
~~Temak~nes  ajwd the Arrest cf byrflphocytes latin' l y ~ ~ p l ~ o i y t c ~ .  Inilccd u-e and others 
haye sho\vn that  these chemoki l~es  arc n o t  

F?~!!hg U ~ @ V  FIOVW Canditians effectll-e in  triggeri~lg rapid ad11cqlo11 of 
l~orm, i l  lympl~ocytcs similar to tha t  oh- 

James $. Gampbeil, Joseph Fledrick, Albert: Zlstnik, servcil during physio1ogicri~ ly~nphocyte- 

Niichael A. Siani, Davren 8. Thompson, Eugene Butcher c ~ ~ ~ l ~ t h e l i a l  cell 111tcrci~tlo11s 111 ~ i \ - 0  ( 1 6 ,  
I / ' ) .  Ho~vevc~ . ,  l ~ m ~ l ~ o i d  cells ovcrerl~ress- 
111g tra~~qfecteil  receptors for claisical c l ~ e -  

Circulating lymphocytes are recruited from the blood to the tissue by rolling along the moatrr,~ctants or ii)r v a r i o ~ ~ s  c l ~ e m o k i ~ l c s  
endothelium until being stopped by a signaling event linked to the GI& subunit of a respond efficiently in adhesion assays. 
heieroi-rimeric GTP-binding pro-iein; that event then triggers rapid integrin-dependent nhic1-i q~lggcsr. tha t  rhcrc iq ~ l i i t  a f ~ ~ n d a -  
adhesion. Four chemokines are now shown to induce such adhesion to intercellular m c ~ ~ t a l  defect in the  rapid 111tegr111 respon- 
adhesion molecule-7 and to induce arrest of rolling cells within 1 second under flow si\-eness of l!-mpl~oc~res to chenlo,~ttrac- 
conditions similar to those of blood. SDF-I (also called PBSF), 6-C-kine (also called rant s t i m u l a t i o ~ ~  (1 3-2s).  
Exodus-2), and IMIP-3P (also called ELC or Exodus-3) induced adhesion of most circulating W e  11al.e no\\ testcil a l?,ittcry of iithcr 
lymphocytes, including most C D 4  T cells: and MIP-3a (also called LARC or Exodus-I) c h c m o k i ~ ~ c s  wit11 attractrrl~t activity for 
triggered adhesion of memory, but not na'ive. C D 4  T cells. Thus, chemokines can regulate I! m p l ~ o c y t e s - i ~ ~ c l ~ ~ i l i l ~  strornal cell-iie- 
thearrest oilymphocytesubsets underflowing conditions, which may allow.ihem to control r ~ \ ~ e i l  factor-la ( S D F - l a ) ,  SDF-1P (21 
lymphocyte-endothelial cell recognition and lymphocyte recruitment in vivo. 22 ), C-Xi-C-kine  (aim called fractalkine or 

,- - . . -- .. - - -. ---I ~ ~ e u r o t a c r i n )  (23 .  24!, h1lP-_iP (25. 26).  
6-C-kine (2;), h1IP-_ia (25 ,  2s-3P), DC-  
CK-1 (also called P-ARC) (31 ,  3 2 ) ,  and 

T 
d l ~ c  i l ~ t e r ~ ~ c t ~ o ~ ~  bi.t\\-i.en Ieul;oc\ tes in the ( 12-1 -i!, i~~ te r i e ron-u  milucihle protein 1) TZlRC (-33 )-anil compareii them n.ith 

clriu1,ition ,inJ enilothrlial cells Inling t l ~ c  (IP-1G) (12 .  IS) ,  anLl RXNTES (rqyulated c11emol;~ne~ more selective fc~r myeloiil cella 
l31i)ilil \-e-el, 1, ‘111 1myort,111t control pt>int in 0 1 1  acr~\-atlon, 1liir1-i1,il T exrre+eil >e- i)r eos lnopl~~ls .  In m ~ t ~ a l  e spc r~mel~ t . ,  a slm- 
1 1 1  i t i t 1  i f  c c i f c  l c ~ l o c t e  cretcd) ( 12 .  1 3 ,  15)-ha\-e been ~ h o ~ v n  tu atxtlc ,~ssay (1 8. 19)  w,is useii to rest the  
. i~~l~.;ets.  This i11ter;lction mcLllatc~l b ~ -  a I 1 1~ l l c t  1 ability of tllese cllclllokillcs to r r l z e r  aiihc- 
multistep proce.;s that,  in nl~ln\- instance\, e11dothel1~1 cell:: or i .nLlothel i~l  cell a d l ~ e -  ;ion to inregrln l i q ~ n d s  at  relat11-cly early 
o l e  ( i )  1 1 1 - t  r 1 1 1  i I I -  s~i i l l  1iyxnds. I lon-ever.  the>e resk7an\ea tiinc points. Fre.111~ ~siilared hl1111,in yeriyh- 
ti! ,itlon iit leul\oc\-te inteyrina, iiil) ,1dhc~li111 \\,?re n leas~~rei l  a 1111111111~1111 t 1 i  15 111111 (1  3 ,  era1 l ~ r n p h ~ ~ c i t e s  were ~llo\veil  ti1 settle 011 

t t ~  enLIL~rhelial lig:il~,ls thri1~1~11 ,icti\ <lteL1 ill- 14 )  ti) 1 l ~ o u r  ( 1-3, 1 5 )  ~ f t e r  s t i n l ~ ~ l ~ t i i ) n ,  mouse intercellular a i l l ~ e i ~ i i l ~  molecule-1 
t 1 i 1 1 c i c i  1 S t  1 1  ,ind tllcy iittc11 require ;I prior ~ d d ~ t ~ o n a l  ( ICAM-1  )-coateil l a s s  (11uma11 LF-A-1 
I i r e  I l i t  t l  r e p -  icllulclr > t ~ n l r ~ l ~ t i i l n ,  a u c l ~  a. c>\-erni:ht cross-rc,lct\ with mi\u,tc IC-Ahl-I) ,  and \vcrc 
ti)r> lllllieil tt3 the  pertuqals ttn.in (PTM!- trc,ltn1ent \\-it11 cr;lss-linhed antil?odiei t o  inc~~ l~a rcc l  1~1 th  c h e n l o k ~ ~ ~ e  ( 1  IAM) f(or var- 
i t  l ~ t  I G,  ( )  1 ~ 1 1  C D J  ( 1 3 ,  1 5 ) .  T l ~ u r ,  i l ~ e r n o l ; i ~ ~ e - ~ t ~ ~ ~ ~ ~ ~ l ~ ~ t -  1i:ius rlnles. Unb,,und cells nc re  t11c11 
t l ~ a t  meiliati. stel? (i i)  111 ~ ~ e ~ i t r i p h i l . ; ,  nloili>- eil aillhcic>l~ if this type ma\- be 1ui)re ~vashcil an.;lr-. a11,l bound cells xc rc  tixeil 
cytes. ,lnd ensiilophil~ Il~lve been l i lentif~e~l rele\.ant to tlle l>ell,i\.ii~r t>t i m m ~ m o l ~ l a s t  ani1 ci>unteil. S D F - l a ,  SDF- lP ,  MIP-3P, 
I?? b t r h  111 \ - i \o  ;111il in i l t ro  rnetht~~l.;, anil n.1tl1111 t i - i~les  than  t a  thv Jrre,r i)i' c i rc~l-  anil 6-C-kine r r ~ ~ c r c c l  r,ipiil cidl~cqioi~ of 
the\- inc1u;le iilterlc,~l<~n-S (IL-F), p1,ltelc.t- 
;~cri\.~ltin:r f ~ c r o r ,  le~thotriene R!, eL~taxiil, 
complement cnmy~~ne t l r  i a ,  c ~ ~ ~ L l  tornlr-l l ~ e ~ 3 -  
riile. I iapil  aill~esit>n ut' neutral?l~ils occur.; 
\ \ , i t h~n  secon,l> in l-ivt) (8. 9). T h e  raFiLlit!- of - 
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Fig. 1. CI-ci-ok-e-triggerczl IF , I : I~  acl-cso.' of yn-31-ocytes to lCAb~1-I. (A through F)  The results of 
n d ~ ~ d c ~ a l  exne:-menis assessi:ig i - c  e b t y  of the i-cc~,tccI cliemoknes to trggcr adlicso~i of h u ~ a n  
:,erol-er~, ly:r~:liocytes. SDF-'rt :ves I:-clc~dcc In cecli assay for coToarlsoti (01. SDF-1 rr inc-ced 
rob,lst zcil-eson, bc~t eoiax1:- MP-lit  b~llP-'P. qANTES, MCP-', GRC-cr, IL-e, z.-d P-10 yedcd 110 

detectable b-ding ?,i tl-ese earl) i i : x  potits ll-l!jFcr na-els'~ MCP-3 i ~ i c ~ c e d  F, lo\r>! but reprodc~chle 
respo-se. An-ong otl-er, -lore rece:-ily c1esc:bed cl-e~no.;ncs ~lo\r'!ci p ~ ~ i c l s ) .  6-C- tie i\JlP-3P, and 
SDF-I p gave -obUst responses b~llP-31~ yelcecl reprod,lcisle is-dtig of F, srrale: number of PBLs, and 
C-X3-C-.;1tic DC-CX-1 , . ~ o ' - o t ? , c i ~ ~ i .  -339 ,  E : ~ C  TAPC  ere i-itlioui effect. 



most peripheral lymphocytes (Fig. 1) (34). 
Monocyte chemoattractant protein-3 
(MCP-3) and MIP-3a induced adhesion 
of a smaller percentage of cells, suggesting 
that they are less potent or activate a 
smaller subset of cells, or both. None of 
the other 12 chemokines tested triggered 
any detectable adhesion in these time 
frames. In all instances, adhesion was tran- 
sient, returning to baseline within 5 to 8 
min of exposure to chemokine (depending 
on the cell donor). 

To examine whether the adhesion re- 
sponse was mediated by chemokine signal- 
ing through Gia-linked receptors, we as- 
sessed the effects of PTX, an enzyme that 
catalyzes the ADP-ribosylation of Gia and 
inhibits downstream signaling. PTX treat- 
ment completely inhibited chemokine-in- 
duced adhesion to ICAM-1. PTX- and 
mock-treated cells responded similarly to 
phorbol ester, which activates lymphocyte 
integrins independently of G protein- 
linked receptors (Fig. 2A). 

We next assessed the responsiveness of 
isolated CD4+ T cells, positively selected to 
99% purity by isolation with magnetic 
beads (35). Most CD4+ T cells adhered to 
ICAM-1 in response to SDF-la, 6-C-kine, 

and MIP3P (Fig. 2B). There was no detect- 
able response to MCP-3, whereas MIP-3a 
induced a small, but reproducible, response. 

It was possible that the suboptimal MIP- 
301 response reflected selective activity in a 
specialized subset of lymphocytes. Unlike 
6-C-kine and MIP3P mRNAs, which are 
most abundant in organized lymphoid tissue 
such as lymph nodes (25-27), MIP-3a 
mRNA is most abundant in peripheral tis- 
sues such as lung and liver (25,30) and can 
be up-regulated by inflammatory mediators 
(28), suggesting selectivity for extralym- 
phoid and inflammatory sites. Because traf- 
ficking to sites of inflammation is a charac- 
teristic of memory CD4+ T cells (whereas 
narve cells traffic predominantly through 
organized lymphoid tissues) (7, 36), we 
next fractionated CD4+ cells into memory 
and nalve phenotypes on the basis of their 
differential expression of CD45R isoforms 
(Fig. 2C) (37). Only CD4+ cells of the 
memory phenotype responded detectably to 
MIP-3a, whereas both subsets responded to 
SDF-la. Thus, subsets responded differen- 
tially to the proadhesive activity of chemo- 
kines. In this context, it should be empha- 
sized that minor subsets of circulating cells 
(such as immunoblasts) may display pat- 

Fig. 2. (A) Inhibition by PTX 
Total PBL of chemokine-triggered ad- + A 

hesion of human lympho- -- - 
cvtes to ICAM-1. Cells were SDF-la -. . - -  - 

i~cubated in control medium 4 Lp.b;,,- 

with control medium, with 
the indicated chemokine (1 
pM), or with phorbol12-my- 
ristate ? 3-acetate (PMA) 
(1 00 ng/ml). Chemokine-in- 
duced binding was assayed - 
after 2 min and PMA-in- 1 
duced binding after 25 min, .- 
the times of maximal re- g 
sponse in each instance. In 2 
all instances, the cells were 
in contact with the ICAM-1- 

(gray bars) or with PTX (1 00 .g 
ng/ml) (black bars) for 2 
hours, after which adhesion '5 
assays were performed as in 5 

coated surface for equal 
amounts of time. This exper- 
iment is representative of re- 
sults obtained with cells 
from two independent do- 
nors. Error bars indicate 
range of duplicate wells. 

" .. ...... 
MIP-3p 

m-3a 

PTX was obtained from 
List Laboratories (Campbell, 
California). (B and CI. Che- 

Fig. 1. Cells were stimulated MrP.7 
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mokine-i"d"ced rapid adhesion of purified CD4+ T cells to ICAM-1. (B) Adhesion of isolated CD4+ T 
cells to ICAM-1 in response to various chemokines. The adhesion assay was performed as in (A). (C) 
CD4+ T cells were further fractionated into CD45RA+CD45RO- and CD45RA-CD45RO+ subsets by 
depletion with antibodies to CD45RO or to CD45RA, respectively, and chemokine-induced binding was 
assayed 2 min after addition of agonist. Experiments presented are representative of results obtained 
with cells from three independent donors. Error bars indicate range of duplicate wells. 

terns of chemokine-triggered arrest distinct 
from those of the major population of rest- 
ing lymphocytes studied here. 
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Fyl. 3. Chemokine-induced adhesion of murine 
lymphocytes under shear. (A) Response of mouse 
lymph node cells to SDF-1 a, 6-C-kine, and MIP-3$ 
in the static ICAM-1 adhesion assay. A mixture of 
lymphocytes from axillary, cervical, inguinal, and 
mesenteric lymph nodes from BalWc mice (4 to 6 
weeks old) was tested as in Fig. 1. Error bars indi- 
cate range of duplicate wells. (B) Comparison of 
rolling speeds at a shear of 2 dyn&cm2 of murine 
lymphocytes in capillaries coated with PNAd alone 
or PNAd plus chemokine. For each experiment, the 
mean velocity of 10 tumbling cells (cells traveling in 
the focal plane of an uncoated region of the capil- 
lary) was calculated (gray bars). Rolling speed was 
calculated for 25 individual cells between 2 and 4 
min after the start of the assay (black bars). Inter- 
action of cells with PNAd plus chemokine was less 
efficient than that with PNAd alone; given that che- 
mokines did not induce a loss of L-selectin expres- 
sion on lymphocytes, possible explanations for this 
observation include blockade of L-selectiwbind- 
ing components within PNAd by the heparin-bind- 
ing domain of the chemokine or disruption of the 
microvillous structures that bear L-selectin on the 
lymphocytes themselves. Error bars indicate 
SEM. (C) The number of cells that adhered 
(remained arrested for 21 min) on PNAd plus 
chemokine (gray bars) compared with the num- 
ber that adhered on ICAM-1 plus PNAd plus 
chemokine (black bars). Eight different fields 
were counted between 4 and 6 min after the 
start of the assay. Error bars indicate the SD of 
these counts. Data are representative of three 
separate experiments. 
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L>mpllocyte adhe.;ik>n  nil ,Irre;t 011 en- 
i lc~t l le l i~~m i l l  \-i\-o occl~r  in the coiltext c ~ f  
13looJ tlo\v. T(I a,es.; tht. ability o t  chemo- 
klncs to tri9rt.r arrt.st u~lilcr 13111-siologlcal 
sllear ~ 1 1 ~ 1  to estim,lte more pl.ecisel.\- tllt. 
t1111e reLl~lirt.Ll tor illL1lIct1ol1 k 7 f  t1r111 al-re>t> 
\ve turileil to ,111 in I-itro tlon- byatem (Fi?. 3) 
(3c5--11 \ .  Capillary tube> lverc coated n 1rl l  

irnmu~lo-~:.olate~l i~eripht'ri~l iloile dL1dre~';iil 
( P N A J )  k>r ICXl l -1 .  or hk~tll, Ivith L)I- ~v i th -  
out cllemol~lnc.;. hlouse lymph nocle lym- 
1?110c7.tes \~.ert' then pas.;eLl through rlle 
tulxh at a sllrar i ~ t  1. iiinesjcm'. PK,4d is a 
liganil fo r  the micro\ 11luh t e the r~nc  rvceptor 
L-\electin anil slIpy~>rtc ct'ilcicilt ~ o n t ~ ~ c t  
~nl t ia t ion ailil rollme, I ~ u t  not f ~ r m  arrest, of 

l i l~c>c~ tcs. 11 it11 the cscel~t ion oi ,I 5ubset o t  
111e111~>1-y T and A cells) (7). IC.qbf-1 1.: a 
11ga11il 10s the l y m ~ ~ l ~ o c \ ~ t e  l l l t q r i ~ ~  LFB- 1, 
l~-hiise e i~oayemci~t  1. dcpei1dei1t l ~ o t h  0 1 1  

pr~cn t c t l ~ u i ~ l g  tllrol~gh m ~ c r o \ - ~ l l ~ ~ s  reccp- 
tors anci 011 i11tcjiri11-activating s~gilali (7. 
39) .  .qs <how11 yre\~io~lsly (39) ,  lyml~lhocytes 
rolled b11t clld not stcql on  PNiid or im 
P N B J  plus ICBhl-1 ( F y .  3 ,  I3 a n ~ l  C ) .  
L~-lllplloc\~te< only sto1'peLl \v11e11 ~xl~ohc'l  to 
c,lplllarles coateLl w ~ t l l  PNBII, IC.Ahl-1. 
anil t.itlher 5 D F - l a ,  l l IP -3@,  or 6-C-kine. 
T l ~ c  ab\cnce ot adhesion to PNiicI 111~1s 
c l~emoki~ le  n.irl1out ICBhl-1 ~n~i ica tes  that 
acIllt.hlol1 ~vah clc~~ei~i lent  011 tht. latter. i u ~ d  

alio rules out a siillple mecl~anical ;rdhe<lc>n 
l,et~\-een rlle chemokiue-co,~tc.i s ~ ~ r f ~ i c e  anel 
t l ~ c  cht.iuokme receptor? ~311 the cells. 

The  rolling ot repreient~ti\.e lympl~ocytei 
on PNBJ  alone or with chemok~ne (Fig. 4. 

A tllrc~l~ch D),  a~lcl tllc dect.leratioil ot cells 
on the s ~ ~ r h c e s  coateti \\,it11 PNAcl, ICAhl-I ,  
ancl c1leink)kinc. (Fiy. 4, E thrc>l~glh G) .  \vt.rt. 
plotted. For tlle experiments sho\v~l. the Je-  
celeratioi~ timc' of 1 L7 ranclomly ellosell cells 
that elltei-eil the fielkl at t u m l ~ l i n  velocitr 
;111ei XI-reited tor > 1 111111 \~-d,i  ~~~lcu la tcc l .  The  
meail ~lecelci-ation times \\ere 18L1, 5 117, ,111~l 
43G l l i  for cells arrcstli1g oil bfIP-3P, 6-C- 
kine, ancl 5L3F-la, rchpect11-elv. For e,1c11 
chemol;i~lc. he\.eral cells al-resteel tiom 192 
pm/s in less time than that l-et\vee~i iicieo 
fra~nes ( 5 3 9  111s). Tlle inaxi lnl~~n rolling 
time ITt.tore arrest n-a,i 1.6, 1.4,  nil 1.17 ? for 
LlIP-3P, 6-C-kine, ~11d S P F - l a ,  rcspect~\-e- 
lv. h?IP-?a did iliit induce arrest ot sicnifl- 
cant numl~ers iit lymphocvtea 111 the preseilce 
ot PSi i i i  anti IC.qh.1-1: l ~ o \ ~ e \ - e r ,  thiz lack of 
ettect mav retlect a raucltv of LlIP-3a-i-e- 
sponsi\-e cells ill t11e L-sclect1i1~ ~ l ~ e ~ n i ) r v  
suhsct, l - cca~~\e  in ieparatt. prclimli1ar~- stud- 
ies LIIP-3a did triyscr arrest ot a sl~hset of 
cell? rc>lllny on a sllrfiice coated n l th  h?Ail- 
C.qXI-1 [\vh~ch can s q y o r t  tetheriny and 
roll in^ r l~ ro l~gh  t l ~ c  ~ i ~ t e g r i n  a'@' (41 )] ~ I L I ?  
1CBhl-1. 

The  r c c e ~ t o r  \\-stems that meillate the 
iuultlstep process ot Ic~tl<oc\-teenJothelia1 
cell interaction ha\.e e\.olryecl to meet the 
~leceleratlon requlremel1th o t  cells traveling 
at l l i~ l1  speed tllrougl~ the vertebrate circ~l- 
latiirl- s7-stem. For example, aill~esion mole- 
cule\ that illeJiate the tetllerlnq a114 1-oll~ng 
s te~: :  are concc11tratcil on the ti~7s o t  1111- 

crovllll, the sltes of lllitial lyil~pllc~cyte con- 
tact \\ it11 the \ -a \c~~lar  endothelium (7). T h e  
liartieipation o t  lyin1~11(1cyte c l le i l~oat t r~c-  
tant receptors, cspe~lal1~- receptors tor che- 
mokine~ ,  ill the rapid pl~yslolcyical col~r-er- 

Time (sec) 

Fig. 4. Lyn iphocyte  behavior in t i le  f l o v ~  assay in these plots, t he  slope o f  t t ie line I S  p r o p o r i o n a  t o  t he  
velocity or t t ie cell. T l ie  oehavo r  o f  'our representative cells I S  stioi;dn 'or each assay. The  axis i ndca tes  
t i le  ie l iyth o f  t he  ~ i i i c r o s c o p ~ c  f e d  1220 ~ ~ m l  v ~ t t i  zero as t l ie  dov~ns t ream ent ly  into the 'e ld  and  2 2 0  as  
t he  cipstream e x t  froti- t he  'elc! The  t m e  at ~vhict-  t he  cell enters t t ie field is aroitra~,. Cap i ia ly  t ~ l b e s  
\were coa ted  i;/ith a combna t i on  or 2 N A d  plus either m e d u m  alone (A) .  R4P-3P (8) 6 - C - k n e  IC).  or  
S D F - I c ~  (DI,  o r  ~11th C A M - 1  ~ L I S  P N A d  p ~ i s  either M P - 3 P  (El,  6 -C-k ine (F), or  S D F - I n  IG;. Cells $!$!ere 
passed through t l ie  tube at a shear force of 2 . 0  dynes;c,i-'. The  mean  v e o c t e s  of t ~ l n i o l i ny  a n d  r o n y  
c e i s  froln expern-ents (A) t l i rougt i  iD) are slio~r!n it- Fig. 3 B .  The  mean  ( 2  SDI deceleration t imes [time 
iecessary  to decee ra ie  froln a speed 1 S D  greater than t he  mean  r o l n g  speed  (-100 cn i , s ;  t o  a 
con -pe te  stoi?] for 1 0  c e i s  in each expermet i t  v:ere as  ' o i l o v ~ s ~  MIP -3p  i E )  3 8 0  2 4 0  ~ i i s  (mini lnum, 
5 3 0  ms ;  max in iu ,n .  1 . 6  s): 6-C-kine iF I .  5 1 0  ? r70 m s  i m n n - u m  5 3 0  Ins ,  InaxmLlm 1 4 s), S D F - l a  
iG!. L 3 0  = 3 4 0  n-s : r n n ~ n u m ,  5 3 0  rms, maxn iL lm 9 7 0  n is l .  

sion of rolling hehaviol- to fir111 iiltegrin- 
depeildent arrest h ~ . ;  been suggested hut 1111- 

contirmccl since the c~rigii~al pruPosal ot a 
mllltlstep model ot leukncyte-endo- 

tliellal cell interact~oil. The  iilentificatic,ll of 
chemokines tllat call trigger almost ~mmeJ i -  
ate mtegriil-deL~cnLle~lt arrezt o t  lymphocytes 
under pl~ysiological zllcar n ~ l t  0111~. proviklc> 
an irilyortarlt confirlnatioi~ o t  the geileral 
role of cl~timoiii~es as aiihesion triggers ill 

le~~koc~tc-ei~clothelial  cell interact~ons but 
broadells the pote~ltial tor control of 1~111- 

pllocyte traffickln? 1~y tlus cli\ erse emerging 
t,imilv of chemoattractants. 
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Structure sf the HIV-1 Nucieocapsid Protein 
Bound to the S83 Q-RNA Recognition Element 
Roberto N. De Gunman, Zheng Wsny Wu, Chelsea C. Stalling, 

Bucia Pappalards, Philip N. Borer,* Michael F. Summers* 

The three-dimensional structure of the human immunodeficiency virus-type 1 (HIV-1) 
nucleocapsid protein (NC) bound to the SL3 stem-loop recognition element of the 
genomic V f  RNA packaging signal has been determined by heteronuclear magnetic 
resonance spectroscopy. Tight binding (dissociation constant, -1 00 nM) is mediated by 
specific interactions between the amino- and carboxyl-terminal CCHC-type zinc knuck- 
les of the NC protein and the G7 and G9 nucleotide bases, respectively; of the G6-G7- 
As-G9 RNA tetraloop. As packs against the amino-terminal knuckle and forms a hydrogen 
bond with conserved Arg32, and residues Lys3 to Arglo of NC form a 3,, helix that binds 
to the major groove of the RNA stem and also packs against the amino-terminal zinc 
knuckle. The structure provides insights into the mechanism of viral genome recognition, 
explains extensive amino acid conservation within NC, and serves as a basis for the 
development of inhibitors designed to interfere with genome encapsidation. 

A11 retri>vlruses ellcode a gag polyproteln 
that 1s produced In the  llost cell iir~ring the  
late stages of the  ~ntectli iu> cycle aliii di- 
r e c t  tlic encapsldiitlnn of t\vo copies o t  
tllc unspliccd viral geliollle i i ~ ~ r l l l  virus 
assemhli- and hrldiliny (1 ) .  Concomitant 
n.irh hrtdiilny, the  rag i~olvproteins are 
clea\.ed 1.v the  viral proteasti into the  ma- 
t r ls  (LIA), cal~sld  (CX), and nucleocapsld 
(KC)  proteins, \\-liich r e a r r a y e  during 
mat~ira t inn tii form int<ctiiius p,~rticlcs 
( 2 ) .  Except tor the  s p u m a ~ i r u e s ,  all ret- 
roviral N C  prciteinh colltaill one or two 
CCHC- tvpe  sins kn~ tck le  domain> (C\-s- 
X,-C\~s-X4-H~s-X4-C\.h, \\.liere X = \.ari- 
able  mino no :iclil) ( 3 )  (Fiy. 1A) .  Tliesc 
i iom,~ins arc critical tor viral replication 
and participate clirectly 111 eenclme recoe- 
nit1011 ,~nd encapsldation (4, 5). Mrita- 
tlons tllat aholisll slnc lilndlng lead to  
ncinlnfectio~ts virions that  lack tlieir ge- 

noliies 14. 6). and 11lLltatlolis of conserva- ~, , 

ti\-ely srtl?stitutcd liydropllobic residues 
within the  CCHC arrays can  alter R N A  
packaging spccltlclty- (5). I11 adciltlon, en-  
tlrc NC iiomains o t  HIV-1 and Mololicy 
murine leultemla virus IMoMuLV) have 
l ~ e e n  swapped, resulting 111 the  spccitlc 
packaying o t  the  non-natlve genomes (6) .  

Recognition o t  tile HIV-1 genollle oc- 
curs by lneans of Interactions hetween N C  
and a --120-nuclcotiJe regloll ot the  un- 
splicecl viral R N A  kno\\in as the  'IT-site, 
\\-llicli is locateii hetween the  5' lollg t e ~ -  

d 

nlinal rcye,lt dnii the  g q  illit~~lticili codoll 
17). Extelislve site-ciirected mutacrenesis. 
chcm1c,11 modification, nucleasz. accessl- 
llillty mapplnq, anil tree energ) compr~tx-  
tional studies indicate tha t  the  HIV-1 
'IT-slte colitalns four stem-looli structures, 
ilelloted SL1 througli SL4 (Fig. 1R) (8- 
13). Altlio(1g11 mut:~genesis cspcriments 
~ n d i c a t e  that  all tour of these structures are 

3e GLlrl.,an, YYb, C, Stall 1g iv,, SLlie I I I I ~ O I - ~ : I I I ~  for efticle11t encapsiciatlon (1  3 .  
17-ers tic:b:ard Hugr7es Medz; In;~:ute a-ci Departmen: I q ) ,  SL3 13 of particrll~lr interest hccause 
of C i e c  s:t-4 ai-d 3oc-en-81sti L n  %,erst; of Narj,lat-d its ,cquellce is llighly conser\.ecj 
Bal- ~ : o ~ e  Coun-:, ;I,MBC: 100C1 H l t on  C tc  5. 31-more, 
>MD 2.250. LSA iiittcrent strains o t  HIV-1 ( I  2) despite het -  
-. 3aopaar:13al-:l F N 33rer 3eoar - l>7er r3 i~1 le> i j -1y  eroFenelty a t  adjacent positions, ant1 1.r- 
S:rac-lse C~I-I ' ,~~SI-: ,  S,'acuse, NY 132.14 d S 4  - caubc linkage o t  SL3 to heterolngous 
'T3 r?ihon- 20 eso3n~ie-1ce shc.11Ci be addresseil R N A >  is suttlclent to  i i~rect  their recogni- 




