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ABSTRACT:. The catalytic specificity of T7 RNA polymerase (RNAP) for ribonucleoside triphosphates vs
deoxynucleoside triphosphatfca/Km)re/(Keal Km)ante} during transcript elongation is80. Mutation

of tyrosine 639 to phenylalanine reduces specificity by a factor®® and largely eliminates thién,
difference between rNTPs and dNTPs. The remaining specificity facterdofs k.armediated and is

nearly eliminated if MA* is substituted for Mg" in the reaction. MA" substitution does not significantly

affect theK, difference between rNTPs and dNTPs. rsubstitution also enhances the activity of
poorly active mutant enzymes carrying nonconservative substitutions in the active site, and its effects are
generally consistent with the Mn-catalyzed reaction being less restrictive in its requirements for alignment

of the reactive groups. In addition to discrimination occurring at the level of nucleoside monophosphate
(NMP) incorporation, it is also found that transcripts containing deoxynucleoside monophosphates (ANMPS)
are more poorly extended than transcripts of canonical structure, though a severe barrier to transcript
extension is seen only when theer8gion of the transcript is heavily substituted with dNMPs. The barrier

to extension of transcripts heavily substituted with dNMPs is reduced for sequences known to be amenable
to forming A-like helices and is larger for sequences that resist transformation from B-form NG
structures. The barrier to extension of dANMP-substituted transcripts is also reduced by solution conditions
known to destabilize B-form DNA and to stabilize A-form structures. These observations imply a
requirement for a non-B-form, possibly A-like, conformation in the transdepiplate hybrid that is
disrupted when the transcript is of predominantly deoxyribose structure.

The molecular mechanisms used by nucleic acid poly- remarkably similar to the effectf@ Y to F substitution at
merases to discriminate substrate structure so as to specifyposition 34 in tyrosyl-tRNA synthetas&)( in both cases
the synthesis of particular products (DNA, RNA, or nucleic the Y to F substitution has little effect on kinetic parameters
acids incorporating noncanonical nucleotides) have, until for utilization of the canonical substrate (rNTP or tyrosine)
recently, been obscure. However, over the past few years abut enhances utilization of a noncanonical substrate (dANTP
number of studies have emerged identifying single amino or phenylalanine) that differs from the canonical substrate
acid substitutions in the active sites of RNA and DNA only in having a hydroxyl group replaced by a hydrogen
polymerases that have dramatic effects on discrimination atom. In both cases the molecular mechanism of the reduced
between ribose '3H- or OH-substituted triphosphateg) ( specificity of the mutant enzyme is attributed to loss of a
and between ribos€ 21- or OH-substitutions3—5; see ref hydrogen bond between the tyrosine hydroxyl and the
6 for a review). relevant -OH group on the canonical substrate. That the loss

During transcript elongation T7 RNAPincorporates of this H-bonding interaction gives rise to reduced specificity
rNMPs with, on average;80-fold higher efficiency thanit  through enhanced utilization of the noncanonical substrate
incorporates dNMPs. The value 80 for the Keaf Km)inte/ (rather than reduced utilization of the canonical substrate)
(k-afKm)ante term during elongation is accounted for by an is attributed to the fact that this interaction makes litte
average~20-fold difference inK,, values and an average contribution to polymerassubstrate association because a
~4-fold difference irkes:values. The difference iKmvalues ~ water molecule H-bonded to the tyrosine hydroxyl must be
is essentially eliminated by mutation of active-site tyrosine displaced to allow catalytically optimal substrate binding.

639 to phenylalanine5]. The effect of this mutation is Previous results have also suggested that, in addition to
mechanisms that discriminate at the level of substrate
" Supported by NIH Grant GM52522-01 (to R.S.) and funds from incorporation, extension of transcripts containing dNMPs is
the Texas ARP/ATP. less efficient than extension of transcripts of canonical
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3760; Fax 210-567-6595; e-mail sousa@bioc02.uthscsa.edu. : ' . :
* University of Texas Health Science Center. extensmﬁ—as.opposed to substrate mporpora_tnbrfnve not
8 Ribozyme Pharmaceuticals Inc. yet been elucidated. Furthermore, while substitution of Mg
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1 Abbreviations: RNAP, RNA polymerase; DNAP, DNA poly- i
merase; dNTP, deoxynucleoside triphosphate; INTP, ribonucleosideSUbStrate specificity of both the wt and Y639F enzymes, the

triphosphate; rNMP, ribonucleoside monophosphate; dNMP, deoxy- mechanism_o_f the Mt effect on SUbStrate SpeCifiCity and
nucleoside monophosphate. enzyme activity was not addressed in detail.
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Here we address these questions. We find that whether acold NTP is present in great excess of the labeled NTP (i.e.,
transcript can be efficiently extended is not primarily in our case [NTP}E ~10 O00[NTP*]) andKy,, is not much
determined by whether thé-BIMP is a dNMP or an rINMP larger thanKm, (in our caseKmi < Ky), then the above
but by the level of ANMP substitution in thé i&gion of the equation, forfractional incorporation, reduces to
transcript. This appeatrs to reflect a requirement for a specific
helix conformation in the transcriggemplate hybrid that is Ve _ KalEiod Kins
disrupted when the transcript is composed primarily of INTP¥ K, K.+ [NTPIK,
dNMPs. We also find that the Mh-catalyzed reaction is
less sensitive to nonconservative active-site mutations andgr
that the reduced substrate specificity of the polymerase in
the presence of Mt is due largely to an increase kg, for Wnter  KilEiod K/ Kinz
the noncanonical substrate relative to the canonical substrate. INTP*] T K+ INTP]

We interpret these observations as indicating that th&"Mn mi

catalyzed reaction is compatible with a wider range of i yhe |abeled NTP is chemically identical to the unlabeled
reactive group geometries than is the gatalyzed reac- TP (ie.. both are rNTPS) then obviousig = Kmp —

tion. Kmmnrpandks = ks = keantr However, if the labeled NTP
is a dNTP, theerl = Km,rNTP Z= Kme = KmdeTp and kz =
MATERIALS AND METHODS Keatntp Z Ko = keatante  The ratio of the rate of fractional
Mutant and wt enzymesere purified as described)( incorporation of the labeled rNTP relative to the dNTP is
Activity determinations and NTK,, determinations were  then equal to
carried out as describe8)(using supercoiled pT75, which
carries a single copy of the T$10 promoter 9), or (Vinre/ [INTP*)/(Vnrp/ [ANTP]) = { Kooy inrp[Evod/

homopolymers as templates. (Kin vt + INTPD}A (Keat antd Erol Kin e/ Kin and)/
Kinetic parameters for utilization of rtGTP and dGTP as (K + INTPD)} = (Ko K )

elongating substrates for dinucleotide synthesire also m.INTP AtINTE " *m,INTP

determined as described in rBfwith reaction conditions (Keat,ant#Km,ante)

modified as follows for particular experiments: (1) Substitu- o o
tion of Mg2* with Mn2+ in the reaction was done by replacing Kinetic parameters for utilization of rGTP and dGTP as
the 15 mM MgC} in the standard reaction buffer with 15  initiating substrates for dinucleotide synthesiere deter-
mM MnCl, and (2) methanol or ethanol was added to the Minéd using the synthetic hairpin T7 promoter template
some reactions to a final percentage (v/v) as specified in thedescribed in (reb) (HP-GA) in 20uL reactions containing
tables and figure captions while maintaining all other reactant 1> MM MgCh, 40 mM Tris, pH78.O, 5 mM DTT, 1 mM
and buffer components at constant (moles/volume) concen-EDTA, with [template]= 1 x 10" M, [polymerase}= 1 x
trations. 10°®M, [ATP] = 0.5 mM, and dGTP or rGTP varying from
Meaning of the rINTP/ANTP Selegty Term Obtained in ~ 0-018 to 2.25 mM in serial 2-fold dilutions.af*?P]JATP was
the Incorporation AssaysDetermination of the catalytic added in trace amounts for labeling. Reactions were initiated
specificity of T7 RNAP for rNTPs vs dNTPs during by addition of polymerase and were run at&7. _Allquots
elongation (as presented in Tables 1 and 8) was carried out(® #L) were taken at 10 and 20 min, mixed with an equal
as described in reb. In these assays the four unlabeled Volume of 90% formamide, 0.01% xylene cyanol, and 50
rNTPs are present at 0.5 mM and a sing#&P-labeled rNTP MM EDTA, and electrophoresed on 20% acrylamide/4%
or dNTP is added to a final concentration of 33 nM. The bisacrylamide/6 M urea gels. Dinucleotide and unincorpo-
ratio of the rate of percent incorporation of the radioactive ated radioactivity (mononucleotide) bands were quantitated
NTP relative to the radioactive dNTP is then equal to USINg @& Molecular Dynamics phosphorimager. Percent
(Keat NTHKm me)/ (Keat, ant#Km,ante), @s is shown below. incorporation was translated into the rate of dinucleotide
Consider the reaction scheme for an elongation complex Synthesis as a function of [GTP] and rate data were fit by
that can incorporate either a cold NTP or a radioactively nonlinear least squares (NONLIN) using the Michaelis
labeled NTP* (ER, = elongation complex containing Menten equation to derivky andkea values.

transcript of lengttn): _Determination of the extension efficiency of transcripts of
different ribose/deoxyribose compositias carried out at
+NTP 37 °C for 10 min in 25uL reaction volumes using pT75 as
ER, A ERoNTP — o EuR, a template at 10 M and wt or Y639F polymerase at 10
ks " M in 15 mM MgCl,, 40 mM Tris, pH 8.0, 5 mM DTT, and
NTP 1 mM EDTA. Varying combinations of NTPs, dNTPs, and
ks \| ks . rGMP were used in different reactions as indicated in the
E*R,*NTP"* E*Rp1” tables and figures. rNTPs were always present at 0.5 mM,

and dNTPs and rGMP were added to final concentrations
The rate of incorporation of the labeled NTP is then equal of 1 mM. Reactions contained eithax-f2P]GTP or dGTP

to for labeling, depending on whether cold rGTP or dGTP was
. being used in the reaction. Reactions were terminated by

Voo = Ki[Eod Kma[NTP*] addition of an equal volume of 90% formamide, 0.01%

NP KoKy + INTPHK,, + [NTPIK xylene cyanol, and 50 mM EDTA and electrophoresed on

20% acrylamide/4% bisacrylamide/6 M urea gels, which
whereKm1 = (k2 + ko1)/ks andKmz = (kg + k-g)/ks. If the were gquantitated on a Molecular Dynamics phosphorimager.
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Table 1: Relative Activity and rNTP/dNTP Specificity of wt and Y639 Mutant Polymerases it MgMn?* Catalyzed Reactiofs

RNAP activity A C G U average
Mg?*
wit 200 121+ 33 89+ 13 60+ 11 34+ 8.5 76
Y639F 200+ 32 5.0+ 1.8 7.5+ 2.0 2.0+ 0.41 1.8+ 0.39 41
Y639M 104+ 15 8.8+ 15 8.5+ 2.0 2.3+ 0.41 2.5+ 0.84 5.5
Y639L 86+ 12 82+ 1.1 21+ 4.7 12+ 3.2 4.0+ 0.97 11
Y639C 15+ 5.6 14+ 2.3 14+ 5.3 9.2+ 2.3 6.6+ 2.4 11
Y639V 8.6+ 4.6 22+ 6.6 21+ 3.9 26+ 5.0 11+1.7 19
Y639T 2.6+ 0.86 8.8+ 1.7 7.1+ 2.4 49+10 5.0+ 9.8 6.5
Y639Q 2.0+ 0.34 53+ 1.5 6.8+ 1.8 3.5+ 1.6 24+ 14 4.5
Y639H 0.74+ 0.08 nd nd nd nd nd
S641A 186+ 26 125+ 28 77+ 10 59+ 7.4 30+ 9.0 73
Y639F/S641A 178t 22 12+ 0.85 10+ 4.2 41+ 16 2.7+ 0.57 7.3
Mn2+
wit 21+1.9 40+ 14 18+ 25 14+ 5.6 9.6+ 3.7 20
Y639F 124+1.2 1.9+ 0.50 1.7+ 0.50 1.2+ 0.34 2.0+ 0.6 1.7
Y639M 11+ 0.96 3.3£0.25 1.7£0.15 1.2+ 0.50 2.2+ 0.65 21
Y639L 13+14 3.1+ 0.15 4.2+ 0.50 2.6+ 0.25 2.5+ 0.55 3.1
Y639C 16+ 4.0 1.0+ 0.05 1.0+ 0.50 0.97+ 0.14 1.8+ 0.30 1.2
Y639V 14+ 24 32+ 8.1 14+ 4.6 71+1.2 4.8+ 0.60 14
Y639T 52+ 1.0 25+ 8.9 13+ 35 43+ 14 6.1+ 0.25 12
Y639Q 3.4+ 0.34 5.1+ 15 1.9+ 0.30 1.5+ 0.35 14+0.34 2.3
Y639H 1.0+ 0.19 nd nd nd nd nd

aA, C, G, and U indicate thek{a/Km)mte/(keal Km)ante Values for the NTP (see Materials and Methods) with the corresponding base. Average
indicates the average rNTP/ANTP catalytic specificity factor for all four NTPs. Data for reactions withHdge been presented previoushy (
and are presented for comparison. Values giverds8&.

Table 2: Kinetic Parameters for wt T7 RNAP Utilization of rUTP and dUTP during Elongation it Mgd Mr#* Reaction3

(kca{Km)rU { (kca{Km)rU/(kca{Km)dU} Mg (Km,dL/Km,rU)Mg (kcalrL/kcatdLDMg

cofactor Km,rU (mM) Km,dU (mM) (kca{Km)dU { (kca{Km)rU/(kca{Km)dU} Mn (Km,dL/Km,rU)Mn (kcatrL/kcatdLDMn

Mg?* 0.041+0.018 1.7+ 0.33 35+ 9.5 3.6 1.2 3.0
Mn?2* 0.036+ 0.028 1.2+ 0.077 9.6+ 3.7

aValues given aretSE forn = 3.

Poly(dG) and poly(rG) ladders generated in reactions in NTP K, values on a supercoiled plasmid template in?Mg
which dGTP or rGTP was the only NTP present were used and Mr?* buffer (Table 2). Measurement of kinetic param-
as markers for assigning the length and sequence of differenteters on such templates is complicated by the occurrence of
transcripts. Percent extension for a transcript of length  phases of transcription (initiation, abortive cycling, elonga-
was determined by dividing the molar amount of all tion) with distinct processivities and different apparent NTP
transcripts of lengttr n by the molar amount of all transcripts K, values. Previously we found that, with supercoiled
=n. templates in Mg" buffer, the elongation phase of the reaction
dominated the kinetics so that NKg, values for elongation
RESULTS could be determined5]. However, when we examined
Effect of Substituting M for Mg2* on Specificity and transcript patterns in reactions with the wt enzyme and with
Activity. Table 1 presents values for the effect of ¥n  one rNTP substituted with a dNTP in Mhbuffer, it was
substitution on the relative activity and INTP/dNTP specific- apparent that the reduced activity of the wt enzyme under
ity of polymerases carrying different substitutions at position these conditions greatly increased the level of abortive
639. Substituting M# for Mg?* in the reaction reduces  cycling (not shown) and the assumption that the reaction
wt activity by ~10-fold on a plasmid template. Noncon- Kinetics would be dominated by the elongation phase of the
servative substitutions at position 639 were previously shown transcription reaction no longer appeared valid. We therefore
to markedly reduce activity5j, but with Mr?* the effects  limited our measurement of elongation ph#sgvalues to
of nonconservative substitutions are ameliorated. ThusrUTP and dUTP because, with the canonical T7 promoters
Y639T, for example, is~75-fold less active than the wt used in this study, these nucleotides are incorporated only
enzyme in M@" buffer but is only~4-fold less active than  during the elongation phase of transcription. Whilg
wt in Mn2* buffer. Mr?* substitution also affects rNTP/  values can be determined in this wéys values for dUMP
dNTP specificity{ (Keaf Km)ante (Keal Km)vte} , reducing it by incorporation cannot be determined directly in these assays
an average factor of4 for the wt enzyme and by 3-fold because it is not possible to separate the contributions to
for Y639F. Vmax Of @ reduced incorporation rate for dUMP and a reduced
Effect of MA@t Substitution on Kinetic Parameters for rate of extension of dUMP substituted transcripts. However,
dNTPs and rNTPsThe reduction in INTP/dNTP selectivity  the ratio ofkea,/Kkeat,qucan be determined from the catalytic
obtained with MA" could be due to effects on the relative specificity KeafKm)ru/(Keal Km)au determined previously (Table
Km and/orkgy values for dNTPs vs INTPs. To determine 1) and from the ratio oK gy/Km,u. We found that MA"
which parameter was being affected by ¥mve measured  substitution had little or no effect on the ratio of #ig values
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Table 3: Kinetic Parameters for Utilization of rGTP and dGTP as the Elongating Substrate during Dinucleotide Synthe3isandwgri*
Reaction3

(kca{Km)rG {(kca{Km)rG/(kca{Km)dG} Mg (kcat,re(kcat,dchg (Km,dde,rG)Mg

pOI (COfaCtor) Km,rG (,“M) Km,dG (,“M) kcat,rG kcat,dG (kca{Km)dG { (kca!Km)rG/(kca{Km)dG} Mg (kcat,rG/kcat,dC)Mn (Km,dG/Km,rG)Mn
wt (Mg) 175+ 25 850+ 76  2.55+0.15 0.018+0.001 6.9x 1C° 26 20 13

wt (Mn) 10.3+ 3.3 38723 1.2+0.15 0.17+-0.034 2.7x 107

Y639F (Mg) 10.4+0.65 15+0.70 1.8+0.1 0.054+ 0.005 50 21 23 0.9
Y639F(Mn)  15.3+ 2.7 25+ 7.0 1.1+ 0.25 0.75+:0.16 2.4

aData for reactions in Mg buffer have been presented previoush)y and are presented here for comparison. Values givent&€ for
n=3.

WT-dGTP WT4GTP Y639F-dGTP Y639F-rGTP

250 1125 560 200 140 70 35 [1125 560 280 140 0 35 19 [2250 1125 560 200 140 D 5 125 60 200 140 0 B ¥

“-- L PP <rGrA
- L_L I - <dGrA

Ficure 1: Dinucleotide synthesis reactions were run for 10 min at@7vith the indicated polymerases and micromolar concentrations
of rGTP or dGTP to serve as the initiating substrate. ATP was present at 0.5 mM in all reactions®&@PpATP was used in trace amounts
for labeling. Neither polymerase shows strong discrimination against utilization of dGTP as an initiating nucleotide.

for rUTP and dUTP, which allows us to attribute the reduced Table 4: Kinetic Parameters for the Initiating Nucleotide in rGrA
substrate specificity in M buffer largely to an effect on  or dGrA Synthesis
the relativek ., values for these substrates (Table 2). Since wt Y639F S641A  Y639F/S641A
both ATP and GTP are incorporated during abortive cycling «,, srp(mM) 0.25+0.04 0.32£0.02 0.21+0.04 0.22+ 0.090
on all canonical T7 promoter&, values for purines could Em,dGTpE?%) g.ggi 8'3% 8;851 8.(1)2 (1).32106486 é'gioblgs
not be evaluated with this assay. We therefore used ¥catGTelS | : : : : : : : :
dinucleotide synthesis to evaluate the effects of2Mn earcore(s™) 0224002 0.34005 0.32:007 010002
substitution on the kinetic parameters for utilization of rGTP _ *Values are£SE forn = 3. Kinetic parameters were determined
and dGTP as elongating substrates (Table 3). This assa);rzgqst",vn;fer}%m% tt%kﬁg ﬁ;eﬁ and 20 min, over which incorporation
also allows appareri.,; for incorporation of dGMP to be '
determined directly without having to consider the effect of synthesis reaction is characterized by 48-fold higherkKy,
dGMP incorporation on subsequent extension. Dinucleotide and a ~140-fold lower k., than utilization of rGTP.
synthesis is characterized by a much higher level of rGTP/ However, while the use of a dNTP in the elongating substrate
dGTP specificity than the elongation reaction. This is site is strongly discriminated against by the wt enzyme, the
primarily due to a decrease k. for incorporation of dGTP  utilization of a dNTP as an initiating substrate is only
relative to rGTP (Table 3) in dinucleotide synthesis vs modestly disfavored (Figure 1): the wt enzyme shows only
elongation. The effects of the Y639F mutation and?Mn  a 3-fold higherK,, and a virtually identicak., when using
substitution are unambiguously distinct. The Y639F muta- dGTP vs rGTP for initiation (Table 4). The Y639F and
tion eliminates the 4650-fold K, difference between rGTP  S641A mutations and the Y639F/S641A double mutation do
and dGTP but affects the140-fold difference irk.o between not markedly affect these kinetic parameters (Table 4). The
these two substrates by only a factoret. Mn?* substitu- S641A mutation was tested because of a previous report that
tion, however, reduces the ratio of thg values of rGTP this substitution has a dramatic effect on the substrate/product
and dGTP by more than 20-fold but has no significant effect specificity of T7 RNAP (0). Previously, we showed that,
on their relativeK,, values. contrary to this report, the S641A substitution does not affect
Kinetic Parameters for Initiation with a dNTFs an rNTP. the specificity of incorporation of the elongating substrate
In order to characterize kinetic parameters for utilization of (5). As shown in Table 4 it also appears that the S641A
a dNTP at the initiating (or '3NMP) substrate site we  substitution does not affect specificity for the initiating
measured the rates of GA dinucleotide synthesis on a self-substrate.
complementary hairpinpromoter template in the presence Effects on the Extension Reaction of ditey dNMPs
of saturating concentrations of the elongating substrate (ATP) Incorporated in the TranscriptResults from the dinucleotide
and varying concentrations of GTP or dGTP. The data in synthesis reaction revealed that the polymerase discriminates
Table 3 reveal that, in Mg buffer, wt enzyme utilization ~ only weakly against using a dNTP as an initiating substrate.
of dGTP as anelongating substrate in a dinucleotide Since the initiating substrate occupies the same site as the
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A B Table 5: Percent Extension of Transcripts of Varying INMP/dNMP
Composition with rNTPs or dNTPs
extension reaction wt Y639F

rGdGdGdGdGdG- & rGrG+ rG 63-65 57-63

rGdG + dG 22-25 56-61

r GG dGdG + dG 13-27 60-64

rGdGdGdG- rGrGrG+ rA 96—97 86-90

4dG- rGIGrG+ dA 1-9 41-57

rGdGdG- rGdGdG + rA 85—-95 50-54

i dGdGdG + rA nd 10-16

3dG- IGIGIG+ rG 77-81 68-74

rGdG- rGdGdG + dG 61-75 88-90

dGdGdG + dG 6—14 49-57

rGrGrGrA+rG 93-95 69-76

2dG- rGIGrGdA + 1G 92-98 66-80

rGrGrGrG+ rG 69-69 58-61

rGdGdGrA + dG 3-5 31-36

rGdGdGdG + dG 2—6 20-30

FiIcure 2: Method of determination of percent extension of dGdGdGdG +dG nd 8-13

transcripts of varying rNMP/dNMP composition. Lane A shows rGrGrGrArG+ rA 97-99 92-94

reactions run with Y639F and with 0.5 mM dGTP, 0.5 mM rGMP, rGrGrGdArG + dA 50-70 82-85

and [0-32P]dGTP; lane B shows similar reactions run without rGMP. rGrGrGrGrG+ rG 73-73 61-64

The structure of the products is indicated. The reduced charge on  rGdGdGrAdG + rA nd 60-69

transcripts that are'erminated with rtGMP causes them to migrate rGdGdGdGdG +dG nd 4-4

more slowly than 5dGTP-terminated transcripts of similar size. rGrGrGrArGrA+ rC 96-99 95-96

Percent extension of a transcript of lengihis determined by rGrGrGrArGrA + dC 20—31 92-94

dividing the molar amount of all transcripts n by all transcripts rGrGrGdArGdA + rC 77-78 65-72

> n [pure oligo(dG) transcripts obtained in lane A are not included rGrGrGdArGdA + dC 11-14 40-41

in the calculation to determine efficiency of extension 6fGMP- rGdGdGrAdGrA + rC nd 69-72
terminated transcripts]. Qualitatively, the levels of extension of the

2dG (lane B) or rGdG (lane A) transcripts appear similar. However, ;g:g:g:ﬁgﬁ(ﬁ—:r&c gg_ gg gg_gg

the rGdGdG transcript is clearly extended more efficiently than rGIGIGAAIGAAIC + 1C 95-95 91-93

the 3dG transcript, and the rGdGdGdG transcriptis also seentobe .5 ciArGdAdC + dC nd 32-34

extended more efficiently than the 4dG transcript. However, the rGAGAGIAdGIAIC + rC nd 75-84
rGdGdGdGdG transcript is poorly extended, indicating that the

single rG in this position no longer enhances transcript extension,  FGrGrGrArGrArCrC+ rG 90-98 82-85

possibly because it no longer base-pairs with template (wobble base- ~ 'TGIGrGrArGrAdCdC + rG 81-84 71-76

pairing with the T at-1 could extend the oligo G hybrid to 4 base rGrGrGdArGdArCrC + rG 87-94 77-83

pairs). rGrGrGdArGdAdCdC + rG nd 15-22

@Values given are ranges from two experiments. Since transcripts
3'-NMP of the transcript during catalysi4 1), this could are generated in situ, during initial transcription, transcripts with multiple
imply that the polymerase does not discriminate against a deoxyribose substitutions are obtained at low levels with the wt enzyme.
transcript with a 3dNMP. However, it is possible that in In many cases the level of a particular transcript (e.g., 'dG_deG(_iG)
the context of a more extended helical structure the presenCt-i’;ener"’1teo| by the wt enzyme is too low to allow quantitation of its

. . . ercent extension (nd).
of a 3-dNMP in the transcript could be more detrimental to
the extension reaction. To evaluate this, we measured the ) ) )
efficiency of extension of transcripts of varying rNMP/dNMP to exte.n.5|on of rGrGrG.rA transcripts. .Strong decrease; in
composition generated in situ during initial transcription (see the efficiency of extension that are attributable to transcript
Figure 2 for an illustrative example of this method). These Structure occur only when (1) the transcript is at least 3 bases
data are presented in Table 5, from which it is clear that, in length and (2) it is heavily substituted with dNMPs in the
with the wt enzyme, extension reactions involving incorpora- 3—5 bases nearest the@nd of the transcript. Itis therefore
tion of a dANMP are much less efficient than corresponding Sseen that transcripts 3 and 4 bases in length that are
reactions (identical substrate base and transcript sequencey -terminated with rGMP but contain dGMP at the internal
involving incorporation of an rNMP. 1t is also clear that Or 3-positions are extended with markedly greater efficiency
the Y639F mutation increases the efficiency of extension in than transcripts of otherwise identical structure but that carry
reactions with dNTP substrates. However, in addition to the & dGTP at the 'Sposition (Table 5 and Figure 2). A similar
wt enzyme displaying specificity at the level of substrate €ffectis observed if the relative extension efficiencies of the
incorporation, it is also seen that both the wt and mutant rGrGrGrArGrAdCdC and rGrGrGdArGdAdCdC transcripts
enzymes display specificity for transcript structure in that are compared. Thus dNMP substitution at positions up to
they extend transcripts containing dNMPs less efficiently 2—4 bases away from thé-Base of the transcript can affect
than transcripts of identical sequence that are composedthe efficiency with which the transcript is extended. To-
entirely of INMPs. It is found, though, that low to moderate gether with the results from the dinucleotide synthesis
levels of dNMP incorporation in the transcripts give rise to reactions, these observations imply (1) that the Y639F
only modest decreases in the efficiency with which those mutation enhances dNMP incorporation but does not affect
transcripts are extended, nor does the presence'edididP extension of dNMP-substituted transcripts, (2) the presence
generate a particularly strong barrier to transcript extension. of a 3 dNMP or a moderate level of dANMP substitution in
For example, rGrGrGdA transcripts are extended by either the 3 segment of the transcript only modestly reduces
the wt or Y639F enzymes with rG, with efficiency similar extension efficiency, and (3) a high level of ANMP substitu-
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Table 6: Relative Activity of wt and Y639F Polymerases with dNTPs and rNTPs on Different Teniplates

poly(dl)-poly(dC) poly(dAypoly(dT) pT75
rGTP dGTP dGTP- rGMP rATP dATP dATP+rAMP rGTP TP dGTP dITP
wt 160  2.0(0.92.5) 4.0(3.24.4) 32(28-46) <0.1 <0.1 200 233(21%250) 1.1(1.6-1.2) <0.1
Y639F 160 156 (108200) 172(132232) 10(8-12) <0.1 <0.1 200 210(194227) 52 (44-60) <1.1

2 The templates and NTPs used are as specified in the table. For the pT75 reaction, rATP, rCTP, and rUTP were also present at 0.5 mM. An
activity value of 200 in this and all following tables corresponds to incorporation @fré@ of NTP/min in reactions with 10 M pT75 or 0.1
mg/mL homopolymer and 18 M polymerase. Data for the poly(dfoly(dC) template were published previousB) &nd are presented here for
comparison. Values given are mean and ranges from three (homopolymers) or two (pT75) experiments.

tion in the 3-5 bases nearest thé-@&d of the transcript
strongly reduces extension efficiency.
One interpretation of the preceding observations is that

the conformation of the transcripgmplate duplex in the wt

. N . . . . - 4 (NTP
active site is an important determinant of the efficiency of
the extension reaction. For example, the canonical transcript V639F 4INTP

template conformation could be an A-form RNZNA wt 3 INTP dGTP
hybrid and the extension reaction might be compromised if '
this duplex became B-form as a consequence of extensive ' OV ee 08 | :rwr

Polymerase  Concentration of methanol Substrate
0% 5% 10%

dNMP substitution in the transcript. In addition to being wi 2 (NTP. dGTP. dATP
influgnced by ripose structure, duplex nL_Jc_Ieic acid conforma- vesor | @ B » e e 2 INTP. dGTP. JATP
tion is strongly influenced by water activity, sequence, and

base composition1@—16). In particular, poly(dAjpoly- wt 2 INTF, dGTF. dCTP
(dT) forms a B-type structure and resists forming an A-like V63F | @ & o & & @ 2 INTP, dGTP, dCTP
structure even at a relative humidity of 0%. Alternating wi. 3 dNTP. rATP

purine—pyrimidine sequences tend to stabilize B-form DNA
(17), while guanosine-rich DNA is particularly amenable to
forming A-type structures. Poly(d&@oly(dC) would then wt. 4dNTP
be expected to be especially amenable to forming an A-type
structure, and in fact this is the only DNA duplex known to

be A-form in solution 18). We therefore measured the Fgure3: Effects of methanol addition on wt and Y639F activity
activity of the wt and Y639F enzymes on homopolymeric in reactions with different combinations of rNTPs and dNTPs.
templates (T7 RNAP efficiently synthesizes polypurine Transcription reactions carried out with the indicated NTPs,

; PR ; _ polymerases, and methanol concentrations and supercoiled pT75
transcripts from polypyrimidine templates in a promoter as template were carried out for 40 min at 32, spotted onto

independent manner). As shown in Table 6, the Y639F peg; filter paper, and washed with 0.5 M }PO, to remove
enzyme synthesizes either poly(rG) or poly(dG) with poly- unincorporated radioactivity (eithem{*?P]rGTP or dGTP). Metha-
(dI)-poly(dC) as a template with essentially indistinguishable nol addition markedly enhances activity in the 3 dNTP and 4 dNTP
activity under these assay conditions. Even the wt enzymeréactions.
displays significant activity in poly(dG) synthesis on the and previous observations that alcohelsrough their
poly(dC) template. This is remarkable given that Y639F is dehydrating and water-structure perturbing effectfect
>600-fold less active in synthesis of pure DNA vs pure RNA helix conformation by destabilizing B-form structures (and
on a complex sequence template (Table 7). This cannot bethereby favor A-form helices)l( 12, 13, 19) we decided to
attributed simply to the fact that poly(dC) is a homopolymer test the effects of methanol or ethanol addition to transcrip-
template since replacement of rATP with dATP in synthesis tion reactions with varying combinations of rNTPs and
reactions with the poly(dApoly(dT) template completely  dNTPs (Figure 3, Table 7). Table 7 reveals that addition of
abolishes the activity of both the wt and Y639F enzymes. 15% methanol to reactions with four rNTPs reduces the
This was further evaluated by measuring the relative activity activity of both the wt or Y639F polymerases by 8-fold.
of the wt and Y639F polymerases on supercoiled pT75 in Substitution of rGTP by dGTP in the reaction with the wt
reactions in which rGTP was replaced by rITP, dGTP, or enzyme reduces activity by 5@00-fold (depending on the
dITP (Table 6). dHdC base pairs are like d4T base pairs  methanol concentration), though activity with the Y639F
in that they strongly favor assumption of B-form conforma- mutant is reduced only-14-fold. Addition of methanol to
tions and resist transformation to A-forh4—16). Activity reactions in which one or two rNTPs were replaced with
in reactions with rITP was indistinguishable from that in dNTPs does not significantly increase absolute levels of
reactions with rGTP, indicating that there was no strong Y639F activity; however, addition of methanol to such
discrimination against incorporation of the inosine base. reactions does increase activity relative to reactions carried
However, the activity of the Y639F enzyme was reduced out with four rNTPs at the same methanol concentration.
by more than 40-fold when dITP replaced dGTP in the These results suggest that methanol has at least two effects
reaction, suggesting that the stronger tendency-ofibase on the reaction: a general decrease in enzyme activity with
pairs to form B-type helices may have significantly depressed increasing methanol concentrations (ethanol was found to
transcription over the &-rich initially transcribed sequence depress activity to an even greater degree and was therefore
of this promoter. less useful in this regard) is coupled with decreasing
Solution Conditions That Enhance Extension of Transcripts sensitivity to replacement of rNTPs with dNTPs in the
with Multiple dNMP Substitutionsin light of these results  reaction. The former effect is clearly evidenced in 4 INTP

Y3OF ([0 & @ & @ 3 dNTP, rATP

Y63sF 4dNTP
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Table 7: Effect of Methanol and Ethanol on Relative Activity in Reactions with Different Combinations of INTPs and®dNTPs

wt alcohol (v/v) Y639F alcohol (v/v)
NTPs (alcohol) 0% 5% 10% 15% 20% 0% 5% 10% 15% 20%

4 NTPs (MeOH) 200 164 27 96+ 15 54+ 5 42+ 6 200 138+ 30 81+10 41+3 25+ 3

4 rNTPs (EtOH) 200 827 52+5 13+ 2 88+1.6 200 8012 39+4 16+ 3 8.0+1.2

3rNTPs, dGTP 1.1+01 1.3+ 0.1 1.2+ 0.2 1.4+ 0.3 1.2+ 0.2 52+ 8 54+3 49+ 3 444+ 4 30+3
(MeOH)

3rNTPs, dGTP 1.1+01 1.5+ 0.2 1.6+0.2 1.0+ 0.2 0.42+0.1 5248 49+ 7 26+ 3 1443 45+1.2
(EtOH)

2 NTPs,dA,dG 0.45+0.1 0.36+ 0.1 0.48+ 0.1 0.8+ 0.2 0.8+ 0.2 14+ 2 18+ 3 19+ 2 21+2 20+ 3
(MeOH)

2 NTPs,dT,dG 0.33+0.1 0.26£ 0.1 0.46+0.1 <0.4 <0.4 14+ 3 16+ 4 18+ 5 24+3 22+ 4
(MeOH)

3dNTPs, rATP  <0.3 <0.3 <0.3 <0.3 <0.3 3.3+1 6.0£08 7.1£0.7 88+0.8 88+1
(MeOH)

4 dNTPs (MeOH) <0.1 <0.1 <0.1 <0.1 <0.1 0.33+0.1 11+04 25+04 26+05 24+04

a Reaction time points were taken at 2.5, 5, 10, 20, and 40 min. Incorporation was linear under all conditions for the first four time points, so
only data for the 2.520 min time points were used to determine relative activity. Values giver-8ie forn = 3.

" GGG A

. dATP, IGTP rATP. tGTP dATP, dGTP rATP, dGTP
Table 8: Effect of Methanol orkfa/Km)re1e/(Keaf Km)aots* 0% 5% 10% 15% 20%0% 5% 10% 15% 20940% 5% 10% 15% 20".40% 5% 10% 15% 20"J
methanol (v/v) TAGGIAGIA GGG AR ]

0% 5% 10% 15% 20% ’-.“ . rarartrtra, PR dgoganepdorn
wt 75-83  75-93  77-78  79-98  84-86 T /- Eé.“
Y639F 2.9-32 2534 2532 2831 3134 T ke s

- - - “GIGIGIAIG E
aValues given are ranges from two experiments. - PGIGIGNG
- - e e dGdGdGr &dG
rGrGrGdh . dGdGHGH
reactions, while in the 1 dNTP or 2 dNTP reactions the two | i m.‘
e - -—

effects appear balanced and little net effect on absolute

activity is obtained due to methanol addition. However, in | e dodian”

the 3 ANTP or 4 dNTP reactions the reduced sensitivity to e A
dNTPs dominates, and addition of 15% methanol to the ¢ 3 Wl 4 ’
reaction with Y639F leads to substantial§-fold) increases

in absolute activity. Though this is a substantial net increase, | .’.’ 2

the degree to which methanol addition reduces sensitivity '

to multiple dNTP replacement in the transcription reaction
is actually much greater. For example, in the absence of Ficure 4: Transcription reactions were run with Y639F polymerase

methanol, replacement of all four rINTPs with dNTPs reduces and the indicated NTPs on a partially single-stranded synthetic T7
Y639F activity by=600 fold. However, in the presence of promoter template composed of an 18-base nontemplate strand

o . corresponding to the sequence of the consensus class Ill T7
20% methanol activity is only-10-fold lower inthe 4 dNTP o hoter from—23 to —5 annealed to a 33-base template strand

reaction than in the 4 rNTP reaction, representing a net 60- corresponding to the T#10 promoter and ITS (initially transcribed

fold decrease in the degree to which the reaction is sensitiveregion; from+1 to +6 GGGAGA). [Template}= 10~ M; [pol]

to replacement of all four NTPs with dNTPs. = 1078 M; the reaction was run for 15 min at 3T before being
Effect of Methanol on Specificity during Incorporation. electrophoresed on 20% acrylamide/4% bisacrylamide/6 M urea

. . . ) . els and visualized by phosphorimaging. Sequence assignments
Reactions in which one or more rNTPs are substituted with \%ere made by compgrigon th)> poly(d%)gand gmy(rG) o”g%mers
dNTPs may be limited at either the dNMP incorporation or obtained in reactions in which only dGTP or rGTP was present
dNMP-substituted transcript extension steps. Since theand by comparison of migration patterns of transcripts obtained
barrier to Y639F synthesis of transcripts multiply substituted ‘t’;’gﬂsgf‘ tisn(z)i]ff?é%?] t::l:;—IPISénTphe brﬁtla\t/i;? i;"iggzti%fér{géez n%f rsigggte
with dNMPs appears to be largely due_ to transcript structg_re composri)tion follows the ruI%, in orderyof gi]ncr(;qasing retardation:
rather than substrate structure, and since methanol additiorys < (A < dG < G.
had its largest effects in the 3 or 4 dNTP reactions, it
appeared likely that methanol enhanced the extension ofY639F enzyme in the presence of varying concentrations of
dNMP-substituted transcripts rather than incorporation of methanol and the following combination of NTPs: rATP
dNMPs. To test this, we evaluated the effect of methanol rGTP, dATP+ rGTP, rATP+ dGTP, and dATP+ dGTP
addition on the relative rates of radiolabeled rGTP or dGTP (Figure 4). The steady-state rate of transcript production in
incorporation in reactions in which unlabeled rGTP was such assays is limited by the rate of transcript rele@ég (
present in large excess. Under such conditions the rate ofand both the incorporation of dNMPs into the transcript and
dGTP incorporation is not limited by effects on transcript addition of methanol appear to destabilize the complex and
structure since the fractional substitution of dGMP into the therefore lead to net increases in the total amount of transcript
transcripts is less tharv0.01%. We found that methanol obtained. However, in evaluating the effects of methanol
addition had little effect on the rGTP/dGTP specificity ratio on transcript extension or nucleotide incorporation, we focus
in such an assay (Table 8), implying that the methanol on the changes in the transcript patterns (processivity) rather
enhances extension of dNMP-substituted transcripts ratherthan the total transcript levels. The transcript patterns
than incorporation of ANMPs. This was also supported by obtained on this promoter are complex: in addition to
examination of the transcript patterns obtained with the transcripts corresponding to the sequence of-tfieto +6
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region of the promoter (GGGAGA), products with larger Y639F enzymes, it either enhanced the activity of the poorly
numbers of G residues are also obtained due to slippage ofactive mutant enzymes bearing nonconservative substitutions
the transcript on the initial run of 3 Gs. The G-slippage at position 639 or it reduced the activity of these mutants to
reaction has invariably been found to be more robust thanonly a small degree (Table 1). Similar observations have
heterogeneous sequence synthesis: thus, whenever thbeen made in other systen®K-37). Such a broad spectrum
enzyme is mutated so that it is significantly less active, it of effects is effectively summarized by the statement that
has been found that poly-G ladder synthesis predominatesthe Mr¢*-catalyzed reaction is compatible with a wider range
during initiation @1—23). This also occurs when the reaction of reactive group geometries than is the Migatalyzed

is less efficient due to noncanonical substrate or transcriptreaction, so that it is less sensitive to changes in reactive
structure 8); for example, in the 0% methanol, dATP group geometries due either to noncanonical substrate
dGTP reaction in Figure 4, it can be seen that most of the structure or to nonconservative active-site mutations. It is
dGdGdG trimer is extended to form larger poly(dG) oligo- as yet unclear what properties of Kinrelative to Mg
mers rather than the heterogeneous sequence oligomerdgreater softness of the Mh ion (38), faster rates of
Addition of methanol does not affect the transcript pattern hydration/dehydration, tighter ligand bindin@39j] are

in the rATP+ rGTP reaction. Nor is there much of an effect responsible for its distinctive catalytic properties.

on the transcript pattern in the dAT® rGTP reaction. Transcript Structure Effects on Transcript Extension.
However, in the dGTPF rATP reaction methanol addition  Before addressing this question, it is important to briefly
has a clear effect: there is an increase in the efficiency of review the available information on the structures of
extension of the dGdGdG trimer with rA at the expense of templateprimer duplexes in cocrystals with polymerases and
extension to form longer poly(dG) oligomers so that the the effects of sequence, ribose structure, and solution
amount of the 4-dG product decreases while the levels of conditions on duplex conformation. Crystal structures of
the longer heterogeneous sequence transcripts increase. Ipolymerasegprimertemplate complexes have revealed that
the dATP+ dGTP reaction the effect of methanol is even the duplexes in the active sites form structures that, while
greater: without methanol there is very little production of varying in details, are recognizably of the A- or B-form
heterogeneous sequence transcripts and there is little extenfamilies 39, 40). RNA-DNA hybrids favor A-form con-
sion of the poly(dG) oligomers beyond 5 bases in length, formations (, 14—16, 40, 41). It has therefore been
while addition of increasing concentrations of methanol suggested that the RNBNA hybrid in the RNAP active
progressively increases both the levels of heterogeneoussite assumes an A-like conformatiod3(-45), and some
sequence transcripts and the efficiency with which the poly- limited direct evidence for this has been obtaindd)(

(dG) oligomers are extended. DNA-DNA duplexes favor B-form structured)( On the
basis of crystal structures it has been suggested that a single
DISCUSSION rNMP in a ~10 base DNARNA chimeric duplex is

Effects of MA™ on Specificity and Enzyme Adty. Use sufficient to stabilize an A-form structure, but such studies
of Mn?* as a catalytic cofactor has generally been found to all involve crystals grown from solutions containing high
cause a reduction in the substrate specificity or fidelity of concentrations of alcohol or 2-methyl-2,4-pentanediol (MPD),
enzymes that normally use Migto catalyze a phosphoryl conditions that are expected to destabilize B-form helices
transfer reaction. For T7 RNAP we find that the reduced (47—49). Indeed, crystals of G-rich A-form DNA can be
discrimination for incorporation of a'zleoxypyrimidine grown from such solutions1@). Structural studies of
during elongation or incorporation of &@eoxypurine during  synthetic Okazaki fragments [such as r(ccca)d(AAT€IA)
formation of the first phosphodiester bond is mediated by a (TCATTTGGG)] in solution are more relevant to the case
reduction in the ratio of th&:, values for INTP and dNTP  of an RNAP extending a mixed rNMP/dNMP transcript on
substrates, as has also been found for the effect &f Mn a DNA template since they involve hybrids of pure DNA
deoxy/dideoxy discrimination in DNAP 124) and Taq and chimeric RNA/DNA strands. Studies of these chimeras
DNAP (25). This is a rather critical result in light of our reveal B-type helices in the DNBNA segments, a 23
previous conclusion that thk,, difference between these base pair junction region, and a hybrid helix form with
substrates is due to the Y639-@Hbose 2-OH interaction. varying degrees of A-like character in the RNDNA
It would have been difficult to understand how Rn segment depending on its length and seque#2ei8—50).
substitution could influence this interaction. The molecular Such structures imply that while rNMPs may have a
mechanisms and effects of Kinsubstitution and the Y639F  dominant effect on helix conformation, their presence in a
mutation should therefore be complementary and distinct, hybrid is not overwhelming and RNA/DNA chimeras that
and this is what is found (Tables-B). are predominantly DNA are typically not A-form in solution.

Substitution of M@+ with Mn2* in polymerization reac- At the level of sequence it is known that e base pairs
tions leads to a remarkably wide range of effects with many are more amenable to forming A-like structures than either
polymerases. In addition to increasing the relative levels of dA-dT or dIFdC base pairs1d—16) and that alternating
base misincorporatior26—30), Mn?" increases the relative  purine—pyrimidine sequences favor B-form to a greater
utilization of substrates modified at different positions on degree than polypurimgolypyrimidine tracts17). Uniquely
the base, ribose, or phosphate groups, 82) as well as amongst pure DNA sequences that have been studied, poly-
relative activity on templates of noncanonical struct8® (  (dG)-poly(dC) is A-form in aqueous solutiod§). A critical
34) or even in the absence of a templating ba88).( factor in the stabilization of the B-form structure is a highly
Structural alterations of the polymerase active site also appearwrdered spine of hydrating water molecules in the minor
to perturb the MA™-catalyzed reaction to a lesser degree than groove (5, 16, 51). Disruption of this hydration spine by
the Mg*-catalyzed reaction. Thus, while substitution of dehydration or by agents that disrupt water structure has been
Mn?t for Mg?" markedly reduced the activity of the wt or  proposed to be the mechanism through which such environ-
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mental conditions destabilize B-form DNA to favor A-form
structures 15, 16).

Against this background of information, our observations
with T7 RNAP, while essentially correlative, strongly suggest
that the barrier to extension of heavily dNMP-substituted
transcripts is due to a change in the conformation of the
transcripttemplate hybrid, most probably from an A-like
structure to a B-like structure. Specifically we find the
following: (1) dGTP is used efficiently as an initiating
nucleotide, the presence of &@\MP in the transcript is
not particularly limiting for transcript extension, and a
moderate level of dNMP substitution in the transcript only
modestly reduces extension efficiency. (2) The efficiency
of transcript extension is strongly reduced when theb3
bases nearest th&-&nd of the transcript are predominantly

Huang et al.

that disrupt the hydration spine of the minor groo4é)(
For T7 RNAP, which normally works with an RNANA
hybrid, such features of the binding cleft may be inadequate
to force an appropriate A-form structure with a DNDINA
duplex, but together with other factors that also favor A-form
conformations but are inadequate in isolation (moderate
alcohol concentrations), may allow a DNANA duplex to
assume a conformation appropriate for efficient extension.
We do not know why methanol is more effective than ethanol
for this purpose, but it is possible that it is because methanol
is less disruptive of polymerase activity than is ethanol (as
assessedhia 4 rNTP reaction; Table 7) or because its smaller
size allows it readier access to the transergphplate hybrid
in the polymerase binding cleft.

It could be argued that alcohol addition exerts its effects

deoxyribose. These observations appear inconsistent within ways other than an effect on transctipmplate conforma-

any strong, direct discriminatory mechanism against utiliza- tion; for example, it could disrupt polymerase structure so
tion of a 3-dNMP in the phosphoryl transfer reaction (in that the enzyme becomes sloppier in its requirements for
contrast to the discrimination observed for utilization of a canonical substrate or transcript structure. Such structural
dNTP vs an rNTP) and do not reveal any strong chemical effects on the enzyme are suggested by the depressing effect
specificity for a pure RNA transcript. They are consistent of alcohol addition on activity in 4 rNTP reactions. How-
with a conformational effect caused by having predominantly ever, we have generally found that situations which lead to

deoxyribose content in the region of the transcript which is
hybridized to the DNA template. (3) The activity of the
Y639F enzyme is=600-fold lower for pure DNA than for

reductions in polymerase activity tenddecreasehe relative
utilization of noncanonical substrates even mdsg (For
example, nonconservative substitutions at position 639 that

pure RNA synthesis on a complex sequence template andreduce activity typically enhance the rNTP/dNTP specificity

DNA synthesis is not measurable on poly(cggly(dT), but
pure RNA or DNA synthesis activity is nearly identical on
poly(dl)-poly(dC). (4) The activity of Y639F on a complex

of the polymerase relative to the conservative Y639F
substitution (Table 1), and rGTP/dGTP specificity is also
greater for the relatively inefficient dinucleotide synthesis

sequence template is much more sensitive to replacementeaction than it is during elongation (Tables 1 and 3). Such

of rGTP with dITP than with dGTP, though activity with

observations are consistent with the idea that the assumption

rGTP vs rITP is identical. These observations are consistentof optimal catalytic geometry of the reactive groups in the

with the idea of a requirement for an A-like structure in the
hybrid and with the amenability with which d@C, dA-dT,

and dtdC base pairs form A-DNA. In particular, it appears
difficult to account for the remarkably high activity of Y639F
in pure DNA synthesis on the poly(dC) template without
reference to the unique conformational properties of poly-
(dG)poly(dC). (5) The addition of alcohols, and in particular
methanol, greatly decreases the sensitivity of Y639F to
replacement of multiple rNTPs with dNTPs in the transcrip-

active site involves a set of cooperative interactions between
polymerasdemplate, polymerassubstrate, polymerase
primer/transcript, templatsubstrate, templaggrimer/tran-
script, and substraferimer/transcript. Changes in any one
of these interactions via a structural change in template,
substrate, or the polymerase tend to affect kinetic parameters
(53, 54). Because of the highly nonlinear response of
catalytic rates to changes in reactive group geometry,
combinations of structural alterations (for example, the

tion reaction, and this is due to enhanced extension of heavilycombination of a nonconservative active-site mutation and
dNMP-substituted transcripts rather than enhanced utilizationnoncanonical substrate structure) may be expected to give

of dNTPs. This would be consistent with the ability of such

rise to more than multiplicative effects on activity, as they

agents, through dehydration and water structure perturbingare seen to do (Tables—B or see ref55). We would

effects, to destabilize B-form helices, thereby allowing
formation of an A-like structure that is a better substrate for
extension.

therefore expect that any nonspecific disruptive effects of
alcohols on enzyme structure that reduce activity in 4 INTP
reactions would tend to reduce activity in reactions with

The alcohol concentrations used in these experiments aredNTPs to an even greater degree, which is obviously not

in fact, too low to induce a B~ A transition in solution for

what is found. In any case, it is clear that such effects on

most DNA sequences, and ethanol is actually more effectivethe polymerase, if they occur, do not lead to reduced

in inducing such a transition than methandl7y, It is

specificity for canonical substrate structure at the level of

therefore probable that the environment of the nucleic acid nucleotide incorporation (Table 8).

binding cleft in T7 RNAP also favors destabilization of a
B-form conformation, either because the hydration shell of
the nucleic acids is partially displaced upon association with

It is possible that, in addition to this conformational
mechanism, noncanonical transcript structure or the presence
of a transcript binding site on the polymerase with some

the polymerase or because of specific chemical and shape

complementarity between the binding cleft and an A-like
conformation. Human immunodeficiency virus type | re-
verse transcriptase induces a DNDNA primer-template to
assume an A-form conformatiofd), and DNA polymerase

p also causes a DN®BNA primertemplate to take on partial
A-like character through interactions with protein side chains

21n fact, it is possible that most DNA-directed DNA polymerases
will favor the formation of A-like structures in their active sites because
the A-conformation is structurally more homogeneous with respect to
sequence than is B-form DNAL). Such structural homogeneity could
be important since appropriate and restricted geometry of the base pairs
and reactive groups is expected to be critical for the mechanisms of
fidelity and catalysis.
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Ficure 5: Summary of structural mechanisms underlying ribose
specificity in RNA polymerization by T7 RNAP. The reaction
involves two substrates: NTP and transcript. Specificity for the
ribose 2-group at the level of NTP utilization is mediated by the
Y639 side chain as illustrated) via a mechanism analogous to
that used by Y34 in tyrosyl-tRNA synthetase to discriminate
tyrosine and phenylalanine substrat@s {ranscript structure effects
on transcript extension are not confined to tHeN®IP of the
transcript and instead encompass 5 bases (or more) at the
transcript 3-end. The correlation between the effects of alcohols,

sequence, and ribose/deoxyribose structure on helix conformation
(A- vs B-forms) and the effects of these factors on the efficiency

of transcript extension imply a requirement for an A-like transeript
template hybrid for efficient extension. [A-form refers to all
A-family type structures (A, A etc.); B-form refers to all B-family
structures (B, C, D, etc.).]

chemical specificity for RNA contribute in other ways to
the efficiency with which the transcript is extended. How-

ever, because we find that the synthesis of poly(dG) by
Y639F is as efficient as poly(rG) synthesis, and because in 1.

20% methanol the activity of Y639mia 4 dNTP reaction
is only ~10-fold less thanri a 4 rNTP reaction, we believe
that the primary determinant of extension efficiency with

regard to the ribose/deoxyribose structure of the transcript 15

is likely to be the helix conformation of the transcript
template hybrid.

The structural mechanisms that have been identified as 13-

contributing to substrate and product specificity in T7 RNAP

are summarized in Figure 5. The emphasis that Figure 5 15
places on specific structural mechanisms is not meant to

downplay the role played by the poorly processive initiation
phase of transcription in limiting activity in reactions with

noncanonical substrates. These have been previously dis-

cussed at lengtt8(5) and include both a kinetic componera
relatively modest elongation rate reduction during poorly
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Given our understanding of the mechanisms of ribose
discrimination, it should prove possible, for practical ap-
plications, to further develop this system for synthesis of
nucleic acids with any desired level ofubstituted NMPs.

For such purposes it is important that the Y639F mutation,
Mn?* substitution, and addition of methanol each affect the
ribose specificity of the transcription reaction through largely
nonoverlapping mechanisms so that these mechanisms can
be combined to further enhance incorporation of 2
substituted NMPs. For example, combination 15%
methanol and the Y639F substitution allowed us, for the first
time, to achieve significant levels of promoter-specific,
unprimed DNA synthesis from a complex sequence template.
This combination is not yet maximally efficient since
methanol significantly reduces overall activity, but our
observations suggest that nucleic acids with any desired level
of 2’-modified ribose structure could be efficiently synthe-
sized with the Y639F enzyme if solution conditions that
destabilize B-form helices without depressing enzyme activ-
ity could be identified.
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