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Hydroquimne inhibits microtubule nssembly and suppresses lectin-induced transforma- 
tion of lympboeytes. Other workers have established a role for microtubules in modulating 
cell respow to blastogenic stimuli. Several lines of evidence suggest that a) suppresioo of 
lymphocyte activation by hydroquinone is mediated through interfennee with the cytoskela 
ton, specifknlly, Inbibition of microtubule function, b) insctlvatioo is an SH-dependent 
process, and e) pbemquiwne  is the most likely molecular species responsible for these 
events. 

INTRODUCTION 
Benzene is an important industrial chemical which is toxic to bone marrow and 

g lymphoid cells. Repeated exposure to benzene in experimental animals results in 
3 lymphocytopenia (23, 24, 41, 52, 581, a decrease in bone marrow cellularity (23), a alterations in cell cycle kinetics of proliferating bone marrow precursor cells, and 

chromosomal aberrations (23,27,40,53). Toxicity to bone marrow and lymphoid 
ic organs correlates with the concentration of the 2 principal dihydroxy metabolites of 
3 benzene accumulating in these tissues, hydroquinone (HQ) and catechol (CT) (17, 
5 18). We have recently reported that HQ inhibits lectin-stimulated lymphocyte 
1” activation in culture (44) and interferes with microtubule assembly and tubulin-col- 

chicine-binding activity (TCBA) in vitro (25). Both of these phenomena appear to be 
a mediated through interaction with sulfhydryl (SH) groups: in the first case, with 
F F intracellular SH groups critical for lymphocyte agglutination and blastogenesis, and 
:: in the second, with SH groups necessary for maintaining microtubule functional 

integrity. An impressive body of evidence suggests that these 2 processes are 
6 directly related. 

Microtubules, microfilaments, and their associated proteins are known to be 
involved in the regulation of cell surface receptor movement and cell growth (IO, 

E 36). Lectin-stimulated lymphocyte activation is a microtubule-dependent process; 
microtubule-disruptive agents enhance lymphocyte blastogenesis at low concen- 
trations (43, 51.61) but inhibit mitogenesis at higher concentrations (10, 16, 19,46, 
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51,56). SH group-specific reagents, such as N-ethylmaleimide (NEM), cytochda- 
sin A, 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB), and p-chloromercuriben- 
zenesulfonate, inhibit microtubule self assembly and TCBAin vitro (20.21,28,38). 
Of these reagents, those which penetrate the cell membrane (NEM, cytochalasin A) 
disrupt a variety of immune cell functions requiring cytoskeletal-dependent con- 
formational change ( I  1 ,  14,551. Colchicine must also enter the cell to affect motility 
and surface receptor movement (2) .  

The mechanism of SH involvement in the self assembly of microtubules is 
unknown; however, studies have established the importance of free thiol groups in 
mahtaining the functional integrity of microtubules (22,28,33,38). Purified tubulin 
contains between 8 and 11 titratable SH groups, interaction with 2 or more ofwhich 
results in inhibition of microtubule assembly (22, 28, 33, 38). Mann et a/.  (33) 
reported that 2 SH groups demonstrate statistically greater reactivity with NEM, a 
SH-alkylating reagent, than other free thiol groups on the protein and that the 
identical SH groups are associated with GTP binding to the tubulin molecule. 
Studies in this laboratory have demonstrated that HQ inhibits microtubule self 
assembly and enhances the decay of TCBA in vifro (25). Addition of GTP amelio- 
rates the latter effect in a concentration dependent manner. 

Hydroquinone and p-benzoquinone (p-BQ), the oxidation product of HQ, sup 
press lectin-stimulated lymphocyte blastogenesis in vitro at noncytotoxic concen- 
trations (pM) and, under physiologic conditions, HQ autoxidizes to form p-BQ, 
presumably forming the semiquinone radical in the reaction (26). In this scheme, the 
suppression of lymphocyte activation or cytotoxicity could be mediated through 
the formation of superoxide anion ,p-semiquinone or direct alkylation byp-BQ. The 
SH reactivity of the quinones is well known (39) and has been demonstrated in the 
context of reactions involving 6-hydroxydopamine and related compounds (5 ,  IS, 
31, 48). In this paper, the effects of the polyhydroxy-metabolites of benzene on 
microtubule assembly are characterized and correlated with their effects on cyto- 
skeletal-dependent lymphocyte activation in culture. A molecular mechanism is 
proposed for the modulation of lectin-induced lymphocyte blastogenesis by 
quinone compounds. 

MATERIALS AND METHODS 
Isolation of Rat Spleen Lymphocytes. Spleens pooled from at least 4 male 

Fischer-344 rats (Charles River) 6 to 8 weeks old were minced, homogenized gently 
with a loosely fitting Teflon homogenizer, and filtered through nylon mesh in a 
volume of 20 ml RPMI 1640 medium (GIBCO) supplemented with 7.5% fetal calf 
serum (FCS) (Kansas City Biologicals). AI1 tissue, cells, and media were handled 
aseptically and kept on ice. The cell suspension was centrifuged at 300 xg for5 min, 
and the pellet was resuspended and washed once with medium. Isopycnic 
sedimentation of cells on Ficoll-paque" (Pharmacia Fine Products) was achieved by 
centrifugation at 400 x g for 30 min at 20 C; lymphoid cells at the interface were 
removed by aspiration and washed twice. 

Exposure and Stimulation with Mitogen. Exposure of cells to varying concentra- 
tions of metabolites or reagents was carried out by preincubation at 37 C in 
phosphate-buffered saline (pH 7.2). Thoroughly washed cells were plated at a 
density of 2 x IO5 cells per well in 96-wel1, flat bottom microtiter plates (Bellco) 
containing 0.2 ml RPMI 1640 medium supplemented to final concentration with 
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7.5% FCS, 2 mM L-glutamine, 100 idml penicillin, 100 p g m l  streptomycin (as a 
mixed supplement from Microbiological Associates), and 5 x M 2-mercapto- 
ethanol (Sigma). Plates were incubated at 37 C in a humidified atmosphere consist- 
ing of 5% C02 95% air. Optimal blastogenic response to 5 pglml phytohemagglu- 
tinin (PHA) (Burroughs Wellcome) occurred on day 3 of culture. Synthesis of DNA 
was assayed by adding 0.2 pCi of [3H]thymidine (specific activity, 6.7 Ci/mmol; 
New England Nuclear) per culture 6 hr prior to harvest. Samples were collected on 
Titer paper, dried, and counted by conventional liquid scintillation methods. Cells 
were examined by phase contrast microscopy, and an agglutination index was 
scored on a scale from 0 to 4+  (44). 0 indicated no evidence of aggregation; 1 +  
represented the presence of clusters containing less than 50 cells interspersed with 
individual cells and was encountered in cultures containing no mitogen; 2+ to 4+ 
represented progressively larger aggregates containing blast cells with fewer indi- 
vidual cells. 

Isolation and Characterization of Rat Brain Tubulin. Brain tubulin was isolated 
4. from male Fischer 344 rats by the cycle procedure (6,7,25,47).  Tubulin prepared in 
5 this manner was stored at -80 C and used within 2 weeks. Temperature-dependent 

polymerization at 37 C was measured turbidometrically at 350 nm as described 
elsewhere (12, 13). Tubulin polymerization experiments were conducted using 
20-mM phosphate buffer (pH 6.92). Measurement of polymerization under condi- 
tions producing greater than 80% inhibition were not reported due to partial dena- 
turation of the tubulin. Denaturation was determined to be significant when turbid- 
ity (log absorbance plotted versus the log of the wavelength) failed to fulfill the 
criteria of the Raleigh-Gans approximation for long thin rods (4, 12,54). Decay of 
TCBA was determined by using [3H]colchicine (1 Ci/mmol) and gel-filtration as i 1 

described elsewhere (25) except substituting 20-mM phosphate buffer. The pH of 
reagent and assay solutions was maintained at 6.92 T'- 0.02. In assessing the effects 

I 
1 

of various treatments on tubulin polymerization or TCBA decay, replicate experi- 
ments were conducted on different batches of tubulin and on different days. Results 
were analyzed by 2-way analysis of variance using a randomized complete block 
design, and mean differences were evaluated for significance at thep = 0.05 level 
using Duncan's multiple range test (50). 

Spectral Analyses. The stability of p-BQ and HQ in the presence or absence of 
protein was compared by measuring changes in their absorption maxima (248 and 
288 nm, respectively) with time. Spectral measurements were conducted at 37 C 
using a Cary model 219 scanning spectrophotometer. All readings were blanked 
against buffer or the addition of protein. 

Colchicine, CT, L-cysteine (CYS), dithiothreitol (D'IT), DL-lysine, L-serine, 
GTP, NEM, and tyrosinase (EC. 1.14.18.1) were purchased from Sigma. HQ, 
p-BQ, and 1,2,4-benzenetriol (1,2,4-BT) were obtained from Aldrich. 

RESULTS 
Effect of HQ and BQ on kctin-Induced Activation of Lymphocytes in Culture. 

Hydroquinone modified PHA-stimulated DNA synthesis in lymphocytes in a 
biphasic manner (Table 1) as assessed by [3H]thymidine uptake. Concentrations of 
less than I p M  enhanced PHA stimulation while concentrations of greater than 1 
/AM suppressed mitogen response. Enhancement was optimal at approximately 
1 x lo-' M HQ and became progressively smaller at lower concentrations where it 
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CONCENTRATION I L M ) 

Fig. I .  Log concentration-inhibition curves for (A) p-BQ, (B) HQ, (C) NEM, or (0) I,2,4-BT on 
purified tubulin polymerization in vitro. Inhibition of polymerization was calculated as the percent of 
control for incubation with different concentrations of inhibitors. 

response via interaction with intracellular SH sites. 
Effect of Benzene Metabolites on Tubulin PoIymerization. Tubulin polymerization 

putative oxidation product of CT and has been shown to autoxidize in a reaction 
analogous to HQ (26). Polymerization was inhibited by p-BQ, HQ, 1,2,4-BT, or 
NEM in a concentration-dependent manner (Fig. 1). The linearity of a semi-loga- 
rithmic plot of inhibition compared with the concentration of p-BQ or NEM is 
characteristic of a first order reaction and is suggestive of a unimolecular process in 
which p-BQ and NEM react directly to inhibit tubulin polymerization. Minimally 
effective concentrations ofp-BQ and NEM were the same, although differences in 
the slope of the lines may reflect increased affinity for some SH sites by NEM 
relative to p-BQ. These results were contrasted by the nonlinearity exhibited for 
HQ and 1,2,4-BT inhibition of polymerization when plotted in the same manner. 
Linearity on a loglog plot would indicate that inhibition by these compounds could 
be characterized as either second order or the sum of the products of 2 first order 
processes. A log-log plot of the data presented in Figures 1 B or D failed to yield a 
linear transformation, indicating that the kinetics of inhibition of tubulin polymeri- 
zation by HQ and 1,2,4-BT are of a higher order of complexity. Catechol had no 

TABLE 3 

Effect of Tyrosinase on Catechol Inhibition of Tubulin Polymerization 

Tubulin Polymerization (% Control) 

i 

' 

Catechol + Tyrosinase Catechol ( 1  x MI Tyrosinase (10 &ml) 

104 f 1.9. 94.7 f 0.9' 8 2 Z b  

.Mean 2 SD of 3 separate determinations. 
bMean 2 SD of 4 separate determinations. 
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Fig. 2. Effect of protein on the autoxidation of HQ and the disappearance ofp-BQ under physiologic 
conditions. (A) Decomposition ofp-BQ (0.05 mM absorption maximum = 248 nm) in20-mM phosphate 
buffer (37C. pH 6.92). (B)  Disappearance ofp-BQ following addition ofbovine serum albumin(2 mg/ml). 
(C) Autoxidation of HQ (0.2 mM, absorption maximum = 288 nm) and the appearance ofp-BQ. (D) 
Autoxidation of HQ in the presence of albumin. Numbers indicate the scan time (min) after the addition 
ofp-BQ or HQ. 

effect on tubulin polymerization at concentrations of 5 x IO-‘ M, a finding which 
was consistent with its failure to autoxidize appreciably under physiologic condi- 
tions (26). However, 1,2,4-BT, a putative enzymatic oxidation product of CT, was 
approximately twice as potent as HQ in inhibiting tubulin polymerization. 1,2,4-BT 

, has been demonstrated to autoxidize more rapidly than HQ (26). 
In order to further assess the role of quinones in the inhibition of tubulin 

: polymerization, CT was added to tubulin in the presence of tyrosinase (10 pg/ml). 
Tyrosinase converts CT to the o-quinone directly via 2 electron transfers, thus, 
forming no reactive intermediates in the reaction (34). Theo-quinones are reported 

: to be extremely electron-deficient species capable of reacting with external nucleo- 
4 philes such as SH, amino or phenolic hydroxyl groups and have been shown to react 
0’ with SH groups in preference to other intramolecular reactions (48). In the 

tyrosinase-catechol system as little as 1 x M CT resulted in complete loss of 
tubulin polymerization and partial denaturation of the protein (Table 3). Tyrosinase 
alone had no effect on tubulin polymerization. Consistent with its greater SH ’ reactivity, o-BQ appears to be a more potent inhibitor of tubulin polymerization 
than doesp-BQ. These findings suggest a direct benzoquinones-tubulin interaction 

i similar in nature to that observed with NEM. 
Stability ofp-BQ and HQ in the Absence and Presence of Protein. Spectral scans of 8- p-BQ and HQ in the absence or presence of albumin revealed that the rate of 

disappearance of absorption maxima forp-BQ normally seen with time was greatly 

Y- 

accelerated by the addition of protein (Figs. 2 A and B). The rate of disappearance 
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!. Fig. 4. Effect of various compounds on the acceleration ofTCBA decay byp-BQ or NEM. Incubation 
conditions were the same as those described in the legend to Figure 3 except that the concentration of 
GTP (2.5 x IO+ M) was constant throughout. Concentrations of DTT, lysine. serine,p-BQ. and NEM 
were all 1 x IO-' M. Values represent the mean z SEM for 3 separate experiments. (9) Significantly 
different from control (P < 0.05). (1) Significantly different from DTT treated. 

.. 
I 
'' 

(2,10, 11,36,37,55). Although there is not uniform agreement on the importance of 
direct cell-cell communication in the initiation of cell division, agglutination has 
been reported to be a requisite for blastogenesis and represents one of the earliest 
events associated with initiation of cell division (32, 57). Studies have repeatedly 
demonstrated that inhibition of blastogenesis by microtubule-disrupting agents or 
SH reagents does not involve alterations in lectin-binding to surface receptors (3,9, 
16, 4 3 ,  alterations in GSH concentrations (9, 30), or interference with energy 
production within the cell (8,30,35). Our findings provide additional confirmation 
that microtubule-disruptive agents inhibit cell agglutination and simultaneously 
interfere with density-dependent stimulation of cell growth (3, 36, 37, 44). In 
addition, these findings indicate a) that suppression of lymphocyte activation by 
polyhydroxy-metabolites of benzene is mediated through inhibition of microtubule 

i 

Fig. 5 .  Effect of anaerobic conditions on acceleration of TCBA decay by I .2.4-BT, p-BQ, or NEM. 
Aerobic conditions were the same as those described in the legend to Figure 4. Anaerobic incubations 
were conducted using degassed solutions saturated with Nz. Values represent the mean t SEM for 3 
separate experiments. (5) Significantly different from control. fl) Significantly different from same 
incubation in air. (11) Significantly different from anaerobic control. 
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assembly, b) that both processes are SH-dependent. and c) that benzoquinones are 
the most likely molecular species responsible for direct interaction at SH-depen- 
dent sites on microtubules. p-Benzoquinone, the autoxidation product of HQ, is 
more potent in both systems: the metabolites suppress both lymphocyte response 
and microtubule assembly at the same concentrations. N-ethylmaleimide, an SH- 
alkylating agent, mimicked the effects of benzene metabolites, and sulfhydryl 
compounds, provided protection against the effects of both NEM and the 
metabolites on lymphocyte activation and microtubule function. Pretreatment with 
a variety of compounds demonstrated the dependence of these processes on 
specific intracellular SH groups. Analysis of kinetic and spectral data suggests a 
molecular mechanism in which microtubule-associated SH groups demonstrate 
particularly reactive nucleophilicity toward quinones or semiquinones. 

Concentrations of HQ orp-BQ ( I  x 10-*to 1 x 10-3M) which suppress lymphocyte 
activation in culture are the same as those producing inhibition of tubulin polymeti- 
zation in v i m .  Inhibition of lectin-stimulated blastogenesis coincides with the loss 2 
of cell agglutination. Only a small portion of the decrease in [3H]thymidine uptake 
observed following 14-hr preincubation with HQ orp-BQ can be accounted for by 
cell loss. Furthermore, we have reported other experiments in which incubation for ,, 

30 min with the same concentrations of HQ andp-BQ results in a complete loss of “i 
mitogenic activity in the absence of cell loss or adecrease in energy production (44). 
Complete protection against the suppressive action of HQ orp-BQ on lymphocyte 
activation is afforded by CYS but not lysine or serine. NEM inhibits blastogenesis - 

3 and agglutination at the same concentrations asp-BQ which is protected against by 
CYS,  whereas DTNB has no effect on either lymphocyte activation or agglutina- 
tion. These observations are indicative of an interaction with intracellular SH 
groups critical to lectin-stimulated lymphocyte activation. Analogous observations 
with respect to SH specificity have been presented for the effects ofp-BQ on tubulin 
stability in vitro. 

We have recently reported that HQ covalently binds to tubulin (25). The ratio of 
HQ:tubulin concentration which is attended by inhibition of polymerization is 
consistent with an interaction involving a very small number of binding sites. 
Observations presented in this paper implicatep-BQ as the ultimate toxic species in 
a reaction scheme in  which HQ is autoxidized to p-BQ, although due to the 
circumstantial nature of the evidence one cannot entirely rule out the possibility 
that thep-benzosemiquinone intermediate is active as well. In either case proposals 
for the chemical reaction scheme betweenp-BQ orp-benzosemiquinone and tubu- 
lin are consistent with conjugate addition in which a highly polarized unsaturated 
carbon-carbon bond is subject to attack by a reactive thiol group acting as a 
nucleophile (39, 49). Identical models for thiol alkylation are provided by other 
inhibitors of tubulin polymerization. namely NEM and cytochalasin A (20,29,30). 
The denaturation of tubulin by CT following the addition of tyrosinase suggests a 
greater reactivity of the 0-BQ. This observation is supported by studies of the 
oxidation products of 6hydroxydopamine in which the o-quinones possessed 
greater SH reactivity than did the p-quinones, based on their ability to inhibit 
SH-dependent enzymes. The demonstrated reactivity of p-BQ with tubulin 
suggests that tubulin may represent a more sensitive indicator of SH reactivity than 
do enzymes such as CT-o-methyl transferase or calf thymus DNA polymerase 
( 5 ,  IS). 
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Fig. 6. Schematic diagram of primary benzene metabolism resulling in the production of potentially 
lymphotoxic metabolites. (*) Putative or demonstrated alkylating activity toward intracellular nucleo- 
philic groups. 

Depending on the endpoint used to measure toxicity, benzene metabolites may 
present with varying orders of potency. Hydroquinone is a more potent inhibitor of 
lymphocyte activation than is CTin vitro (26,44) andin vivo (59). On the otherhand, 
CT is more potent at producing sister chromatid exchange in human lymphocytes in 
culture (40). Such discrepancies could arise from digerences in the oxidation 
products of HQ and CT. We propose a reaction scheme in which HQ and CT can 
proceed along parallel or distinct oxidative pathways (Fig. 6). Hydroquinone 
spontaneously oxidizes to formp-benzosemiquinone andp-BQ. Catechol does not 
undergo appreciable autoxidation under physiologic conditions, but it could serve 
as a substrate for a variety of enzymatic reactions. Catechol can be oxidized to 
1,2,4-BT which undergoes a similar autoxidation reaction to HQ, presumably 
forming the 2-hydroxy-analogue of p-BQ. Alternatively, CT may be oxidized by 
tyrosinase or a variety of oxidases to form potentially reactive products such as 
phenoxy-radicals or o-quinones which would be expected to react indiscriminately 
with a variety of nucleophilic groups on protein or DNA in addition to SH groups. 
The relatively weak alkylating ability of the p-quinones could result in specificity 
for particularly nucleophilic SH groups within the cell and account for their ability 
to interfere with cytoskeletal function in the absence of cytotoxicity. The observa- 

* hat quinone metabolites interfere with normal cytoskeletal function suggests a 
=ism to explain bone marrow and immune suppression associated with 
ZGiZoenzene exposure. 
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