshed MT-2-transformed T 
cell n e  Ttie solated vruses ?!ere exuanded once n 

tiormal doror per~plieral blood mononuclear cells, 
and t~ters ?were detertnlned for r fect iv~ty as de- 
scribed [F. I. Cotinor, H, k4ohri. Y. Cao D. D. Ho, 1 
M,roi 67. 1772 (1 993iI 

28. P. A. M. Foucher et a / .  J l'iroi 66, 3183 (1 992). F 
de Wolf eiai., AiDS Res. Hu!ii. Yetl.o~i,.~~ses 10 1387 
! I  991) 

29 k4. L Boryhad et a1 . i\Iat~~re 363, 728 (1 993) 
30 9 A. Koup et a1  ti preparation. 
31 J V G~org e ta /  . J Acq~~ireci  ih?m~it!e Dehc. Sy/?dr. 

5 901 11 993); F M edema et ai Irrirriunoi. Rev. 140, 
35 ! I  994) G. Pantaleo e ta i  jbjd , p 105, C 31raldo 
et a/., J 'Jiroi. 69 5838 I1995), M. F Kleir et a1 J 
E,Y,u. Med. 181 , 1365 (1 995i. 

32 M E gen Cold S,orni?g HarborSj//n,u Qoani Bioi 52 
307 11987i, J J. Holland J C La Torre D A. Sten- 
hauer, Curr Top M~crobioi i r ? ~ v ~ ~ n o i  176, 1 (1 992) 
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Selective Activation of [VF-KB by Nerve Growth 
Factor Through the Neurotrsphin Receptor p75 

Bruce D. Carter,*+ Christian Kaltschmidt," Barbara Kaltschmidt, 
Nina Offenhauser,$ Renate Bohm-Matthaei, 

Patrick A. Baeuerle,§ Yves-Alain Barde 

Nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and neurotrophin-3 
(NT-3) selectively bind to distinct members of the Trk family of tyrosine kinase receptors, 
but all three bind with similar affinities to the neurotrophin receptor p75 ( ~ 7 5 ~ ~ ~ ) .  The 
biological significance of neurotrophin binding to ~ 7 5 ~ ~ ~  in cells that also express Trk 
receptors has been difficult to ascerta~n. In the absence of TrkA, NGF binding to ~ 7 5 ~ ~ ~  
activated the transcription factor nuclear factor kappa B (NF-KB) in rat Schwann cells. This 
activation was not observed in Schwann cells isolated from mice that lacked ~ 7 5 ~ ~ ~ .  The 
effect was selective for NGF; NF-KB was not activated by BDNF or NT-3. 

T h e  best established role for neurotrophins, 
\vhich include NGF, BLINF, NT-3, NT-415, 
and NT-6, is their ahility to support the 
survival and ilifferentiation of neurons. 
Three tvrosine kinase recetxors, referred to 

L ,  

as theT;ks, are critically involved in mediat- 
ing these effects ( 1 ) .  However, the neurotro- 
phins also interact with another receptor 
whose fi~nction has not been clearly estah- 
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lisheii, p7jNTR. The Trks exhibit high selec- 
tivity for their cognate l ipnds (TrkA for 
NGF, TrlcR for BDNF and NT-415, anil 
TrkC fol. NT-3), whereas p7iNTR bincis to 
all neurotrophins with similar affinity hut 
bvith different kinetics (2) .  The Trks produce 
their effects t h r o ~ ~ g h  activation of well-dc- 
scribed signaling pathways, incl~lding Ras- 
mitogen-activated protein kinase, phospho- 
lipase C-y, and phosphoinositol-3-OH ki- 
nase (3). O n  the other hand, the transduc- 
tion lnechanislns of p7iNTR remain largely 
unkno\vn. Several reports suggest that 
p7jNTR interacts with TrkA to form a high- 
affinity binding site (4) and to regulate TrkA 
signaling (5). Ho\vcver, eviilence has also 
heen presented that suggests that p7iNT" has 
an indepeniient fi~nction, such as the regu- 
lation of apoptosls (6)  or the rnigratlon of 
Schwann cells (7). The ~lniierlying transduc- 
tion lnechanislns have yet to be determined. 
Recently, nel~rotrophin hinding to p7jNTR 
was shown to activate the spi~~~ornyelinase 
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